
Edited by

Nutrition for Brain 
Development

M. Hasan Mohajeri

Printed Edition of the Special Issue Published in Nutrients

www.mdpi.com/journal/nutrients



Nutrition for Brain Development





Nutrition for Brain Development

Editor

M. Hasan Mohajeri

MDPI ‚ Basel ‚ Beijing ‚ Wuhan ‚ Barcelona ‚ Belgrade ‚ Manchester ‚ Tokyo ‚ Cluj ‚ Tianjin



Editor

M. Hasan Mohajeri

Department of Human Medicine

University of Zurich

Zurich

Switzerland

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Nutrients

(ISSN 2072-6643) (available at: www.mdpi.com/journal/nutrients/special issues/Nutrition Brain

Development).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-3804-4 (Hbk)

ISBN 978-3-0365-3803-7 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.

www.mdpi.com/journal/nutrients/special_issues/Nutrition_Brain_Development
www.mdpi.com/journal/nutrients/special_issues/Nutrition_Brain_Development


Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Nutrition for Brain Development” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

M. Hasan Mohajeri

Nutrition for Brain Development
Reprinted from: Nutrients 2022, 14, 1419, doi:10.3390/nu14071419 . . . . . . . . . . . . . . . . . . 1

Federico Granziera, Maria Angela Guzzardi and Patricia Iozzo

Associations between the Mediterranean Diet Pattern and Weight Status and Cognitive
Development in Preschool Children
Reprinted from: Nutrients 2021, 13, 3723, doi:10.3390/nu13113723 . . . . . . . . . . . . . . . . . . 5

Saivageethi Nuthikattu, Dragan Milenkovic, Jennifer E. Norman, John Rutledge and

Amparo Villablanca

Inhibition of Soluble Epoxide Hydrolase Is Protective against the Multiomic Effects of a High
Glycemic Diet on Brain Microvascular Inflammation and Cognitive Dysfunction
Reprinted from: Nutrients 2021, 13, 3913, doi:10.3390/nu13113913 . . . . . . . . . . . . . . . . . . 17

Kenjirou Ogawa, Ayumi Ishii, Aimi Shindo, Kunihiro Hongo, Tomohiro Mizobata and

Tetsuya Sogon et al.

Spearmint Extract Containing Rosmarinic Acid Suppresses Amyloid Fibril Formation of
Proteins Associated with Dementia
Reprinted from: Nutrients 2020, 12, 3480, doi:10.3390/nu12113480 . . . . . . . . . . . . . . . . . . 45

Morgane Frapin, Simon Guignard, Dimitri Meistermann, Isabelle Grit, Valentine S. Moullé
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Maternal Protein Restriction in Rats Alters the Expression of Genes Involved in Mitochondrial
Metabolism and Epitranscriptomics in Fetal Hypothalamus
Reprinted from: Nutrients 2020, 12, 1464, doi:10.3390/nu12051464 . . . . . . . . . . . . . . . . . . 59
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Preface to ”Nutrition for Brain Development”

This Special Issue focuses on factors that are implicated in the development of the brain, and

thus have the potential to influence its functions. On the one hand, the brain depends on a steady

and sufficient supply of oxygen and dietary ingredients for proper functioning. On the other hand,

genetic predispositions and epigenetic and environmental factors may influence brain development

and function. Imbalances in any of these factors may lead to the manifestation of developmental

disorders at young ages, compromised daily capabilities, or age-associated brain disorders.

The goal of this Special Issue is to publish state-of-the-art contributions discussing the role

of nutritional compounds, genetic factors, etc., on brain development, its functions, and aging.

Mechanistic and epidemiological studies in vitro, in vivo, and in human subjects were considered for

publication. The submission of original research articles, reviews, and meta-analyses was specifically

encouraged. This book is of general interest to readership from medical and natural sciences

interested in brain aging, the gut–brain axis, and nutrition.

M. Hasan Mohajeri

Editor
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Editorial

Nutrition for Brain Development

M. Hasan Mohajeri

Department of Human Medicine, University of Zurich, Winterthurerstrasse 190, 8057 Zürich, Switzerland;
mhasan.mohajeri@uzh.ch; Tel.: +41-79-938-1203

This Special Issue focuses on the fundamental role of nutrition in brain development.
A steady and sufficient supply of oxygen and dietary ingredients are indispensable for
proper brain functioning but genetic and environmental factors may influence brain devel-
opment and function. Imbalance in any of these factors may lead to the manifestation of
developmental disorders of young ages, compromised daily capabilities, or age-associated
brain disorders. This editorial will focus on important topics discussed in individual reports
included in this Special Issue.

Granziera et al. [1] studied the associations between habitual food consumption, body
mass index (BMI), and cognitive outcomes in 54 preschool children born in 2011–2014 and
living in Tuscany, Italy. These authors showed, by using the Griffiths Mental Development
Scales-Extended Revised (GMDS-ER) test, that adherence to the Mediterranean diet was
associated with higher cognitive scores. Importantly, a high body mass index negatively
impacted cognition. All associations were independent of maternal IQ, socioeconomic
status, breastfeeding, actual age at cognitive assessment, and gender.

Nuthikattu and colleagues [2] showed, using a multi-omic approach, that a high
glycemic diet (HGD) leads to differential expression of 608 genes in vivo. HGD affected
gene expression of brain microvessels in memory centers by up-regulating the protein-
coding and non-coding genes involved in mitochondrial function, oxidation, inflammation,
and microvascular functioning. This report showed that inhibition of soluble epoxide
hydrolase protects against cognitive decline by down-regulating the above-mentioned
differentially expressed genes up-regulated by HGD.

The effects of spearmint extract (SME) and rosmarinic acid (the major component
of SME) were examined on the amyloid fibril formation of αSyn, Aβ, and Tau proteins
in vitro [3]. Utilizing thioflavin T (ThioT) binding assays and transmission electron mi-
croscopy (TEM), it was concluded that rosmarinic acid could disassemble preformed fibrils
of αSyn, Aβ, and Tau. Given the fact that a successful therapy for neurodegenerative
disorders has not been developed despite decades of intensive research [4], rosmarinic
acid may be a promising candidate to be tested in disease models of amyloidosis and
supports the notion that dietary ingredients may exhibit a realistic potential to improve
brain functions in vivo [5].

Dietary restriction is known to profoundly affect fetal brain development. The report
by Frapin et al. asked the question as to which are the cellular and molecular systems
underlying the effects of maternal protein restriction (MPR) during fetal development [6].
Transcriptomic analysis of the fetal rat hypothalamus revealed that some genes encoding
proteins of the mitochondrial respiratory chain were overexpressed and the mitochondrial
metabolic activity in the fetal hypothalamus was altered. Collectively, this report suggests
that MPR leads to early alterations of neuronal development and subsequent impaired
hypothalamus function in vivo.

In their study, Gawliński et al. evaluated how maternal diet determines the reinstate-
ment of cocaine-seeking behavior and the expression of melanocortin-4 receptors in female
rat offspring [7]. The authors showed that a maternal high-sugar diet is an important
factor that triggers cocaine-seeking behavior in female offspring and the expression of
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melanocortin-4 (MC-4) receptors in the nucleus accumbens. Moreover, they suggested that
an altered amount of macronutrients in the maternal diet disrupts the proper expression of
MC-4 receptors in brain structures involved in cocaine relapse.

In their elaborated review, Kovacs et al. examined the potential beneficial effects of
ketogenic supplements on the aging process and age-related neurodegenerative diseases.
They concluded that exogenous ketogenic supplements (EKS), such as ketone salts and
ketone esters, may mitigate aging processes, delay the onset of age-associated diseases
and extend lifespan through ketosis. Consequently, the administration of EKS may be a
potential therapeutic tool as an adjuvant therapeutics in combination with therapeutic
drugs against age-related neurodegenerative diseases and increase the health span of the
aging human population [8].

A collaborative effort of scientists in the United Kingdom and Italy [9] compared
the test batteries, designed to monitor the effect of phenylketonuria (PKU) on cognitive
performance. The parameter in the focus of this study included visual attention, visuomotor
coordination, executive functions, sustained attention, verbal and visual memory, and
learning. The results suggested that batteries with the same and/or matched tasks can
be used to assess cognitive outcomes across countries allowing results to be compared
and accrued.

Manganese (Mn) is a trace nutrient necessary for life but is toxic to the brain at high
concentrations. McCabe and Zhao [10] provided an insight into the transport mechanisms
of Mn through the blood–brain barrier (BBB) and the blood–CSF barrier (BCB) and its
hemostasis in the brain by reviewing in vitro and in vivo models.

The potential effects of the human milk oligosaccharides (HMO) on cognitive functions
were reviewed in mice, rats, and piglets [11]. The authors concluded that the administration
of fucosylated (single or combined with Lacto-N-neoTetraose and other oligosaccharides)
and sialylated HMOs results in marked age-dependent improvements in spatial memory
and in an accelerated learning rate in operant tasks, which already become apparent during
infancy. A combination of HMOs with other oligosaccharides yielded different effects
on memory performance as opposed to single HMO administration, a topic that is being
intensively researched.

Lastly, we evaluated in a systematic review [12] the available preclinical and clinical
data on alterations of the gut microbiome, particularly on low taxonomic levels, and
related them to the pathophysiology of major depressive (MDD) and bipolar disorder (BD).
A discussion of diagnostic and treatment response parameters, their health-promoting
potential, as well as novel adjunctive treatment options are also discussed. We also take
on the task of systematically evaluating the role of the bacterial metabolites, beyond the
short-chain fatty acids (SCFA), in brain development and different neurodegenerative
diseases [13]. SCFA are extensively studied in various test systems, but the biology of
other bacterial metabolites in health and disease is an overtly under-researched topic. Our
data highlight the existence of altered bacterial metabolites in patients across various brain
diseases and describe protective and detrimental effects of some bacterial metabolites in
brain diseases such as autism spectrum disorder, affective disorders, multiple sclerosis, and
Parkinson’s disease. These findings could lead to further insights into the gut–brain axis
and thus into potential diagnostic, therapeutic, or preventive strategies in brain diseases.

In conclusion, diet is of fundamental importance for the development of the brain.
Given that diet directly or indirectly affects brain development and function, carefully
planned and masterfully conducted basic and clinical research is needed to understand
brain development better and to answer the question to which extent diet-related strategies
can prevent brain disorders or be therapeutically exploited.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.
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Abstract: Cognitive dysfunctions are a global health concern. Early-life diet and weight status
may contribute to children’s cognitive development. For this reason, we explored the associations
between habitual food consumption, body mass index (BMI) and cognitive outcomes in 54 preschool
children belonging to the Pisa birth Cohort (PISAC). We estimated groups of foods, nutrients and
calorie intakes through a food frequency questionnaire (FFQ) and Italian national databases. Then, we
adopted the Mediterranean diet (MD) score to assess relative MD adherence. Cognition was examined
using the Griffiths Mental Development Scales-Extended Revised (GMDS-ER). We found that higher,
compared to low and moderate, adherence to MD was associated with higher performance scores.
Furthermore, white meat consumption was positively related to BMI, and BMI (age–gender specific,
z-scores) categories were negatively related to practical reasoning scores. All associations were
independent of maternal IQ estimates, parents’ socioeconomic status, exclusive/non-exclusive
breastfeeding, actual age at cognitive assessment and gender. In conclusion, in preschool children,
very high adherence to MD seemed protective, whereas BMI (reinforced by the intake of white meat)
was negatively associated with cognition.

Keywords: early childhood; nutrition; Mediterranean diet; body mass index; cognitive development

1. Introduction

Cognitive decline and impairment are globally increasing health concerns, associat-
ing with a growing prevalence of metabolic diseases [1] and with population aging [2].
Effective treatment is lacking, and early prevention targeting modifiable determinants is
warranted [3]. Life-course studies have shown that a lower intelligence quotient (IQ) at
11 years is already predictive of dementia seven decades later [4], suggesting that the risk
is partially settled at 11 years and preventive actions should focus on younger children.

Diet and body weight are accredited lifestyle determinants of cognitive (dys)function
in adults and patients [5], but few studies have explored associations between nutrients
or consumption of given foods or eating habits and cognitive outcomes in children from
developed countries. Some have investigated the effects of individual micronutrients, such
as vitamin B12, folic acid, zinc, iron, and iodine, but findings in non-IQ-deficient children
are controversial [6]. In addition, studies investigating the association of plasma biomark-
ers of polyunsaturated fatty acids and cognition in children have provided inconsistent
results [7]. For example, a study observed a direct relationship between the proportion of
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) in blood and working mem-
ory in children [8]; instead, Boucher et al. found no associations between the proportions
of DHA, EPA, or other omega-3 fatty acids in blood and working memory in children [9].
Several other studies have focused on macronutrients and whole foods [10]. For example,
an observational study in 586 European children aged 7–9 years documented that consump-
tion of two fish (including one fatty fish) meals per week reduced social, attention, and

5



Nutrients 2021, 13, 3723

behavioural problems [11]. Another study in 5200 Canadian children aged 10–11 showed
that lower fat and higher fruit and vegetable intakes were associated with better reading
and writing achievements [12]. Sugar intake did not emerge as a factor affecting behaviour
or cognitive performance in children in meta-analysis studies [13], but consumption of
sugar-sweetened beverages was recently reported as negative predictor of higher verbal
scores in 3-year-old American children [14]. Other studies found that low-glycaemic index
(GI) breakfasts predicted better attention and memory, and declarative-verbal memory
and high-GI breakfasts were associated with better vigilance in 6–11 and 11–14-year-old
children [15,16]. Taki et al. showed that brain grey and white matter volumes were greater
in children eating rice than bread at breakfast, speculating that this may depend on the
lower glycaemic index of rice [17]. However, a recent systematic review concluded that
there is a lack of research comparing breakfast types, precluding recommendations for the
size and composition of an optimal breakfast for children’s cognitive function [18].

Dietary patterns and diet quality indices have been suggested to better reflect a real-
life diet, where foods are the combination of various nutrients that act synergistically and
are interrelated [19,20]. These diet quality indices mostly describe a diet high in vegetables,
fruit and berries, non-refined cereals products and fish and low in meats and saturated fat.
Among whole-diet scores, the Healthy Eating Index (HEI-2005), Dietary Approaches to
Stop Hypertension (DASH) score, Baltic Sea Diet Score (BSDS) and the Finnish Children
Healthy Eating Index (FCHEI) were linked to better reading skills or cognition among
6–9-year-old children [7].

This overview highlights that the current understanding of the diet–cognitive de-
velopment relationship is limited, and a great majority of studies have been focused on
children who have entered school, in whom the influence of academic education may
represent a relevant confounder, whereas very sparse knowledge has been produced in
preschool children.

The aim of this study was to explore, comparatively, the impact of food habits, amount
of ingested daily calories, macro- and micronutrient intakes, and Mediterranean diet (MD)
adherence in preschool children on cognitive outcomes while taking into account the
most important known confounders, i.e., maternal IQ estimate, parental socio-economic
status, exclusive or non-exclusive breastfeeding, actual age at cognitive assessment and
children’s gender.

2. Materials and Methods

2.1. Study Population

The study was conducted in a subgroup of n = 54, 5-year-old preschool children of the
Pisa birth Cohort (PISAC). Overall, the PISAC cohort includes 90 families—father, mother
and infants born in 2011–2014 and living in Tuscany, Italy—enrolled during pregnancy
to investigate the effects of maternal obesity on offspring cardiometabolic and cognitive
health. The cohort was intended to represent the general population and, therefore, the
inclusion criteria were broad, namely, (1) mothers within the first trimester of pregnancy at
the first visit or at delivery; (2) any parents’ age; (3) any BMI; (4) willingness of mothers
and fathers to participate and to actively collect questionnaires and samples; (5) capacity
of mothers and fathers to understand the study and its implications; (6) signature of the
informed consent by mothers and fathers; (7) absence of major diseases (mothers and
fathers) and perinatal complications. Exclusion criteria were (1) history of major diseases
in the mother and in the father (kidney failure, liver failure, cardiac failure, major lung
disease, autoimmune disease, cancer, psychiatric illness, also including anorexia–bulimia
nervosa and substance abuse); (2) major health complications during the perinatal period;
(3) failure to understand the study’s implications, comply with the study’s schedule or sign
the consent form. Follow-up visits were carried out from birth to the children’s age of five
years and consisted of anthropometric, echocardiographic and cognitive assessments and
collection of biological samples (cord–blood, faeces and saliva) and of FFQs (at 5 years).
Families were given the option to participate in all or only part of the assessment visits
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(0, 12, 18, 24, 36 and 60 months of life); therefore, the sample size varied across age points
and measurements. In particular, families not included in this analysis did not have time
to attend all 60 months’ visits and chose to have cardiac or anthropometric evaluations
rather than cognitive assessments or no evaluation at all. At 60 months, children’s body
weight (in kg to the nearest 0.1 kg) and length (in cm to the nearest 0.5 cm) were measured
by weight scale and stadiometer, with children wearing light clothes and standing straight
without shoes and with heels close together [21]. Then, the children’s BMI (kg/m2) was
calculated, and BMI-for-age (gender-specific, z-scores) categories were defined as follows:
moderately underweight (>−3 to <−2 standard deviations), normal weight (>−2 to <+1
standard deviations), overweight (>+1 to <+2 standard deviations), obesity (>+2 standard
deviations) [22]. Data on parents’ jobs were transformed in socioeconomic classes using
the European Socio-economic Classification (ESeC) [23].

The study was conducted in accordance with the Declaration of Helsinki and ap-
proved by the Ethics Committee of Massa and Carrara and the latest amendments by the
Ethical Committee of the Area Vasta Nord-Ovest (CEAVNO), Pisa, Italy (Study ID 394,
approval decree/document n. 75 and 71512). Parents gave their written informed consent
before inclusion.

2.2. Food Frequency Questionnaire (FFQ)

Dietary assessment was conducted for 65 children throughout a validated, self-
administered, semi-quantitative FFQ, with minor modifications [24]. However, the current
analyses pertained to the 54 children who also underwent the cognitive visit. The FFQ
consisted of 53 commonly used food items (including 124 foods) classified into 22 groups
(bread, pizza, crackers and breadsticks, pasta or rice, minestrone soup with pasta or rice,
barley and spelled, polenta, couscous, potatoes, eggs, fresh and processed meats, fish,
cheeses, milk, yogurt, vegetables, olives, fruit and nuts, legumes, cakes and snacks, sugar
and honey teaspoons added to milk and drinks and beverages). Vegetable drinks, milk-
shakes, wine and beer were included in the FFQ but were not consumed in our population.
The type of fat (extra virgin olive (EVO) oil, olive oil, seed oil, butter, margarine, cooking
cream, bacon and lard) used for preparing, cooking and dressing food was also addressed.

Frequency response categories for foods items were the following: never, less than
once a month, 1–3 times a month, once a week, 2–4 and 5–6 times a week, once a day
and 2–3 and 4–5 times a day. Frequency response categories for cooking and dressing fats
included: always (2–3 times per day), sometimes (twice per month) and never. The parents
filled in the FFQ on the child’s behalf. Data were checked for completeness and consistency,
considering incompleteness in >25% items as grounds for a priori exclusion [25]. All FFQs
were valid to be submitted into data processing and analysis. A total of 23 specific food
groups were further grouped into 13 broader categories (cereals, potatoes, eggs, red and
processed meats, white meat, fish, dairy products, legumes, vegetables, fruit and nuts,
cakes and snacks, sugar-sweetened drinks and cooking–dressing fats ratio) based on their
nutritional content. To estimate the weekly grams consumed for each food category,
we first calculated the consumptions of the 53 food items, multiplying the frequency of
consumption by the age-appropriate standard portion [26], and we summed the amounts
consumed of each food item belonging to the specific category, thus obtaining relative
consumption. To estimate daily nutrients and calories intakes, we started by obtaining
the nutritional values of the original 124 foods using the Food Composition Tables for
Epidemiological Studies in Italy (BDA) [27] or the Food Composition Tables (Council
for Agricultural Research and Analysis of the Agricultural Economy, CREA) [28]. The
nutritional content of each food was used to calculate the mean amount/portion for each
nutrient in the 53 food items. Then, we obtained the daily intake of each nutrient through
the weighted sum of the consumption frequency of each food item by its amount/portion.
Furthermore, the daily caloric intake was estimated through the weighted sum of each
macronutrient intake by its calories. Among the 65 children, eight participants had food
allergies or intolerances (i.e., to gluten, milk or lactose, tomato, chickpeas, sesame, shellfish
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and egg-white), and eighteen had taken food supplements (i.e., prebiotics, probiotics,
vitamins and minerals) in the last month. None of the parents declared any other major
food-related illnesses affecting their children.

2.3. Mediterranean Diet (MD) Score

The degree of children’s adherence to the traditional Mediterranean diet was estimated
according to the score proposed by Trichopoulou et al., with a minor modification [29].
Briefly, based on median consumption values, a score of 0 or 1 was assigned to each of
the following 9 food categories: vegetables, legumes, fruits and nuts, cereals, fish, red and
processed meats, white meat, dairy products and the ratio of unsaturated fatty acids to
saturated fatty acids (cooking–dressing fats). For dietary components that are considered
protective in the MD (vegetables, legumes, fruits and nuts, cereal, fish and a high ratio of
unsaturated/saturated fatty acids), a score of 0 was attributed if consumption was below
the median value of the population, and 1 point was given if it was equal or above the
median value. The opposite was done for the other components (i.e., red/processed and
white meats and dairy products). Thus, the total MD score ranged from 0 (reflecting no
adherence at all) to 9 points (maximal adherence to the traditional MD). Finally, adherence
to the MD score was categorised into 4 categories: low (score 0–2), moderate (score 3–4),
high (score 5–6), and very high (score 7–9).

2.4. Neuropsychological Assessment

The children’s cognitive development was evaluated by a trained psychologist in a
dedicated hospital room using the GMDS-ER version [30–32] in n = 54 of the children,
addressing the following 6 cognitive domains: locomotor, personal–social, hearing and
language, hand–eye coordination, performance and practical reasoning. Maternal IQ was
estimated in n = 52 women by the Raven’s progressive matrices.

2.5. Statistical Analysis

SPSS for Windows (version 26, Chicago, IL, USA) was used for statistical analysis.
Regression models, such as bivariate correlation analysis, were performed to assess as-
sociations between continuous variables, and partial correlation analyses to adjust for
covariates (i.e., mothers’ IQ estimate, parents’ ESeC, exclusive or non-exclusive breastfeed-
ing, actual age at cognitive assessment and gender). To avoid chance findings, p-values
were corrected for multiple comparison, using the Benjamini–Hochberg false discovery
rate (Q = 0.20). General linear models and t-tests or two-way ANOVAs (analysis of
variance) were performed for two or more than two group comparisons, and ANCOVA
(analysis of covariance) was used to incorporate covariates). The results are presented as
the mean ± standard deviation (SD) or standard error (SEM), and p-values ≤ 0.05 were
established as the threshold for rejecting the null hypothesis.

3. Results

3.1. Description of the Study Population

The characteristics of the study’s population are reported in Table 1. The number of
boys slightly prevailed over that of girls, and nearly half of the children were exclusively
breastfed in the first 6 months of life [21]. According to WHO’s child growth standards [22],
half of the children were modestly underweight and <20% were overweight. The parents’
mean age was 39.1 ± 4.2 years for mothers and 41.7 ± 4.6 years for fathers. With reference
to the ESeC 3-class model [23], parents were well distributed between working and inter-
mediate classes, and were less represented in the salariat class. Finally, children’s mean age
at cognitive assessment was 5.2 ± 0.1 and all children were cognitively healthy, like their
mothers [31].
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Table 1. Characteristics of the study population.

Variable N Descriptive Results

Boys/girls, N (%) 54 30 (55.6)/24 (44.4)
Breastfeeding (exclusively/non-exclusively), N (%) 54 25 (46.3)/29 (53.7)

Weight at 5 years (kg), mean ± SD 54 20.6 ± 3.7
BMI at 5 years (kg/m2), mean ± SD 54 17.1 ± 2.4

BMI UW/NW/OW/OB at 5 years, N (%) 54 27 (50)/18 (33.3)/9 (16.7)/0
BMI UW/NW/OW/OB at 5 years (kg/m2), mean ± SD 54 15.3 ± 0.9/17.6 ± 0.5/21.1 ± 0.5/0

Mothers’ BMI in pregnancy 51 29.4 ± 4.9
Mother’s age (years), mean ± SD 54 39.1 ± 4.2
Father’s age (years), mean ± SD 54 41.7 ± 4.6

Mothers’ ESeC WK/IN/SA, N (%) 53 18 (33.3)/21 (38.9)/14 (25.9)
Fathers’ ESeC WK/IN/SA, N (%) 48 19 (35.2)/19 (35.2)/10 (18.5)
Mothers’ IQ estimate, mean ± SD 48 114.9 ± 9.5
Actual age at cognitive assessment 54 5.2 ± 0.1

Locomotor score, mean ± SD 54 103.8 ± 7.3
Personal–social score, mean ± SD 54 104.8 ± 8.6

Hearing and speech score, mean ± SD 54 101.6 ± 10.0
Hand–eye coordination score, mean ± SD 54 99.2 ± 10.0

Performance score, mean ± SD 54 112.0 ± 7.1
Practical reasoning score, mean ± Practical SD 54 95.7 ± 9.2

MD scores, mean ± SD 54 4.3 ± 1.6
MD score 0–2/3–4/5–6/7–9 categories, N (%) 54 8 (14.8)/20 (37)/20 (37)/6 (11.1)

Population characteristics are given as the mean ± SD or number and (%), as appropriate. UW = moderately underweight, NW = normal
weight, OW = overweight, OB = obesity, WK = working class, IN = intermediate class, SA = salariat class and MD = Mediterranean diet.

3.2. Children’s Food, Calories and Nutrients Intake

The consumption of the 13 food categories and nutritional and caloric intake are
reported in Table 2. We found no difference between boys and girls, and the average weekly
food consumption was mostly in line with the Guidelines for Healthy Italian Food Habits,
with the exception of a lower consumption of eggs (<100 g/week) [26]. The estimated
calories and (micro-)nutrients amounts were in accordance with the Nutrient and Energy
Reference Intake Levels for the Italian population aged 4–6, except for vitamin D, the
consumption of which was almost 90% below the recommended amount (10 µg/day) [33].
Among cooking and dressing fats, the intake of unsaturated (over saturated) fats prevailed,
reflecting a predominant use of EVO, olive and seed oils.

Table 2. Children’s weekly food groups and daily energy and nutrients intakes.

Dietary Variable N Children’s Intake

Cereals (g/week) 53 1110.8 ± 484.0
Potatoes (g/week) 53 173.1 ± 124.9
Legumes (g/week) 53 41.5 ± 38.9

Eggs (g/week) 53 49.5 ± 47.4
Red and processed meats (g/week) 54 140.6 ± 96.6

White meat (g/week) 54 120.8 ± 70.1
Fish (g/week) 54 137.5 ± 104.0

Dairy products (g/week) 54 582.3 ± 486.5
Vegetables (g/week) 54 492.5 ± 447.1

Fruit and nuts (g/week) 54 1152.5 ± 868.8
Cakes and snacks (g/week) 54 406.8 ± 358.7

Sugar-sweetened drinks 53 865.5 ± 644.3
Unsaturated/saturated fats ratio 54 4.7/1 ± 1.1

Daily calorie (kcal/day) 54 1569.0 ± 394.7
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Table 2. Cont.

Dietary Variable N Children’s Intake

Proteins (g/day) 54 48.3 ± 13.4
Lipids (g/day) 54 60.4 ± 13.9

Carbohydrates (g/day) 54 202.4 ± 61.5
Fibres (g/day) 54 11.0 ± 3.7

Retinol (mg/day) 54 414.1 ± 163.6
Vitamin B1 (mg/day) 54 0.5 ± 0.1
Vitamin B6 (mg/day) 54 0.9 ± 0.2

Folate (µg/day) 54 144.4 ± 48.2
Vitamin C (mg/day) 54 75.5 ± 48.7
Vitamin D (µg/day) 54 0.6 ± 0.3
Vitamin E (mg/day) 54 7.9 ± 1.6

Iron (mg/day) 54 5.2 ± 1.5
Calcium (mg/day) 54 649.1 ± 245.0
Sodium (mg/day) 54 1264.0 ± 468.6

Potassium (mg/day) 54 1728.2 ± 481.7
Phosphorous (mg/day) 54 797.8 ± 241.4

Zinc (mg/day) 54 5.4 ± 1.5
Continuous data are reported as the mean ± SD.

3.3. Correlations between Food Categories and BMI and Cognitive Outcomes

Relevant associations between weekly consumption of foods included in the MD score
and children’s BMI or cognitive outcomes are reported in Table 3. Bivariate analysis showed
that the consumption of white meat was related to BMI (p = 0.005), unsaturated/saturated
fats ratio (cooking–dressing) was related to hand–eye coordination (p = 0.005), dairy
products were related to performance scores and vegetable consumption was associated
with personal–social scores (p = 0.015). In addition, BMI categories were negatively related
to practical reasoning score (p = 0.010) (Table 3). The other variables in Table 2 did not show
associations with cognitive scores or BMI.

Table 3. Correlations between MD food categories and BMI (including BMI categories) and cognitive outcomes.

Variables
Regression

Model
BMI Locomotor

Personal–
Social

Hearing
and

Language

Hand–Eye
Coordination

Performance
Practical

Reasoning

Cereals (g/week) Bivariate −0.188 0.029 0.208 −0.010 0.032 −0.030 0.137
Adjusted −0.042 0.004 0.274 0.109 0.035 −0.055 0.227

Potatoes (g/week) Bivariate −0.077 0.078 −0.012 −0.021 0.037 −0.057 0.116
Adjusted −0.307 0.114 −0.049 −0.210 0.008 −0.010 0.158

Legumes (g/week) Bivariate 0.096 0.011 0.061 0.002 −0.093 0.103 −0.105
Adjusted 0.113 0.079 0.104 −0.009 −0.044 0.188 −0.146

Eggs (g/week) Bivariate −0.162 −0.085 0.068 −0.130 0.229 0.188 −0.028
Adjusted −0.059 −0.089 −0.049 −0.213 0.380 0.199 −0.113

Red and processed meats
(g/week)

Bivariate 0.237 0.033 0.097 0.121 0.012 −0.007 −0.006
Adjusted 0.319 0.185 0.217 0.188 0.059 0.057 0.056

White meat (g/week) Bivariate 0.377 ** 0.081 0.084 0.054 0.009 −0.111 −0.080
Adjusted 0.440 ** 0.267 0.303 0.067 0.089 0.023 −0.015

Vegetables (g/week) Bivariate −0.067 0.242 0.295 * 0.067 0.037 0.101 0.030
Adjusted 0.073 0.285 0.315 −0.009 0.051 0.005 −0.006

Fruit and nuts (g/week) Bivariate −0.030 0.059 0.044 −0.168 0.018 −0.124 −0.032
Adjusted 0.085 0.053 0.046 −0.088 0.199 −0.102 0.181

Dairy products (g/week) Bivariate −0.232 0.030 −0.015 0.053 0.101 0.275 * 0.233
Adjusted −0.177 −0.021 −0.093 0.024 0.027 0.272 0.233

Unsaturated/saturated fats
ratio

Bivariate −0.023 −0.078 −0.018 −0.037 0.369 ** 0.254 0.212
Adjusted −0.009 −0.282 −0.224 −0.086 0.295 0.222 −0.002

BMI categories Bivariate 0.792 ** −0.131 −0.083 −0.115 −0.005 −0.100 −0.358 **
Adjusted 0.811 ** −0.122 0.084 −0.126 0.100 0.063 −0.329 *

The table provides the results of the regression analysis for both the bivariate and adjusted models. Bivariate analyses were performed in
n = 53 (list-wise deletion) and partial correlation analyses were performed in n = 43 (list-wise deletion); p-values were corrected for the
false discovery rate using the Benjamini–Hochberg (Q = 0.20). * p < 0.05, ** p < 0.01. Adjustment for confounders in multivariate analyses
includes mothers’ IQ estimate, parents’ ESeC, exclusive/non-exclusive breastfeeding, actual age at cognitive assessment and gender.
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Among potential confounders, we found that some intakes in children were correlated
with maternal IQ and parents’ ESeC or exclusive/non-exclusive breastfeeding in the first
6 months of life. In particular, maternal IQ estimate was related to children’s unsatu-
rated/saturated fats ratio intake (r = 0.367, p = 0.007), to hand–eye coordination scores
(r = 0.305, p = 0.035) and practical reasoning scores (r = 0.376, p = 0.008); parents’ ESeC was
related to children’s cereals intake (r = 0.320, p = 0.014) and to unsaturated/saturated fats
ratio intake (r = 0.437, p = 0.001). Moreover, exclusively breastfed children consumed more
potatoes than non-exclusively breastfed children (t-test, p = 0.017). In addition, the actual
age (in months) at cognitive assessment was negatively related with all but two cognitive
domains, hearing and language and hand–eye coordination (r = −0.326, p = 0.016 locomo-
tor; r = −0.441, p = 0.001 personal–social; r = −0.327, p = 0.016 performance; r = −0.498,
p < 0.001 practical reasoning domains). For this reason, the above correlative analyses
were adjusted for these variables and for children’s gender. Instead, mothers’ BMI during
pregnancy was not related to any dietary or cognitive outcome.

After adjustment, partial correlation analyses showed that white meat consumption
was significantly related to BMI, and BMI categories remained negatively related to practical
reasoning scores. Instead, associations between food categories and cognitive outcomes
did not remain significant (Table 3).

3.4. Adherence to MD and Cognitive Outcomes

Continuous data did not show significance. Children were further stratified into
tertiles of cognitive scores (gender-specific high, medium and low tertiles), and univariate
and adjusted analyses were performed. In the unadjusted model, children with maximum
adherence to the MD had higher performance scores than those with low and moderate
adherence to the MD (p = 0.003, p = 0.014, respectively; p trend = 0.008). In the other
five cognitive domains, no difference was seen between the four MD categories (data not
shown). Adjustment for the relevant covariates confirmed the above results, as shown by
significance levels given in Figure 1. According to Ivens et al. [31], children in the second
tertile were within the average range of performance scores, and children in the third
tertile were above average to the very high range. The grouping in tertiles reduced the
interindividual variability effects and resulted in the detection of very high MD adherence
as a significant thresholding range.

Figure 1. The children’s performance in tertiles (low = 1<; medium = >1 to 2<; high = >2) stratified
by the Mediterranean diet score categories (n = 44). Data are shown as mean ± SEM. * p < 0.05.
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4. Discussion

In the present study, we found that stricter MD adherence was positively related with
scores in the performance domain in preschool children. Furthermore, children’s BMI was
associated with white meat consumption (positively) and with practical reasoning scores
(inversely).

Among cognitively healthy school children, two cohort studies have shown that a
higher quality diet was associated with better cognitive tasks. Khan et al. explored the
association between inhibitory control (Kaufman Brief Intelligence Test or the Woodcock-
Johnson Tests of Cognitive Abilities) and overall diet quality (HEI-2005 score) among
65 American 7–9-year-old children using three-day dietary records. They found that the
HEI-2005 scores were negatively associated with response accuracy interference, suggest-
ing greater cognitive flexibility [34]. Haapala et al. suggested that diet quality favours
precocious non-verbal fluid intelligence and abstract reasoning in 428 Finnish children
aged 6–8 years, in whom DASH and BSDS scores, calculated by a four-day food record,
were directly associated with Raven’s Coloured Progressive Matrixes scores (i.e., higher
cognitive performance) [35]. In the present study, we evaluated diet quality through the use
of the MD score. To our knowledge, these findings are the first evidence for the associations
of adherence to the MD and cognition in preschool children, even if limited to a small
population. The expectation when adopting this score was to reinforce the impact of the
single components by their pooling and establish the level of MD adherence that would
result into a clinically significant difference. Interestingly, a two-point MD adherence score
difference has been shown to lower overall and cardiovascular mortality, and the incidence
of Parkinson’s and Alzheimer’s diseases in the general population [29]. Though neural
mechanisms underlying cognitive benefits of the MD have not been clarified [36], there is ev-
idence that circulating levels of glucose, choline, tyrosine and tryptophan, polyunsaturated
fatty acids, vitamins/minerals, antioxidants and the gut microbiota affect neurochemistry,
neurotransmission and neuroprotection in the human brain [37–39].

In addition, due to the sample size’s limitation, the ability to control for confounders
was limited. Other important confounders may include cognitive stimulation, parental
educational attainment, etc.

We aimed to dissect single food categories or macro- and micronutrients that could
contribute to explaining cognitive scores in children. However, it may be difficult to sep-
arate the specific effects of single nutrients/foods because of the interactive/synergistic
nature of nutrients, high intercorrelation among nutrients and foods, potential small ef-
fect of a single food or nutrient and the residual confounding by dietary patterns [8].
We applied false discovery rate corrections to our analyses and then adjusted for con-
founders, maximising rigor and minimising chances for significant findings. Therefore, we
consider that bivariate associations surviving false discovery rate corrections retain the
value of hypothesis generating observations. They suggest positive effects of high intakes
of vegetables (vs. personal–social scores), dairy products (vs. performance scores) and
unsaturated/saturated fats ratios (vs. hand–eye coordination scores). These correlations
were not significant after introducing parental and children’s confounders, which may be
due to the inter-correlation, limited sample and/or lack of a direct relationship and, overall,
the correlations must be interpreted in light of the risk of type II error (i.e., false negative).

We noted that the intake of vitamin D in children seemed very low. Though food
is not the main source and indicator of circulating vitamin D, there are recommended
daily vitamin D intake ranges, and the observation of a 90% reduction below this range in
our children is consistent with the estimated 80% prevalence of vitamin D deficiency in
children living in developed countries, including countries with ample sunrays [40].

As a secondary study outcome, we found an inverse association between weight
status and practical reasoning scores. Childhood overweight and obesity rates have
risen dramatically over the past few decades. Although obesity has been linked to poorer
neurocognitive functioning in adults, much less is known about this relationship in children
and adolescents [41,42]. Our finding is in line with a recent meta-analysis showing a
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negative relationship between BMI and various aspects of neurocognitive function such
as executive function, attention, visuo-spatial performance and motor skills in healthy
children [43]. Our results strongly support these authors’ statement, that longitudinal
studies are urgently needed to determine the directionality of such relationships and
identify the critical intervention time periods in order to develop effective treatment
programs [43].

The present findings should be interpreted within the context of the study’s strengths
and limitations. Strengths of the present study include the assessment of children’s diet
with a validated dietary questionnaire, well-established outcome measures and control for
several family, maternal and children’s characteristics. We opted for the FFQ to reflect usual
eating habits rather than short-lasting dietary exposures [44], and cognitive development
was objectively measured by a trained psychologist by using the GMDS-ER test. Dietary
estimations were based on a total of 124 foods using validated Italian food databases;
however, given the FFQ format, we recognise that adopting standard portion sizes may
be less accurate than actually measuring portions. Another important limitation is the
small sample size. Therefore, our findings should be interpreted as hypothesis generating
observations. We also acknowledge that there are possibly more comprehensive tests to
assess cognition at the age of 5 years, but our children were followed from the age of 6
months, and we chose to preserve the same (though age-adapted) test longitudinally. We
recognise that comparison with other studies is rather complex, mainly because of different
methodological approaches, including dietary records, type of dietary scores/indices,
control of confounding factors, type of cognitive subtests, age range of children, with very
few studies addressing preschool children. Although our results incorporated information
on the most known relevant confounders, we acknowledge that the ability to control for
confounders could be reduced because of the sample size, and that residual confounding
effects related to other unmeasured variables, such as cognitive stimulation, parental
educational attainment and physical activity, may still occur. Moreover, the age at cognitive
assessment had a negative association with cognitive outcomes, but we can only speculate
that other unaccounted factors could be involved. Finally, the cross-sectional design cannot
establish causal relationships.

5. Conclusions

The present study provides limited but novel evidence linking children’s diet, weight
status and cognition, suggesting potentially positive impacts of the Mediterranean diet
and negative impacts of a high BMI. Our data are compatible with the hypothesis that an
optimal intake of key foods, acting in synergy with the MD, may confer protection. Our
hypothesis-generating findings on single foods support the conduct of larger prospective
and mechanistic studies to confirm the positive relationship observed between intake of
dairy products, vegetables or unsaturated (vs saturated) fats and cognitive outcomes.
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Abstract: Diet is a modifiable risk factor for cardiovascular disease (CVD) and dementia, yet relatively
little is known about the effect of a high glycemic diet (HGD) on the brain’s microvasculature.
The objective of our study was to determine the molecular effects of an HGD on hippocampal
microvessels and cognitive function and determine if a soluble epoxide hydrolase (sEH) inhibitor
(sEHI), known to be vasculoprotective and anti-inflammatory, modulates these effects. Wild type
male mice were fed a low glycemic diet (LGD, 12% sucrose/weight) or an HGD (34% sucrose/weight)
with/without the sEHI, trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid (t-AUCB),
for 12 weeks. Brain hippocampal microvascular gene expression was assessed by microarray and
data analyzed using a multi-omic approach for differential expression of protein and non-protein-
coding genes, gene networks, functional pathways, and transcription factors. Global hippocampal
microvascular gene expression was fundamentally different for mice fed the HGD vs. the LGD.
The HGD response was characterized by differential expression of 608 genes involved in cell signaling,
neurodegeneration, metabolism, and cell adhesion/inflammation/oxidation effects reversible by
t-AUCB and hence sEH inhibitor correlated with protection against Alzheimer’s dementia. Ours is the
first study to demonstrate that high dietary glycemia contributes to brain hippocampal microvascular
inflammation through sEH.

Keywords: multi-omics; microvascular; brain; dementia; high glycemic diet; soluble epoxide
hydrolase inhibitor; maless

1. Introduction

Dementias are the seventh leading cause of death globally and contribute significantly
to health care costs [1]. Several studies suggest that a high-fat diet or Western diet (high fat
and high glycemic content) can lead to reduced cognitive function [2–6]. It has also become
increasingly recognized that vasculature plays an important role in the development of
dementias [7]. Our group has previously demonstrated the multi-omic and lipotoxic effect
of a Western diet on the brain microvasculature and its negative consequences on cognitive
function in male and female mice [8–11]. While there have been numerous mechanistic
studies focusing on cognitive function with high-fat diets, few studies have explored the
impact of high glycemia in the absence of high levels of dietary fat.

There is compelling epidemiological data to suggest that the effects of a high glycemic
diet (HGD) on cognitive function and the brain are an important area of study. High
blood glucose and high dietary glycemic load were both found to be related to poorer
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performance in perceptual speed and spatial ability [12]. An HGD has also been associated
with a greater cerebral amyloid burden [13]. Further, consumption of a high glycemic
index afternoon snack was associated with cognitive decline in apolipoprotein E4 allele
carriers [14]. However, there is relatively sparse animal data on the effects of an HGD on the
brain and cognitive function. In rats, an HGD had detrimental effects on memory [15,16],
disrupted hypothalamic redox homeostasis [17], and increased hippocampal endoplasmic
reticulum stress [18]. In a mouse model of Alzheimer’s disease, an HGD was found to
increase neuroinflammation and cortical levels of Amyloid-β [19]. These studies suggest
that an HGD is associated with cognitive impairment in animal models.

The impact of high glycemia on cognition may be reversible. One study in rats found
that a high sucrose diet increased brain unesterified arachidonic acid and the activity of
enzymes facilitating the release of arachidonic acid from phospholipids [20]. Arachidonic
acid is metabolized by cytochrome P450 enzymes to epoxyeicosatrienoic acid isomers
(EETs), which are short-lasting and locally active neuroprotective, vasodilatory, and anti-
inflammatory [21] signaling molecules. Soluble epoxide hydrolase (sEH) is an enzyme
that converts EETs into dihydroxyeicosatrienoic acids (DHETs), which have less biological
activity [21,22]. Inhibiting sEH activity thus increases the amount of beneficial EETs [22].
Studies have implicated soluble epoxide hydrolase (sEH) in many disorders of the central
nervous system, including Parkinson’s disease, white matter hyperintensities, vascular
cognitive decline/impairment, and Alzheimer’s disease [22–26]. Inhibitors of sEH (sEHI)
have been shown to be protective in animal models of stroke [27,28]. Inhibition of sEH is of
great clinical interest as it has also been shown to reduce neuroinflammation and cognitive
impairment in animal models of cerebral hypoperfusion and type 1 and type 2 diabetes
mellitus [29–33]. Further, the use of sEHI and genetic knockout of the sEH gene reduces
cognitive impairment in animal models of age-related cognitive decline and Alzheimer’s
disease [26,34,35].

The hippocampus is central to the formation of memory [36], and dysfunction of the
microvasculature can contribute to the development of dementia [37]. To our knowledge,
no studies have been published to date examining the effects of an HGD on brain hippocam-
pal microvascular gene expression. The objectives of this study were to use a male murine
model to comprehensively characterize the effect of an HGD on neurovascular function
through hippocampal microvascular multi-omics and to assess the impact of an HGD on
cognitive function. We hypothesized that an HGD would result in injurious differential
gene expression changes characterized by brain hippocampal microvascular oxidation,
inflammation, and blood–brain barrier disruption. Further, we aimed to determine whether
the deleterious genomic effects of an HGD could be mitigated by inhibiting sEH.

2. Materials and Methods

2.1. Experimental Animals and Soluble Epoxide Hydrolase Inhibitor (sEHI) Treatment

19-week-old C57BL/6J wild type (WT) male mice (Jackson Laboratories, stock 000664)
were fed a standard chow diet (catalog no 0915 from Envigo Teklad Diets, Madison, WI,
USA) and allowed to acclimate for one week prior to beginning the study procedures.
Mice were then fed for 12 weeks either a Low Glycemic Index diet (LGD, catalog no
TD.08485 from Envigo Teklad Diets, Madison, WI, USA) composed of 13% fat, 19.1%
protein, 67.9% carbohydrate, as percent kcal, containing 12% sucrose by weight, or a High
Glycemic Index diet (HGD, catalog no. TD.05230, Envigo Teklad Diets, Madison, WI, USA)
composed of 12.6% fat, 18.7% protein, 68.7% carbohydrate, as percent kcal, containing
34% sucrose by weight. Mice receiving each diet were given 10mg/L of soluble epoxide
hydrolase inhibitor (sEHI), trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic
acid (t-AUCB) (Cayman Chemical, Ann Arbor, MI, USA) containing 1% v/v polyethylene
glycol 400 (PEG400) (Millipore, Burlington, MA, USA) in the drinking water for 12 weeks
at which point mice were 32 weeks of age and sacrificed. Mice consumed approximately
7 to 7.5 mL of water each day, consistent with previously published work [38], and 2.5 to
3 mg of t-AUCB (sEHI) per kg per day. There were a total of four experimental treatment
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groups (n = 7 mice/gp): LGD alone, LGD with sEHI (LGD+sEHI), HGD alone, and HGD
with sEHI (HGD+sEHI). Mice were randomly assigned to the dietary groups.

Animals were housed one mouse per cage in a temperature- and humidity-controlled
environment with a 12 h light/dark cycle in the University of California, Davis Mouse
Biology Program. Body weight was measured at baseline and at the completion of the
dietary intervention period, and activity, water, and food intake were monitored daily by
vivarium staff. The research was conducted in conformity with the Public Health Service
Policy on Humane Care and Use of Laboratory Animals and all protocols approved by the
Institutional Animal Care and Use Committee of the University of California, Davis.

2.2. Serum Lipid, Glucose, and Insulin Assays

Mice were fasted overnight for 8 hours, and blood obtained by submandibular nick
blood draw for the pre diet samples, and by ventricular puncture at the time of sacrifice
following completion of the dietary feeding period for the post diet samples. Blood samples
were stored at −80 ◦C. Lipid, glucose and insulin levels were measured in fasted serum
samples. Total cholesterol (TC), high-density lipoprotein cholesterol (HDL), and low-
density lipoprotein cholesterol (LDL) were measured using enzymatic assays from Fisher
Diagnostics (Middleton, VA, USA), and precipitation separation from AbCam (Cambridge,
MA, USA) adapted to a microplate format. Glucose was measured using enzymatic
assays from Fisher Diagnostics (Middleton, VA, USA), and insulin was determined by
electrochemiluminescence from Meso Scale Discovery (Rockville, MD, USA) according to
the manufacturer’s instructions. All serum assays were performed by the UC Davis Mouse
Metabolic Phenotyping Center (MMPC) on non-pooled serum samples.

2.3. Isolation and Cryosection of Murine Brain Hippocampus

Following completion of the 12 week dietary feeding period, mice were anesthetized
by intraperitoneal xylazine/ketamine and euthanized by exsanguination during the light
phase of their light/dark cycle. Intact brains were rapidly removed under RNAse free con-
ditions, cut into regions including the temporal lobe segment containing the hippocampus,
and embedded using HistoPrep Frozen Tissue Embedding Media (Fisher Scientific, Pitts-
burgh, PA, USA). To identify the hippocampus and hippocampal neurons, brain sections in
the medial aspect of the temporal lobe were stained with hematoxylin and visualized with
microscopy as previously described [8]. The hippocampus was then coronally cryosec-
tioned (8 µm, Leica Frigocut 2800n Cryostat, Leica Biosystems, Buffalo Grove, IL, USA) and
placed on charged RNA-free PEN Membrane Glass slides, treated with RNAlater®-ICE
(Life Technologies, Grand Island, NY, USA) to prevent RNA degradation, and stored at
−80 ◦C until use. When ready for use, cryosections from the hippocampal segments were
submerged in nuclease-free water and dehydrated in desiccant.

2.4. Laser Capture Microdissection (LCM) of Hippocampal Microvessels

For analysis of gene transcriptome of hippocampal brain microvessels, endothelial
microvessels (<20um) were first identified in the hippocampal brain cryosections by al-
kaline phosphatase staining utilizing 5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium chloride (BCIP/NBT) substrate as previously described [39]. Laser capture
microdissection (LCM) was then used to isolate the microvascular endothelium in hip-
pocampal cryosections by capture of the entire vessel wall under direct microscopic visu-
alization using a Leica LMD6000 Laser Microdissection Microscope (Leica Microsystems,
Wetzlar, Germany). Microvessels were not categorized by hippocampal region or subregion,
although they primarily corresponded to endothelial enriched sections in hippocampus
dorsal segments that would have included CA1 and CA3 regions.

2.5. RNA Extraction from Laser Captured Brain Microvessels

Total RNA was extracted from the laser-captured hippocampal brain microvessels
(300 per mice, 3 mice per experimental group) using an Arcturus PicoPure™ RNA Isolation
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Kit (Thermo Fisher Scientific, Santa Clara, CA, USA) according to the manufacturer’s
instructions. The quality of the RNA from the LCM-derived vessels was assessed by
Nanodrop. RNA quantification was performed according to Affymetrix RNA quantification
kit with SYBR Green I and ROX™ Passive Reference Dye protocol (Affymetrix, Santa Clara,
CA, USA).

2.6. Microarray Hybridization and Transcriptome Analysis

For transcriptomics analysis, we used Clariom D Mouse Array (one array per mouse),
containing more than 7 million probes for protein-coding and protein non-coding genes
such as micro RNAs (miRNAs), small nucleolar RNAs (snoRNAs), and long non-coding
RNAs (LncRNAs) (Thermo Fisher, Santa Clara, CA, USA). RNA (122.3 pg) was used
to prepare cRNA and sscDNA using GeneChip®WT Pico Kit (Thermo Fisher, Santa
Clara, CA, USA). SscDNA (5.5 µg) was fragmented by uracil-DNA glycosylase (UDG)
and apurinic/apyrimidinic endonuclease 1 (APE 1) and labeled by terminal deoxynu-
cleotidyl transferase (TdT) using the DNA Labeling Reagent that is covalently linked to
biotin. Fragmented and labeled sscDNA samples were then submitted to the UC Davis
Genome Center shared resource core for hybridization, staining, and scanning using
Thermo Fisher Scientific WT array hybridization protocol following the manufacturer’s
protocol. Hybridization of fragmented and labeled sscDNA samples was performed using
GeneChip™Hybridization Oven 645, and samples were then washed and stained using
GeneChip™ Fluidics Station 450. The arrays were scanned using GeneChip™ Scanner 3000
7G (Thermo Fisher Scientific, Santa Clara, CA, USA). Quality control of the microarrays
and data analysis was performed using Thermo Fisher Scientific Transcriptome Analysis
Console software version 4.0.2. We have deposited the microarray data in GEO, and the
accession number is GSE185057.

2.7. Bioinformatic Analysis

Bioinformatics analysis of differentially expressed genes was performed by two of
the study investigators (SN and DM) using multiple software tools. We compared the
following study groups: (A) HGD to LGD (to determine the effect of the HGD diet) and (B)
HGD+sEHI to HGD (to determine the effect of the inhibitor on the HGD diet) as shown in
the flow chart in Figure 1.

The Principal Component Analysis (PCA) plot of identified differentially expressed
genes (DEG) was obtained through ClustVis [40]. miRNA targets of DEG were identified
using Mienturnet [41]. LncRNAs of DEG were identified using LncRRIsearch [42] and
Rtools CBRC [43]. Canonical pathway analysis was conducted using GeneTrial2 online
database [44,45]. Networks were constructed and visualized using Cytoscape software
(version 3.7.1) [46–49]. Data preparation was performed with the use of several R packages
including splitstackshape [50], data.table [51], dplyr [52,53] and string [54,55]. Pathway
networks were built for pathways enriched from a global pathway analysis, considering all
omic layers components together.

Transcription factor analyses were performed using Enrichr [56–58]. Hierarchical
clustering and heat map representations of differentially expressed genes (DEG) were
performed using PermutMatrix software [59,60].

We performed Pearson’s correlation analysis between the genes differentially ex-
pressed by the HGD vs. LGD and the HGD+sEHI vs. HGD. We used the ggpubr package
in R [61] to obtain the correlation coefficient and the significance level, as well as the
scatter plot with regression line and confidence interval. We then performed prediction of
neurodegenerative disease trait by performing correlation analysis between the obtained
changes in the expression of genes following the HGD vs. LGD or the HGD+sEHI vs.
HGD and the gene expression profiles observed in patients with Alzheimer’s disease or
cognitive disorders. The human genome data were extracted from the gene expression
profile database, which was deposited in the GEO (gene expression omnibus) database.
The identification of differentially expressed genes between patients and healthy volunteers
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was performed using GEO2R [62], an NCBI web tool that allows comparisons between
two or more groups of samples in the GEO series to identify differentially expressed genes
across the experimental conditions. The differentially expressed genes were screened
according to p-values < 0.05. Pearson’s correlation analysis between the genes identified as
differentially expressed, following the HGD vs. LGD or the HGD + sEHI vs. HGD, and
patients with neurogenerative diseases was performed using ggpubr package in R [61].

 

Figure 1. Research methodology flow chart. The flow chart shows the steps in the genomic analysis
for: (A) the high glycemic diet compared to the low glycemic diet (HGD vs LGD), and (B) the high
glycemic diet with the soluble epoxide hydrolase inhibitor (sEHI) compared to without the sEHI
(HGD + sEHI vs HGD).

Interaction of diet and inhibitor effects was performed using Thermo Fisher Scientific
Transcriptome Analysis Console software version 4.0.2. Interaction was defined by a ≥2 or
≤−2 delta fold change and a p-value < 0.05 when comparing HGD+sEHI vs. LGD+sEHI
to HGD vs. LGD.

2.8. Statistical Methods

For microarray, ANOVA ebayes (Thermo Fisher Scientific Transcriptome Analysis
Console software, Santa Clara, CA, USA) were used for statistical analysis of microvessel
transcriptomes. All genes from the microarray with p < 0.05 and ±2.0-fold change were
considered as differentially expressed. Mean body weight and plasma lipid levels were
expressed as means ± standard error of the mean (SEM), and significance was determined
at p ≤ 0.05 using unpaired Student’s t-tests (GraphPad software, La Jolla, CA, USA).
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3. Results

The dietary treatment resulted in the expected weight gain in the study mice as follows:
The mean weight for male mice at 20 weeks of age, on the chow diet, prior to initiation of
the study diets, was 30 g and increased significantly (p < 0.05) after 12 weeks in both diet
groups (LGD mean 36 g, HGD mean 34g). The soluble epoxide hydrolase inhibitor (sEHI)
had no effect on body weight.

Total cholesterol (TC) levels at the end of the feeding period increased significantly
(p < 0.05) in all the groups when compared to the baseline measurement at 20 weeks of age
and did not statistically differ between the LGD (154.9 mg/dL) and HGD (146.2 mg/dL).
The sEHI had no significant effect on total cholesterol levels.

Glucose and insulin levels also increased significantly (p < 0.05) in both the LGD
(416.1 mg/dL) and HGD (374.7 mg/dL) treatment groups but did not statistically differ
between them. The sEHI had no significant effect on glucose and insulin levels.

3.1. Effect of the High Glycemic Diet on the Hippocampal Microvascular Genome

3.1.1. Global Gene Expression and Hierarchical Clustering

To define the molecular mechanisms in brain hippocampal microvessels in response to
the HGD, we began by assessing global gene expression using principal component analysis
(PCA), a genetic distance visualization tool that shows relatedness between populations.
PCA plot analysis showed that the global gene expression profiles of mice on the HDG and
LGD were distinctly different from each other (Figure 2A). Using loading plot analysis,
we further defined that the genes relevant to the separation of the PCA had opposite
expression patterns with the HGD vs the LGD diet. Plots for a few genes (Higd2a, Gm24400,
Snora30, Cox5b, Mir5125, Acta2, and Map3k7cl) that contributed to separation of the two
dietary groups are provided as examples in Figure 2B.

We then performed hierarchical clustering of global gene expression profiles. Hierar-
chical clustering groups similar data points together and then organizes the clusters into a
hierarchy. Using this strategy, we further confirmed that genes with higher levels of expres-
sion with the HGD had lower levels of expression with the LGD, and vice versa (Figure 3).
Thus, the effect of the HGD on global hippocampal microvascular gene expression was
fundamentally opposite compared to the LGD.

3.1.2. Differential Gene Expression

To study the effect of the HGD on gene expression, we compared the HGD to the LGD
(flow chart Figure 1A). Statistical analysis of microarray data revealed 608 differentially
expressed genes (DEGs) in hippocampal microvessels following the HGD, with the majority
of the DEGs being up-regulated by the HGD (468 genes up-regulated vs. 140 genes down-
regulated) when compared to the LGD, Supplemental Figure S1. The fold-change varied
from 2.0 to 25.94 for up-regulated genes and from −16.65 to −2.01 for down-regulated
genes (see Supplemental Table S1 for a complete listing of the DEGs). To our knowledge, we
also show for the first time that the HGD regulates the expression of protein-coding genes
(221) and non-coding genes (78) in male murine hippocampal microvessels (Supplemental
Figure S2), including 32 long non-coding RNAs (lncRNAs), 25 microRNAs (miRNAs),
and 21 small nucleolar RNAs (snoRNAs). The remaining 309 DEGs were other genes
(pseudogenes, ribosomal RNAs (rRNAs), unassigned genes, and multiple-complex genes).
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LGD

HGD

A) PCA Plot 

Figure 2. Principal Component Analysis (PCA) and loading plot of genes expressed in hippocampal microvessels of the
high glycemic diet (HGD) and the low glycemic diet (LGD). (A) PCA scatter plot of the microarray data shows the trends of
the expression profiles of the hippocampal microvasculature in the high glycemic diet (HGD, red circles) and low glycemic
diet (LGD, green circles), respectively. The PCA plot captures the variance in a dataset in terms of principal components
and displays the most significant of these on the x and y axes. The percentages of the total variation that are accounted for
by the 1st and 2nd principal components are shown on the x- and y-axes labels. The data are shown for three biological
replicates for each dietary group. (B) Loading plot of genes (violet circles) relevant to the separation of PCA. Blue arrows
show box plots with expression levels of a few genes (Higd2a, Gm24400, Snora30, Cox5b, Mir5125, Acta2, Map3k7cl, Snora30

and Map3k7cl) that contribute to separation of the two dietary groups (HGD, LGD). In the box plots, the black dots represent
gene expression levels, the notch indicates 95% confidence interval around the median of each group, and yellow diamond
indicates the average gene expression of each group.
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Figure 3. Hierarchical clustering of differentially expressed genes in hippocampal microvessels
of the low glycemic diet (LGD) and the high glycemic diet (HGD). Upregulated genes are in red
and downregulated genes are in blue. The data are shown for three biological replicates for each
dietary group.

3.1.3. Pathways and Networks for Coding and Non-Coding Differentially Expressed Genes

Next, we performed bioinformatic analysis to find cellular pathways involving differ-
entially expressed (DE) protein-coding genes. Among the 56 cellular pathways we identi-
fied were those involved in the regulation of neurodegenerative diseases (e.g., Alzheimer’s
disease), pathways involved in the regulation of cellular energy pathways (e.g., oxidative
phosphorylation), and cellular metabolism (e.g., fatty acid metabolism). We also observed
several cellular signaling pathways, cell adhesion pathways, as well as other pathways
such as cell cycle or protein processing in endoplasmic reticulum (Supplemental Figure S3).
Therefore, the HGD led to genomic modification in brain microvasculature pathways pri-
marily by modulating the expression of genes involved in neurodegeneration, metabolism,
and cell signaling. We also performed bioinformatics analyses of DEGs to identify potential
transcription factors (TFs) whose activity could be modulated by the HGD and result in
the observed genomic effects. Enrichr database analysis of the top 25 TFs and the DEGs
regulated by them is shown in Supplemental Figure S4. The most statistically significant
transcription factors were STAT3 (Signal Transducer and Activator of Transcription 3)
involved in focal adhesion, DNMT1 (DNA Methyl Transferase 1), and PPARA (Peroxisome
Proliferator-Activated Receptor Alpha) involved in Alzheimer’s disease (Supplemental
Table S2).

Microarray analysis also revealed that the HGD could induce differential expression
of non-coding RNAs (miRNAs, lncRNAs, and snoRNAs). Of the 25 DE miRNAs in HGD
vs. LGD (Supplemental Table S3), 12 were down-regulated (fold change −5.81 to −2.01)
and 13 up-regulated (fold change 2.01 to 25.94). Using MIENTURNET software and
database interrogation, we identified 442 potential target genes for 17 of the 25 miRNAs.
The network of interactions between these miRNAs and their target genes is presented in
Supplemental Figure S5. While most genes were the target of a single miRNA, we showed
redundancy in that some genes were targets of two or three different miRNAs. Pathway
analyses of miRNA target genes revealed they were involved in pathways regulating cell
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transduction, cell–cell adhesion, permeability, and neurofunction (Supplemental Figure S6).
Eleven of the miRNA target genes pathways were in common with the protein-coding DEG
pathways, such as Hypoxia-inducible factor 1 (HIF-1) signaling involved in endothelial cell
function. Pathways unique to miRNA targets were primarily related to inflammation and
cell signaling, whereas protein-coding DEGs specific pathways were primarily involved in
cellular metabolism.

Together with miRNAs, our analysis also revealed 32 DE lncRNAs (Supplemental
Table S4) following the HGD. Among these, 4 were down-regulated (fold-change −16.65
to −2.02), and 28 were up-regulated (fold-change 2.02 to 5.34). Using LncRRIsearch and
Rtools CBRC databases, we were able to identify 458 potential target genes for 5 of the
32 lncRNAs (Supplemental Figure S7). Pathway analysis of these target genes showed that
they were involved in pathways such as nitric oxide signaling, N-cadherin that regulate
vascular endothelial function, as well as Alzheimer’s disease (Supplemental Figure S8),
which was also one of the 7 pathways in common with the miRNA targets pathways.

We also studied the expression of snoRNAs in the HGD compared to LGD. Among
the 21 DE snoRNAs, 9 were up-regulated (fold change 2.36 to 19.44), and 12 were down-
regulated (fold change −10.37 to −2.07) (Supplemental Table S5). A literature review did
not identify any known target genes for the DE snoRNAs.

3.1.4. Integrated Analysis of Differentially Expressed Genes, Key Pathways and Networks

Following the individual omic analysis, we performed integrated analysis of all the
identified DEGs including mRNAs, miRNAs and their targets, lncRNAs and their targets,
and the identified potential transcription factors. This analysis allowed us to obtain net-
works of interactions (Figure 4A), and showed that in comparison to the LGD, the HGD
significantly impacted the expression levels of different RNA types which interact and
form a large molecular network. This molecular network can have a significant effect on
cellular functions. Therefore, in order to determine if there was a pattern of functional
coordination in the molecular differential expression pattern of the HGD on brain mi-
crovessels, we performed integrated pathway and network analysis using DE mRNAs,
miRNAs and lncRNAs targets for the HGD compared to LGD. This analysis indeed re-
vealed differential regulation of 5 key cellular pathways including for neurodegenerative
diseases (such as Alzheimer’s disease), cell signaling pathways (such as PPAR signaling
and phosphoinositide-3-kinase-protein kinase B (PI3K-Akt) signaling), cell adhesion and
mobility (including focal adhesion), cellular metabolism (including oxidative phosphoryla-
tion and electron transport chain), and other cellular pathways (such as mRNA processing
and oxidative damage) (Figure 4B and 4C). Integrated pathways for DEGs, transcription
factors, miRNAs and their targets, and lncRNAs and their targets are shown for the focal
adhesion pathway (Figure 4D) and the Alzheimer’s disease pathway (Figure 4E). Pathways
are discussed in further detail in the Discussion section.

3.2. Effect of the Soluble Epoxide Hydrolase Inhibitor (sEHI) on the Hippocampal Microvascular
Genome of Mice fed the High Glycemic Diet

In order to determine whether the soluble epoxide hydrolase inhibitor (sEHI) could
inhibit the seemingly deleterious molecular effects of the HGD on hippocampal microves-
sels (upregulation of genes in pathways such as PPAR signaling, PI3K-Akt signaling that
play an important role in oxidative stress, inflammation and Alzheimer’s disease), we
again performed hierarchical clustering of global gene expression profiles for the LGD and
the HGD in the presence of the inhibitor (Figure 5). Since the gene expression profile of
the LGD group did not substantially differ from the LGD with the inhibitor (Figure 5),
the effect of the inhibitor was primarily analyzed in reference to the HGD in our analytic
comparisons. Interestingly, in the presence of the sEHI, the gene expression profile of the
HGD on hippocampal microvessels was nearly completely reversed and similar to that on
the LGD.

Using PCA analysis, we were further able to show that the gene expression profile
of hippocampal microvessels following the HGD was distinctly different from that of the
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HGD+sEHI (Figure 6A). We used loading plot to identify genes important to the separation
of PCA (Figure 6B). Genes such as Gm24400, Resp18, Rheb, Brms1l, Ndufa13, and Ighv5-12-4
showed opposite expression in the HGD with inhibitor when compared to the HGD alone.

Statistical analysis of microarray data showed that there were a larger number of DEGs
(1701) for the comparison of the HGD+sEHI vs. HGD (Supplemental Table S6) than there
were for the HGD vs. LGD comparison. The sEHI primarily down-regulated both protein-
coding and non-coding DEGs in the HGD (Figure 7A, and Supplemental Figures S9 and S10).
We then performed correlation analysis between the DEGs of the HGD+sEHI vs. HGD
and the HGD vs. LGD and identified a highly significant negative correlation with the
sEHI (Figure 7B). This suggests that the inhibitor counteracts the effects of the HGD on
differential gene expression.
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Figure 4. Cont.
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Figure 4. Effect of the high glycemic diet (HGD) on cellular pathways of differentially expressed protein-coding genes,
miRNA targets, and LncRNA targets in the hippocampal microvasculature. (A) Network of differentially expressed
protein-coding genes (grey circles), transcription factors (red hexagons), miRNAs (green diamonds) and their targets (blue
circles), LncRNAs (purple rectangles) and their targets (blue circles) in the hippocampal microvessels for the high glycemic
diet (HGD) compared to the low glycemic diet (LGD). (B) Histogram of a subset of the relevant pathways of differentially
expressed protein-coding genes, miRNA targets, and LncRNA targets in the hippocampal microvasculature for the HGD vs
LGD. The data are shown for three biological replicates for each dietary group. Statistically significant pathways (p < 0.05)
were identified using Genetrial2 online database and grouped by cellular function. (C) Network of important cellular
pathways shown in (B) and their genes. Pathways are shown in boxes and color coded based on cellular function such
as neuro-related (red), cell signaling (green), cell adhesion and mobility (purple), cellular metabolism (yellow), and other
cellular pathways (grey). White circles are differentially expressed genes (DEGs) or target genes of miRNAs and lncRNAs.
Integrated analysis of (D) Focal adhesion and (E) Alzheimer’s disease pathways. Blue=DEGs with potential transcription
factors (TFs); Red= differentially expressed miRNAs and their targets; Green= differentially expressed lncRNAs and
their targets.
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LGD LGD+sEHI HGD HGD+sEHI
Figure 5. Hierarchical clustering of differentially expressed genes in hippocampal microvessels for the low glycemic
diet (LGD) and the high glycemic diet (HGD) with and without soluble epoxide hydrolase inhibitor (sEHI). Hierarchical
clustering of differentially expressed gene profiles in hippocampal microvessels of four experimental treatment groups: low
glycemic diet (LGD), LGD with soluble epoxide hydrolase inhibitor (LGD+sEHI), high glycemic diet (HGD), and HGD with
sEHI (HGD+sEHI). The data are shown for three biological replicates for each dietary group. Up-regulated genes are in red,
and down-regulated genes are in blue. In the presence or absence of inhibitor, LGD groups had similar gene expression
profiles while HGD groups had opposite gene expression profiles.

Most of the protein-coding genes down-regulated by the sEHI were involved in
similar pathways (such as Alzheimer’s disease, oxidative phosphorylation, and fatty
acid metabolism) activated by the HGD alone (Supplemental Figure S11), suggesting
that the inhibitor may offset the effect of the HGD on differential gene expression by
targeting similar pathways. We also found 17 TFs in common between the HGD with
and without inhibitors such as NEUROG3 (Neurogenin 3), MECP2 (Methyl-CpG Binding
Protein 2), KLF9 (Kruppel Like Factor 9), and PPARA (Supplemental Table S2). Target
genes of these TFs were up-regulated by the HGD but down-regulated by the inhibitor
(Supplemental Figure S12). These target genes were involved in neurological disease
pathways (e.g., Alzheimer’s disease), oxidative phosphorylation (e.g., electron transport
chain), apoptosis-related pathways (e.g., proteasome degradation), and cell signaling
pathways (e.g., HF-1 signaling).
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Figure 6. Principal Component Analysis (PCA) and loading plot of genes expressed in hippocampal microvessels for
the high glycemic diet (HGD) with and without soluble epoxide hydrolase inhibitor (sEHI). (A) PCA scatter plot of the
microarray data shows the trends of the expression profiles of the hippocampal microvasculature of the high glycemic diet
with (HGD+sEHI, green circles) and without (HGD, red circles) the soluble epoxide hydrolase inhibitor compared to the
low glycemic diet (LGD, blue circles). The PCA plot captures the variance in a dataset in terms of principal components and
displays the most significant of these on the x and y axes. The percentages of the total variation that are accounted for by the
1st and 2nd principal components are shown on the x- and y-axes labels. The data are shown for three biological replicates
for each dietary group. (B) Loading plot of genes (violet circles) relevant to the separation of PCA. Blue arrows show box
plots with the expression levels of a few genes (Gm24400, Resp18, Rheb, Brms1l, Ndufa13, Ighv5-12-4) that contribute to
separation of the three dietary groups (HGD, HGD+sEHI, LGD). In the box plots, the black dots represent gene expression
levels, the notch indicates 95% confidence interval around the median of each group, and the yellow diamond indicates the
average gene expression of each group.
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Figure 7. The effect of the high glycemic diet with and without soluble epoxide hydrolase inhibitor
(sEHI) on differential gene expression in the hippocampal microvasculature. (A) Heat map showing
individual differentially expressed genes (DEGs) in rows, and the two different experimental dietary
comparison groups in columns, as follows: column 1: high glycemic diet compared to low glycemic
diet (HGD vs LGD); column 2: HGD with soluble epoxide hydrolase inhibitor compared to without
inhibitor (HGD+sEHI vs HGD). The data are shown for three biological replicates for each dietary
group. Up-regulated genes are shown in red, and down-regulated genes in green. The rectangular
box insert shows the list of genes with opposite gene expression patterns in the two comparisons
(HGD vs. LGD compared to HGD+sEHI vs. HGD). (B) Pearson’s correlation analysis of the DEGs
between the comparisons, HGD vs. LGD and HGD+sEHI vs. HGD.

A higher number of DE non-coding RNAs (171 miRNAs, 127 snoRNAs, and 80 lncRNAs)
were modulated by the sEHI (Supplemental Tables S3, S4, and S5, respectively) than the
HGD alone. Most of the DE miRNAs that were up-regulated by the HGD were down-
regulated by the inhibitor by targeting 300 genes (Supplemental Figure S13) that were
involved in apoptosis-related pathways (such as PTEN dependent cell cycle arrest and
Ubiquitin mediated proteolysis) (Supplemental Figure S14) and pathways related to cell
degradation and death. The majority of DE lncRNAs that were up-regulated by the HGD
were down-regulated by the inhibitor and again targeted a greater number of genes (785)
compared to the HGD alone (Supplemental Figure S15) and were mainly involved in cell
signaling (Supplemental Figure S16).

We then performed an integrated analysis of all the identified DEGs, including mR-
NAs, miRNAs and their targets, lncRNAs and their targets, and the potential TFs. We
obtained a large molecular network of interactions of the different types of RNAs modu-
lated by the inhibitor (Figure 8A). Integrated pathway analysis of this molecular network
(Figure 8B) revealed that the inhibitor regulated similar pathways as the HGD, namely
neuro-related pathways (such as Alzheimer’s disease), cell signaling, cell adhesion (such
as focal adhesion), and cellular metabolism, but once again, in opposite directions to the
HGD. In toto, these data suggest that the inhibitor may counteract the effect of an HGD
by robustly reversing the deleterious pattern of differential gene expression on cellular
function and on the operative TFs, particularly by down-regulating the protein-coding and
non-protein-coding DEGs that are up-regulated by the HGD.
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3.3. Correlation of Genomics with Human Alzheimer’s Disease Data

To evaluate the genomic modifications induced by the HGD on the development of
neurodegenerative diseases, we analyzed the correlations between the genes modulated by
the HGD and the genes associated with Alzheimer’s disease. We analyzed the available
GEO datasets with GEO2R and differentially expressed mRNAs were correlated with
those extracted from the analyzed publications using the R program. These analyses
showed that the gene expression profile in the brain of patients with Alzheimer’s disease
(GSE118553) was correlated, with high statistical significance, to the gene expression
profile identified in our mice after the consumption of the HGD (Figure 9A). The gene
expression profile of mice on the HGD in our study was also correlated with the gene
expression profile obtained in another study (GSE132903) of brains of patients presenting
with Alzheimer’s disease (Figure 9B). This analysis suggests that consumption of the HGD
induces changes in the expression of genes in murine hippocampus that correlates with
the development of Alzheimer’s disease in humans. Using the same approach, we also
tested correlations between the genes modulated in our study by the HGD in the presence
of the sEHI and the gene expression profiles obtained in both of the above noted genomic
studies using the brains of patients with Alzheimer’s disease. Interestingly, we observed
a negative correlation between the human AD data and the gene expression profile of
our brain microvasculature for animals on the HGD with the sEHI (Figure 9C,D). These
results suggest that the inhibitor can prevent, at least partially, changes in the expression
of genes induced by the HGD that are associated with the development of Alzheimer’s
disease in humans and can therefore exert a potentially protective effect against this
neurological disorder.
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Figure 8. Effect of the high glycemic diet (HGD) with soluble epoxide hydrolase inhibitor (sEHI) on cellular pathways of
differentially expressed protein-coding genes, miRNA targets, and LncRNA targets in the hippocampal microvasculature.
(A) Network of differentially expressed protein-coding genes (grey circles), transcription factors (red hexagons), miRNAs
(green diamonds) and their targets (blue circles), LncRNAs (purple rectangles) and their targets (blue circles) in the
hippocampal microvessels for the high glycemic diet (HGD) with soluble epoxide hydrolase inhibitor (sEHI) when
compared to HGD without sEHI. (B) Histogram of subset of relevant pathways of differentially expressed protein-coding
genes, miRNA targets, and LncRNA targets in the hippocampal microvasculature for the HGD+sEHI vs HGD. The data are
shown for three biological replicates for each dietary group. Statistically significant pathways (p < 0.05) were identified
using Genetrial2 online database and are grouped by cellular function such as neuro-related, cell signaling, cell adhesion
and mobility, cellular metabolism, and other.
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Figure 9. Correlation of the high glycemic diet (HGD) with and without inhibitor to Alzheimer’s disease. Pearson correlation
analysis between the genes modulated by the HGD vs LGD and the gene expression profiles observed in patients with
Alzheimer’s disease extracted from GEO database number (A) GSE118553 and (B) GSE132903. Correlation between genes
modulated by the HGD+sEHI vs LGD and patients with Alzheimer’s disease extracted from GEO database number
(C) GSE118553 and (D) GSE132903.

3.4. Interaction of Effects of the Glycemic Diet and the Soluble Epoxide Hydrolase Inhibitor

In order to more clearly define how the sEHI modulated the response of hippocampal
microvessels to an HGD, we used two-factor analysis to identify the DEGs with a significant
interaction between the effects of the diet and the effects of the inhibitor. For this analysis,
the LGD+sEHI group was included as it was necessary to use this additional control
group for the two-factor analysis and to determine the delta fold change [(HGD+sEHI vs.
LGD+sEHI) vs. (HGD vs. LGD)]. A positive delta fold change indicates a gene that is
“more up-regulated” or “less down-regulated” by HGD in sEHI treated mice (compared to
those with no inhibitor). A negative delta fold change indicates a gene that is “more down-
regulated” or “less up-regulated” by an HGD in sEHI treated mice (compared to those
with no inhibitor). We identified a total of 1543 DEGs (Supplemental Table S7) that had
a significant interaction between diet and inhibitor, the majority of which had a negative
delta fold change. In many cases, the direction of the regulation of the DEGs by the HGD
was opposite in direction in the presence of the inhibitor when compared to the effects of
the HGD on that same gene in the absence of the inhibitor. The DEGs with a negative delta
fold change were diversified between RNA types, including coding, non-coding, multiple
complex, and pseudogenes. The 583 DEGs with a positive delta fold change were primarily
non-coding genes. Pathway analyses using the KEGG and WikiPathway databases for all
of the coding DEGs (positive and negative delta fold change) demonstrated that the sEHI
modulated the effects of the HGD for pathways involved in the electron transport chain,
oxidative phosphorylation, focal adhesion, HIF-1 signaling pathway, and pathways active
in neurological diseases (Alzheimer’s pathway) (Figure 10A).
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Figure 10. Analysis of DEGs with a significant interaction of diet and inhibitor. (A) Relevant enriched WikiPathways and
KEGG Pathways for DEGs with an interaction between diet and inhibitor effects. (B) Signal plots of selected DEGs with
an interaction between diet and inhibitor effects. Data shown are from three biological replicates (mean +/− standard
deviation). The DEGs displayed are cytochrome c oxidase subunit Vb (Cox5b), NADH dehydrogenase (ubiquinone) 1 alpha
subcomplex 2 (Ndufa2), and Rho-associated coiled-coil containing protein kinase 1 (Rock1).

An additional finding of the two-factor analysis was that when the individual DEGs
of the relevant pathways shown in Figure 10A (77 DEGs) were examined, it again became
apparent that the sEHI reverted the gene expression profile of brain hippocampal microvas-
cular endothelium of mice on the HGD to a profile similar to that of the LGD. Examples of
three genes (Rock1, Ndufa2, and Cox5b) are shown in Figure 10B. These DEGs were selected
because they were each represented in multiple relevant pathways including focal adhe-
sion (Rock1), electron transport chain (Ndufa2 and Cox5b), and oxidative phosphorylation
(Ndufa2 and Cox5b).

4. Discussion

In this study, we characterized the effect of a high glycemic diet (HGD) on murine
neurovascular function and cognition using hippocampal microvascular multiomics of
mice exposed to high or low glycemic index diets. Utilizing similar techniques of large-
scale transcriptome gene profiling, we have previously shown the effect of lipid stress and
a Western diet (WD) on hippocampal microvascular injury and cognitive decline in male
and female mice ApoE-/- and LDL-R-/- mice [8–11]. However, the molecular footprint of
the glycemic component of the WD on the brain microvasculature, and whether and how
the HGD may contribute to microvascular injury, was up to now unknown. A HGD is a
risk factor for dementia [14] and is associated with poor cognitive performance [15,16], but
whether the effect can be reversed has also been unknown. Given that in murine models
of diabetes, soluble epoxide hydrolase inhibitors (sEHI) reduce neuroinflammation and
cognitive decline [32–34], we also aimed to examine their role in our model.

We used a relevant model of glycemic index and demonstrated the expected significant
differences in weight, cholesterol, glucose, and insulin levels consistent with what has
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been published previously for these experimental models [19,63–65]. To our knowledge,
the present study shows for the first time that the HGD has distinct differential effects on
gene expression that are different from the LGD and characterized by up-regulation of
differentially expressed protein-coding genes, transcription factors, as well as non-protein-
coding genes (miRNAs, snoRNAs, and lncRNAs), that are involved in five major cellular
pathways: neurodegenerative diseases (Alzheimer’s disease), endothelial cell function
(focal adhesion), cell signaling (PPAR signaling, PI3K-Akt signaling), cellular metabolism
(oxidative phosphorylation, electron transport chain), and other cellular pathways (mRNA
processing, oxidative damage). Below we discuss our multi-omics integrative analysis
for the focal adhesion and Alzheimer’s disease pathways to illustrate the complexity and
characterize the molecular regulation in response to the HGD.

Integrative analyses allowed us to identify the protein-coding genes, TFs, and the
non-coding genes modulated by the HGD in the focal adhesion pathway. Cdc42 (Cell Divi-
sion Control Protein Homolog 42) is a protein-coding DEG up-regulated by the HGD and
targeted by STAT3 (Signal Transducer and Activator of Transcription 3) transcription factor.
Cdc42 is up-regulated in aging endothelial cells via the focal adhesion pathway [66,67]
and mediates the activation of proinflammatory genes [68]. STAT3 transcription factor is
activated by oxidative stress [69,70] and is associated with neurovascular inflammation
and Alzheimer’s disease [71]. The HGD also up-regulated differentially expressed miRNA
miR-1902 that targets ITGB (Integrin β). Activation of ITGB induces a reduction in endothe-
lial barrier function by destabilizing intercellular junctions and abnormal remodeling of
extracellular matrix (ECM) [72]. Another example of differentially expressed miRNAs
up-regulated by the HGD is miR-5125 and miR-692 which target PKC (Protein Kinase C).
PKC is associated with endothelial dysfunction, insulin resistance [73], and neuroinflam-
mation [74]. The HGD also up-regulated differential expression of LncRNA Gm6117 that
targets MLCK (Myosin Light Chain Kinase). Activation of MLCK induces endothelial
vascular hyperpermeability, microvascular barrier dysfunction, and inflammation [75].
Another interesting pathway activated by the HGD was the vascular endothelial growth
factor (VEGF) signaling pathway. VEGF is associated with an increase in microvascu-
lar permeability by activating PKC [76], which then signals the activation of MLCK [75].
Taken together, this molecular cascade suggests that an HGD may promote endothelial
cell dysfunction by microvascular hyper permeability and activating proinflammatory TFs,
protein, and non-protein-coding genes.

We also performed an integrated analysis of the Alzheimer’s disease pathway and
identified TFs, protein-coding, and non-coding RNAs modulated by the HGD. Mitochon-
drial complex IV protein-coding DEG was up-regulated by the HGD and targeted by
DNMT1 (DNA Methyl Transferase 1) transcription factor. Increased expression of complex
IV has been observed in the hippocampus of AD patients [77], and DNMT1 expression
is up-regulated in late-onset AD [78]. Alterations in mitochondrial function are also as-
sociated with diabetes [79]. Another example of a DEG up-regulated by the HGD was
LRP1 (LDLR-related protein). Expression of LRP1 is increased in the hippocampus of
AD patients [80], particularly in the microvasculature close to amyloid plaques in AD
brains [81,82]. DE miRNA, miR-5125 was activated by the HGD and is known to target
DKK1 (Dickkopf-1). Increased expression of DKK1 has been detected in the plasma and
brain of AD patients and AD transgenic mice [83,84]. Another target of miR-5125 was
LPL (Lipoprotein lipase). LPL accumulates in senile plaques [85], and its expression has
been shown to be increased in the hippocampus of AD mice [86]. LncRNAs Gm6117 and
Gm16339 were also up-regulated by the HGD and target NMDAR (N-methyl-D-aspartate
receptor). An increase in NMDAR activity induces apoptosis and neurodegeneration in
AD [87]. Yet another interesting pathway modulated by the HGD was the PI3K-Akt signal-
ing pathway. Activation of the PI3K/Akt pathway promotes oxidative stress-mediated cell
death [88]. Thus, our findings suggest that an HGD may be involved in previously defined
Alzheimer’s disease-related pathways via deleterious effects on the brain microvasculature
by promoting mitochondrial dysfunction, apoptosis, and neurodegeneration, and similar to
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the focal adhesion pathway, via up-regulation of pathway-associated TFs, protein-coding,
and non-coding genes.

Our work with the soluble epoxide hydrolase inhibitor (sEHI) trans-4-[4-(3-adamantan-
1-yl-ureido)-cyclohexyloxy]-benzoic acid (t-AUCB) showed several novel findings. sEH
enzyme degrades anti-inflammatory and neuroprotective fatty acid epoxides (EETs) to
biologically less active diols (DHETs) which are known to be involved in vascular cognitive
impairment and Alzheimer’s disease [24,25]. In animal models of stroke, sEH inhibitors
have been shown to be neuroprotective [27,28]. In our study, we show for the first time
that the sEHI reversed the deleterious phenotype of the HGD by down-regulating the
differentially expressed genes up-regulated by the HGD and their TFs, and also by dif-
ferential expression of non-coding RNAs (miRNA, snoRNA, and lncRNA) and that this
proceeds by targeting the same pathways up-regulated by the HGD. When looking at
specific DEGs targeted by the inhibitor, we identified interesting DEGs. For example, the
presence of the sEHI down-regulated the expression of Cdc42, and the deletion of Cdc42 is
known to have protective effects against chronic inflammation in endothelial cells [67]. The
sEHI also down-regulated the expression of the genes targeted by the PPAR (Peroxisome
Proliferator-Activated Receptor) transcription factor, which is known to play a protective
role against neuroinflammation in AD [89]. Furthermore, the sEHI down-regulated DE
miRNAs, miR-5125, and miR-692, and their targets, DKK1 and PKC, respectively. Inhibi-
tion of DKK1 has been shown to improve cognitive impairment [90] and protect against
neurotoxicity [91]. PKC inhibition also protects against vascular injury of the blood–brain
barrier [74]. Additionally, the sEHI also down-regulated DE lncRNA Gm6117 and its target,
MLCK. MLCK inhibitors play a protective role against vascular hyperpermeability and
microvascular dysfunction [75]. These findings indicate that the sEHI served to protect
against the neurotoxicity, endothelial- and neuro-inflammation, and blood– brain barrier
permeability injury associated with the HGD.

Furthermore, our correlation analysis of the DEGs modulated by the HGD and in-
hibitor with the gene expression profiles obtained from the brains of Alzheimer’s disease
patients showed that the HGD is positively correlated, and the inhibitor is negatively
correlated with the genes associated with Alzheimer’s disease.

Our 2-factor interactive analysis served to further identify DEGs having a significant
interaction between diet and the soluble epoxide hydrolase inhibitor. These DEGs were
involved in Alzheimer’s disease, electron transport chain, oxidative phosphorylation,
and focal adhesion. The sEHI also was shown to restore the gene expression profile of
hippocampal microvessels of mice on the HGD to a profile similar to that of the LGD,
including for genes such as Rock1 (Rho-associated protein kinase 1), which was increased
by an HGD and decreased by the sEHI. ROCK1 is activated in Alzheimer’s disease, and
reduction of ROCK1 protects against AD by depleting amyloid-β levels in the brain [92].
In vitro exposure of brain microvascular endothelial cells to EETs, which generally increase
after inhibition of sEH, has been shown to inhibit rho kinase (ROCK) activity [93]. Taken
together, our molecular results suggest that the soluble epoxide hydrolase inhibitor may
offset the effect of an HGD by robustly reversing the deleterious pattern of differential gene
expression to that similar to an LGD and likely thereby protecting against vascular injury,
neuroinflammation, and neurodegeneration. Furthermore, the sEHI was associated with
improved cognition by down-regulating the TFs, protein-coding, and non-protein-coding
DEGs that were up-regulated by the HGD.

5. Conclusions and Clinical Implications

In alignment with our hypothesis, our results show that an HGD has deleterious
effects on differential gene expression of brain microvessels in memory centers in the
brain by up-regulating the protein-coding and non-coding genes involved in alterations of
mitochondrial function, oxidation, inflammation, and microvascular dysfunction. These
processes play an important role in the pathophysiology of dementia. We also showed
that inhibition of sEH protects against neuroinflammation, apoptosis, vascular injury, and
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cognitive decline by down-regulating the DEGs up-regulated by an HGD. The clinical role
of sEHIs has been reviewed [22]. In clinical trials, sEHIs play a protective role in hyper-
tension [94], and in animal models, they demonstrate neuroprotection in stroke [27,28],
cerebral hypoperfusion, and in diabetes type 1 and type 2 [29–33]. Our studies show
that sEHIs may also be promising therapeutic targets in the microvascular endothelial
dysfunction that accompanies Alzheimer’s and vascular dementias.
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Abstract: Neurological dementias such as Alzheimer’s disease and Lewy body dementia are thought
to be caused in part by the formation and deposition of characteristic insoluble fibrils of polypeptides
such as amyloid beta (Aβ), Tau, and/or α-synuclein (αSyn). In this context, it is critical to suppress
and remove such aggregates in order to prevent and/or delay the progression of dementia in these
ailments. In this report, we investigated the effects of spearmint extract (SME) and rosmarinic acid
(RA; the major component of SME) on the amyloid fibril formation reactions of αSyn, Aβ, and Tau
proteins in vitro. SME or RA was added to soluble samples of each protein and the formation of fibrils
was monitored by thioflavin T (ThioT) binding assays and transmission electron microscopy (TEM).
We also evaluated whether preformed amyloid fibrils could be dissolved by the addition of RA.
Our results reveal for the first time that SME and RA both suppress amyloid fibril formation, and that
RA could disassemble preformed fibrils of αSyn, Aβ, and Tau into non-toxic species. Our results
suggest that SME and RA may potentially suppress amyloid fibrils implicated in the progression of
Alzheimer’s disease and Lewy body dementia in vivo, as well.

Keywords: spearmint; rosmarinic acid; polyphenol; amyloid fibril; amyloid beta; alpha-synuclein;
Tau; dementia

1. Introduction

Alzheimer’s disease, Lewy body dementia, and Parkinson’s disease are often caused by the
formation of fibrillar aggregated proteins (amyloid fibrils) of amyloid beta (Aβ), Tau (identified in
Alzheimer’s disease patients), and α-synuclein (αSyn; identified in cases of Lewy body dementia and
Parkinson’s disease) [1–6]. During the formation of these protein fibrils, various soluble cyto-toxic
oligomeric species are formed prior to the maturation of insoluble fibrils [7]. The deposition of
Aβ, Tau and αSyn plaques, both inside and outside vital nerve cells, affects synaptic function and is
associated with symptoms of dementia, which include onset of cognitive defects such as the impairment
of learning and memorizing capabilities in the mouse and human brain [8], as well as various biological
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and neurochemical symptoms such as astrogliosis, neuronal dystrophy, and decline in acetylcholine
levels [9]. Accordingly, it is important to suppress the aggregation of these proteins associated with
dementia to prevent these symptoms.

Spearmint (Mentha spicata) is a prominent member of the Labiatae family, which is noted for its
high rosmarinic acid (RA) content [10] (the chemical structure of (R)-(+)-rosmarinic acid is shown
in Figure 1A). A significant increase in RA content was achieved in cultivars produced in breeding
experiments performed in Indiana, USA [11], and spearmint extracts (SME) used in food supplements
are prepared from such specially cultivated species (shown in Figure 1B). In addition to a high
concentration of RA, smaller amounts of 65 additional phenolic compounds may also be found in
SME [12]. Administration of SME has been shown to prevent the degradation of cognitive functions
such as learning and memory, and also to suppress the oxidation of brain tissue in senescence
accelerated mouse-prone 8 (SAMP8) mice, a naturally occurring mouse line with an accelerated aging
phenotype [13]. In addition, in human clinical trials, intake of SME by healthy elderly patients resulted
in improvements in cognitive function, for example, attention span, concentration span, language
comprehension abilities, and working memory [14,15].

Biochemically, RA has been shown to promote numerous biological activities, including antioxidative,
anti-inflammatory, antiangiogenic, neuroprotective, antimicrobial, and immunomodulatory
activities [16–22]. Previously, it was reported that RA displays the ability to prevent the oligomerization
of αSyn, reduce the deposition of Aβ in mouse brains and suppress synaptic toxicity [20,23,24].
However, there are no reports regarding the in vitro effects of SME and RA upon the amyloid fibril
formation/aggregation reactions of proteins such as Aβ peptide, Tau, and αSyn.

In the present study, we demonstrate that SME and RA are capable of directly suppressing the
amyloid fibril formation of αSyn, Aβ, and Tau in vitro, by diverting molecules of these proteins
toward a non-aggregated form. Furthermore, we show that RA is also capable of destabilizing and
disassembling pre-formed amyloid fibrils of αSyn, Aβ, and Tau proteins. From these interesting
results, we suggest that it may be feasible to achieve an effective suppression of the formation and the
accumulation of amyloid fibrils related to dementia using SMA and RA.

Nutrients 2020, 12, x FOR PEER REVIEW 2 of 16 

 

various biological and neurochemical symptoms such as astrogliosis, neuronal dystrophy, and 
decline in acetylcholine levels [9]. Accordingly, it is important to suppress the aggregation of these 
proteins associated with dementia to prevent these symptoms. 

Spearmint (Mentha spicata) is a prominent member of the Labiatae family, which is noted for its 
high rosmarinic acid (RA) content [10] (the chemical structure of (R)-(+)-rosmarinic acid is shown in 
Figure 1A). A significant increase in RA content was achieved in cultivars produced in breeding 
experiments performed in Indiana, USA [11], and spearmint extracts (SME) used in food supplements 
are prepared from such specially cultivated species (shown in Figure 1B). In addition to a high 
concentration of RA, smaller amounts of 65 additional phenolic compounds may also be found in 
SME [12]. Administration of SME has been shown to prevent the degradation of cognitive functions 
such as learning and memory, and also to suppress the oxidation of brain tissue in senescence 
accelerated mouse-prone 8 (SAMP8) mice, a naturally occurring mouse line with an accelerated aging 
phenotype [13]. In addition, in human clinical trials, intake of SME by healthy elderly patients 
resulted in improvements in cognitive function, for example, attention span, concentration span, 
language comprehension abilities, and working memory [14,15]. 

Biochemically, RA has been shown to promote numerous biological activities, including 
antioxidative, anti-inflammatory, antiangiogenic, neuroprotective, antimicrobial, and 
immunomodulatory activities [16–22]. Previously, it was reported that RA displays the ability to 
prevent the oligomerization of αSyn, reduce the deposition of Aβ in mouse brains and suppress 
synaptic toxicity [20,23,24]. However, there are no reports regarding the in vitro effects of SME and 
RA upon the amyloid fibril formation/aggregation reactions of proteins such as Aβ peptide, Tau, and 
αSyn. 

In the present study, we demonstrate that SME and RA are capable of directly suppressing the 
amyloid fibril formation of αSyn, Aβ, and Tau in vitro, by diverting molecules of these proteins 
toward a non-aggregated form. Furthermore, we show that RA is also capable of destabilizing and 
disassembling pre-formed amyloid fibrils of αSyn, Aβ, and Tau proteins. From these interesting 
results, we suggest that it may be feasible to achieve an effective suppression of the formation and 
the accumulation of amyloid fibrils related to dementia using SMA and RA. 

 
Figure 1. Chemical structure of rosmarinic acid and spearmint leaves: (A) chemical structure of 
rosmarinic acid; (B) spearmint (Mentha spicata L.) cultivated in Indiana, USA contains more rosmarinic 
acid and phenolic compounds than conventional spearmint due to selective breeding. 

Rosmarinic acid

B

A
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rosmarinic acid; (B) spearmint (Mentha spicata L.) cultivated in Indiana, USA contains more rosmarinic
acid and phenolic compounds than conventional spearmint due to selective breeding.
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2. Materials and Methods

2.1. Materials

SME samples were purchased from Kemin Japan Co. Ltd. (Tokyo, Japan), and the composition
of compounds in the extracts was confirmed by high performance liquid chromatography (HPLC).
Analysis showed that SME preparations typically consisted of mainly RA (12.0%), with trace amounts
of various other phenolic components. Pure RA was purchased from FUJIFILM Wako Pure Chemical
Co. Ltd (Osaka, Japan). Human Aβ1-42 peptide was purchased from Peptide Institute, Inc. (Osaka,
Japan). Thioflavin T (ThioT) was obtained from Wako (Osaka).

2.2. Expression and Purification of αSyn and Tau Proteins

Human αSyn was over-expressed in Escherichia coli (E. coli) and purified according to methods
reported previously [25]. For preparation of αSyn samples, lyophilized purified αSyn was dissolved in
4 M guanidine hydrochloride and then desalted with a PD-10 column (GE Healthcare, Tokyo, Japan).
The concentration of αSyn in the samples was determined by using a molar absorption coefficient of
ε 280 nm = 0.354 [26].

A pET23a-hTau40 gene was constructed by ligation of a synthesized hTau40 gene optimized
for E. coli expression (Thermo Fisher, Waltham, MA, USA) with a DNA fragment obtained from the
expression vector pET-23a(+). Both fragments were digested with the restriction enzymes NdeI and
HindIII prior to ligation. After validation through DNA sequencing, the resultant pET23a-hTau40
expression vector was introduced into E. coli BLR(DE3) (Novagen) to establish an over-expression
system for the human Tau protein (E. coli BLR(DE3)/pET23a-hTau40). The cultured cells were suspended
in purification buffer (50 mM Tris-HCl, pH 7.8, containing 2 mM EDTA•2Na, 2 mM dithiothreitol
(DTT), 0.2 mM phenylmethylsulfonyl fluoride (PMSF)) and incubated on ice before disruption using a
combination of lysozyme chloride and sonication. After this process, the supernatant was recovered
by centrifugation of the sample at 10,000 rpm, at 4 ◦C for 20 min. Sodium chloride was then added
to the supernatant to a final concentration of 0.5 M, after which samples were heated to 80 ◦C for
10 min. Immediately afterwards, samples were cooled on ice, and then centrifuged to remove insoluble
matter. Streptomycin sulfate (final concentration was 2.5%) was added to this clarified supernatant
and the sample was stirred on ice for 30 min to precipitate nucleic acids. After removal of precipitated
nucleic acids by centrifugation, the supernatant was dialyzed overnight against purification buffer.
The dialysate containing Tau was centrifuged to remove debris and applied to an SP-Sepharose cation
exchange column equilibrated with purification buffer. Bound samples were eluted by applying a
linear gradient of 0–0.5 M NaCl. Eluted fractions containing Tau were recovered and dialyzed against
1 mM ammonium bicarbonate, and then lyophilized to obtain the final purified sample. Protein
concentrations of purified Tau were determined by using a protein dye assay (Protein Assay Kit,
Bio-Rad Laboratories) with bovine serum albumin (Sigma-Aldrich Japan, Tokyo, Japan) as a standard.

2.3. Amyloid Fibril Formation and ThioT Binding Assay

αSyn: αSyn (1 mg/mL) was incubated in 50 mM Tris-HCl buffer, pH 7.0, containing 150 mM NaCl,
and 20 µM ThioT (Wako) with or without various concentrations of SME and RA added, in 96-well
plates (Greiner, Kremsmuenster, Austria). Sample plates were incubated and monitored for changes in
ThioT-derived fluorescence at 37 ◦C using an ARVO X (PerkinElmer Japan Co., Ltd., Yokohama, Japan)
fluorescent plate reader with continuous agitation. ThioT fluorescence intensities were monitored by
using an emission cutoff filter at >486 nm, with the excitation wavelength set to 450 nm.

Aβ: amyloid fibril formation of Aβ by using ThioT binding assay was performed according to
methods reported previously, with some modifications [27]. Lyophilized human Aβ1-42 was dissolved
in aqueous 0.02% ammonia to prepare a 500 µM Aβ stock solution. Samples of 16.65 µM Aβ were
prepared from this stock in 5 mM phosphate buffered saline (PBS) buffer, pH 7.4, containing 150 mM
NaCl, 20 µM ThioT, and various concentrations of SME or RA dissolved in DMSO. Fluorescence
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changes were monitored using 96-well plates at 37 ◦C using a SpectraMax M2e multi-mode fluorescence
plate reader (Molecular Devices, Tokyo, Japan) without agitation. ThioT fluorescence was monitored
at 480 nm with an excitation wavelength of 440 nm.

Tau: hTau40 (0.5 mg/mL) was incubated in 25 mM Tris-HCl buffer, pH 7.4, 150 mM NaCl,
2 mM DTT, 5 µM heparin, 20 µM ThioT and containing various concentrations of SME or RA.
ThioT fluorescence of samples in 96-well plates was monitored at 37 ◦C using an ARVO X (Perkin
Elmer) fluorescence plate reader with continuous agitation. Fluorescence intensities at >486 nm
were monitored by using an emission cutoff filter, with the excitation wavelength set to at 450 nm.
Alternatively, emission measurements were taken at more precise wavelengths using the SpectraMax
M2e multi-mode fluorescence plate reader (Molecular Devices, USA) with the emission wavelength set
to 480 nm and the excitation wavelength set to 440 nm.

2.4. Transmission Electron Microscopy (TEM) Measurements of Fibril Samples

TEM measurements were performed on a JEOL-1400plus transmission electron microscope
operating at 80 kV, as previously described [25]. Samples of αSyn, Aβ, or Tau protein incubated with or
without SME or RA were diluted five-fold with water and applied to collodion-covered carbon mesh
disks for 90 sec. Excess samples were blotted off and the sample disks were briefly rinsed by applying
5 µL of Milli-Q water followed by immediate blotting. Samples were stained by the application of a
ten-fold diluted solution of EM Stainer (Nisshin EM Co., Ltd., Tokyo, Japan) to these washed samples
for 30 sec followed by the blotting and air-drying of the completed sample.

2.5. Measurement of Cell Viability

The cell viability measurements were performed according to previous studies on the mouse
neuroblastoma cell line Neuro2a (N2a), using a Tali™ Image-Based Cytometer (Thermo Fisher Scientific,
Waltham, MA, USA) [28]. N2a cells were obtained from Public Health England. Cells were grown in
Minimum Essential Medium (MEM, Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal
bovine serum, MEM non-essential amino acid solution (FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan), 100 µM sodium pyruvate solution (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan), and 100 U/mL penicillin-streptomycin (Thermo Fisher Scientific, Waltham, MA, USA). Cell stock
was seeded into 48 well plates and cultured at 37 ◦C with 5% CO2 until the cells in the wells reached
80–90% confluence. N2a cells were then incubated with samples of amyloid fibril (either 1 mg/mL αSyn,
500 µM Aβ, or 0.5 mg/mL Tau) that had been pretreated with or without RA for differing intervals (40 h
for αSyn, 12 h for Aβ, and 48 h for Tau). The specific times of incubation for amyloid proteins with RA
were adjusted to correspond to the time required for fibril disassembly, detected by the decrease in
ThioT fluorescence intensity for each protein (30 h and 40 h for αSyn, 7.5 h and 12 h for Aβ, and 36 h
and 48 h for Tau). After incubation, fibril samples were collected for assays. Furthermore, 70% ethanol
was used as a positive toxicity control. After incubating the cells for 24 h with each fibril sample,
the cells were washed with PBS, collected to form cell suspensions, and then incubated with 1 µM
3’,6’-di(O-acetyl)-2’,7’-bis[N,N-bis(carboxymethyl)aminomethyl] fluorescein tetra-acetoxymethyl ester
(Calcein AM) and 400 nM ethidium homodimer-1 (EthD-1) (LIVE/DEAD™Viability/Cytotoxicity Kit for
mammalian cells, Thermo Fisher Scientific, Waltham, MA, USA) for 30 min in the dark. Subsequently,
25 µL of the N2a cell suspension was injected into Tali™ Cellular Analysis Slides (Thermo Fisher
Scientific, Waltham, MA, USA), after which changes in EthD-1 fluorescence were monitored with the
Tali™ Image-Based Cytometer to estimate the number of dead cells in the sample.

2.6. Statistical Analysis

Data are presented as means ± SEM. Statistical comparisons were made using one-way analysis of
variance followed by Student’s t-test, Dunnett’s multiple comparison test, or Tukey–Kramer multiple
comparison test. A value of p < 0.05 was considered statistically significant.
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3. Results

3.1. Suppression of the αSyn, Aβ and Tau Amyloid Fibril Formations by SME

First, we examined the effects of direct SME addition to the fibril formation reactions of αSyn, Aβ,
and Tau, in individual assays. The formation of amyloid fibrils of αSyn, Aβ, and Tau were monitored
for 40 h, 12 h, and 25 h, respectively, by utilizing the specific fluorescence that is emitted by fibril bound
ThioT. The concentrations of SME added to each sample were calculated to correspond to 0.5, 1, 2,
and 5 molar equivalents of RA relative to αSyn (Figure 2A), 0.05, 0.1, and 0.5 molar equivalents of
RA relative to Aβ (Figure 2B), and 0.5, 1, and 2 molar equivalents of RA relative to Tau (Figure 2C),
respectively. In the absence of SME (shown as control), an increase in ThioT fluorescence intensity over
time for each protein was observed, which reflected a typical fibrillation reaction time course of each
protein. In the presence of SME, however, fibrillation was either completely suppressed or reduced
significantly. Fibrillation of αSyn and Aβ was almost completely inhibited by the addition of SME at
concentrations that corresponded to a five-fold molar equivalent of RA relative to the protein monomer.
A prolongation of the lag-phase interval was also observed for αSyn (Figure 2A). In the case of Aβ

samples containing SME, the ThioT fluorescence was seen to increase initially to a maximum value,
and subsequently this intensity decreased gradually to almost the original values at the beginning
of each experiment (Figure 2B). We plotted the ratio of maximum to minimum ThioT fluorescence
intensities for each sample, as shown in Figure 2A–C, to gauge the concentration-dependent effects
of SME on the fibril reaction of each sample. As shown in Figure 2D–F, significant decreases in the
maximum/minimum ratio were observed in samples containing substoichiometric concentrations of
RA (0.5 molar equivalent for αSyn, 0.05 molar equivalent for Aβ), and a more moderate but significant
suppressive effect was seen when two-molar equivalents of RA were added to Tau, respectively.

3.2. Suppression of the αSyn, Aβ and Tau Amyloid Fibril Formations by RA

Next, we evaluated the effects of pure RA on αSyn, Aβ, and Tau amyloid fibril formation.
The concentrations of RA tested corresponded to 0.5, 1, 2, and 5 molar equivalents for αSyn, 0.5, 1, 2,
and 3 molar equivalents for Aβ, and 3, 10, 20, and 30 molar equivalents for Tau, respectively. As shown
in Figure 3, similar to the effects seen for SME, the addition of RA suppressed the increase in ThioT
fluorescence over time for all three proteins relative to the control sample. The fibril suppression
effects on αSyn (Figure 3A,D), Aβ (Figure 3B,E), and Tau (Figure 3C,F) were similar to the effects seen
for SME (Figure 2), although the effective concentrations were different. Experiments for Tau using
concentrations of RA that were comparable to those used for the other two targets (0.5, 1, 2 molar
equivalents) failed to elicit a measurable effect on Tau fibrillation (data not shown), suggesting that the
concentrations of pure RA required to alter Tau fibrillation were higher than the concentrations of SME
needed to trigger a similar response. This unexpected result suggests that there may be an additional
component present in SME that complements or enhances the effects of RA, which is relevant only to
Tau fibrillation.

3.3. Suppression of Amyloid Fibril Formations of αSyn, Aβ, and Tau Detected by TEM

From the results that we show in Figures 2 and 3, we observe that both SME and RA have the
ability to suppress amyloid fibril formation of αSyn, Aβ, and Tau. In order to determine the specific
effects of SME and RA on aggregate morphology, we next observed samples of αSyn, Aβ, and Tau
incubated in the presence and absence of SME and RA using TEM. Samples were taken from the end
point of each fibrillation experiment shown in Figures 2 and 3. As shown in Figure 4, the structure of
amyloid fibrils formed by αSyn, Aβ, and Tau in the absence of SME or RA may be described as bundles
of linear fibril structures (shown as control). In contrast, in samples of the three amyloidogenic proteins
incubated with SME (five-fold molar equivalent to αSyn, 0.5-fold molar equivalent to Aβ, and two-fold
molar equivalent to Tau) or RA (five-fold molar equivalent to αSyn, three-fold molar equivalent to Aβ,
and 30-fold molar equivalent to Tau), visible fibrillar structures were markedly reduced. Additionally,
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extremely short fibril structures and amorphous, non-linear aggregates were both detected in samples
incubated with SME or RA. In the case of the Tau protein, we could observe long fibrillar structures
even in samples containing SME or RA, although the relative abundance of these structures in the
samples was low. The fibrillar structures of Tau in the presence of RA also tended toward more
twisted and curved structures, although we were unable to quantify these morphological differences.
These results clearly show that SME and RA altered the morphologies of αSyn, Aβ, and Tau protein
aggregates in a specific manner.Nutrients 2020, 12, x FOR PEER REVIEW 6 of 16 
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Figure 2. Inhibitory effects of spearmint extract (SME) against α-synuclein (αSyn), amyloid beta (Aβ),
and Tau amyloid fibril formation. The degree of amyloid fibril formation was detected over time by
measuring the specific fluorescence of fibril-bound thioflavin T (ThioT) in the presence and absence
of SME; (A) αSyn (0.5–5 equivalents rosmarinic acid (RA)), (B) Aβ (0.05–0.5 equivalents RA), (C) Tau
(0.5–2 equivalents RA). The net amount of fluorescence intensity change was estimated by the ratio
between the maximum value and initial measurement value of its intensity; (D) αSyn, (E) Aβ, (F) Tau.
Data are means ± SEM (n = 3). C, control. * p < 0.05, ** p < 0.01 vs. the control group (Dunnett’s
multiple comparison test).
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Figure 3. The inhibitory effects of pure rosmarinic acid (RA) against α-synuclein (αSyn), amyloid
beta (Aβ), and Tau amyloid fibril formation. The degree of amyloid fibril formation was detected
over time by measuring ThioT fluorescence in the presence and absence of pure RA; (A) αSyn (0.5–5
equivalent-mol RA), (B) Aβ (0.5–3 equivalent-mol RA), (C) Tau (3–30 equivalent-mol RA). The net
amount of fluorescence intensity change was estimated by the ratio between the maximum value and
initial measurement value of its intensity; (D) αSyn, (E) Aβ, (F) Tau. Data are means ± SEM (n = 3).
C, control. ** p < 0.01 vs. the control group (Dunnett’s multiple comparison test).
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Figure 4. Transmission electron microscopy (TEM) measurements of amyloid fibrils of α-synuclein
(αSyn), amyloid beta (Aβ), and Tau incubated with spearmint extract (SME) or pure rosmarinic acid
(RA). αSyn, Aβ, and Tau amyloid fibril peptides were incubated with SME (5, 0.5, or 2 equivalent molar
RA to each peptide) or pure RA (5, 3, 30 equivalent molar to each peptide) for the respective intervals
(40 h for αSyn, 12 h for Aβ, and 25 h for Tau), after which samples were treated for observation with
TEM. Scale bars, 1.0 µm on αSyn images, 0.5 µm on Aβ and Tau images.

3.4. Disassembly of Pre-Formed Amyloid Fibrils of αSyn, Aβ, and Tau by Addition of RA and
Toxicity Evaluation

In the time course experiments shown in Figure 3A,B, we observed that for αSyn and Aβ, the ThioT
fluorescence intensities in the presence of RA decreased after initially attaining a maximum value
that was dependent on the concentration of added RA. From this result, we hypothesized that RA
might possess the ability to disaggregate amyloid fibrils that had been formed. Therefore, in order
to confirm this hypothesis, we studied the effects of adding RA to samples of preformed αSyn, Aβ,
and Tau fibrils. As shown in Figure 5A, we observed that upon addition of RA to samples containing
amyloid fibrils (as determined by the ThioT fluorescence intensities) a decrease in ThioT fluorescence
was immediately triggered in each case. This fluorescence decrease seemed to be initiated regardless
of the type of protein, and the effects of RA addition were independent of the specific stage at which
RA was added to the reaction (for example, RA was able to trigger a fluorescence decrease during
the extension phase of fibrillation of Aβ). TEM measurements confirmed that this decrease in ThioT
fluorescence was accompanied by a loss of observable fibrillar aggregates (Figure 5B). These results
clearly demonstrate that the RA can disassemble amyloid fibrils.

In the final experiment, we have evaluated the cytotoxicity of the disassembled species formed
in the presence of RA using the Tali™ Image-Based Cytometer and the mouse N2a cell model. As
shown in Figure 5C, we found that the disaggregated molecular samples that formed as a result of RA
addition were completely inert against N2a cells, regardless of the type of fibrillogenic protein studied,
or the time frame where RA addition was initiated. The result demonstrates rather clearly that RA
disassembled amyloid fibrils of αSyn, Aβ, and Tau to a non-toxic, soluble form. In particular for Tau
protein, this is the first instance of an isolated and characterized compound that shows such potent
effects on fibril morphology and cytotoxicity.
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Figure 5. Evaluation of the fibril dissociative abilities of rosmarinic acid (RA) on preformed amyloid
fibrils of α-synuclein (αSyn), amyloid beta (Aβ), and Tau. (A) RA was added to experiments where
each fibrillogenic protein was allowed to form fibrils for a designated interval (20 h for αSyn, 3 h for
Aβ, and 24 h for Tau). The specific instance that RA was added to each sample is denoted within each
figure by the dotted lines and arrows. (B) TEM images of αSyn (at 40 h), Aβ (at 12 h), and Tau (at 48 h)
samples after the addition of RA according to the protocol described in (A). (C) Determination of the
cytotoxicity of RA-containing fibril samples, measured by Tali™ Cytometer analysis on Neuro2a (N2a)
cells. Each fibril sample (either treated or not treated with RA) was collected at the indicated times
(at 30 h and 40 h for αSyn, 12 h and 7.5 h for Aβ, 36 h and 48 h for Tau) and assayed for cytotoxicity.
Data are means ± SEM (n = 3). PBS, phosphate buffered saline; EtOH, 70% ethanol solution. There are
no significant differences in toxicity between RA-treated and non-treated fibril samples. ** p < 0.01 vs.
the PBS groups (Tukey–Kramer multiple comparison test).
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4. Discussion

In the present paper, we describe our efforts to characterize the suppressive effects of SME and
its main component RA on the fibrillation of αSyn, Aβ, and Tau. SME is the water-soluble extract
from a specially cultivated spearmint grown in Indiana, USA containing an enriched concentration
of RA compared to other common cultivars. We demonstrated through our experiments that SME
suppressed the in vitro amyloid fibril formation of αSyn, Aβ and also, for the first time, Tau protein
(Figures 2 and 4). We further determined that pure RA could also effectively suppress fibrillation
(Figures 3 and 4). This latter result strongly suggests that RA was the active component in SME that
prevented the formation of characteristic amyloid fibrils of αSyn, Aβ, and Tau. Various polyphenolic
compounds, including an antioxidative polyphenol RA [29], have been shown in previous studies to
inhibit the formation of amyloid fibrils of proteins such as αSyn and Aβ [30,31]. Although RA has
been shown to suppress the accumulation and aggregation of Aβ in vitro and in vivo [24,32], studies
to determine whether SME (which contains a rich amount of RA) has the capability to directly suppress
the fibrillation of proteins such as αSyn and Tau have not been performed to date.

From a detailed analysis of our data regarding the effects of SME and RA on fibril formation,
we determined that the nature of the suppressive effects shown by these two chemical preparations
was slightly different for each protein target. For instance, with respect to αSyn, SME and RA affected
not only the rate of ThioT fluorescence increase (which reflects the rate at which fibrils are formed),
but also affected the lag phase of fibrillation, which was prolonged (Figures 2A and 3A). This suggested
that SME and RA inhibited both initial fibril nucleus formation as well as fibril extension of αSyn.
In contrast, an increase in the lag interval was not observed in experiments using Aβ and Tau.
Interestingly, when we compared the concentration dependence of the suppressive effects of SME
and RA on the three targets studied, we identified another subtle difference. In the case of αSyn,
the concentration range in which the effect was observed was similar (was roughly the same order) for
both SME and RA (0.5–5 equivalent molar; Figure 2A,D and Figure 3A,D). In contrast, with regard
to Aβ and Tau, the effective concentration of SME that was required to bring about a suppressive
effect was roughly 10-fold lower for SME compared to pure RA (Figure 2B,E and Figure 3B,E for
Aβ; Figure 2C,F and Figure 3C,F for Tau). This interesting discrepancy suggests that SME is more
potent in suppressing Aβ and Tau fibrillation compared to pure RA, and indicates that additional
active compounds may be present in SME, and that we are observing in our experiments a differential
effect of such additional compounds for αSyn versus the other two targets. The SME used in our
experiments typically contains 65 additional minor components other than RA and its derivative,
such as quinic acid, citric acid, caftaric acid, coumaric acid, salvianolic acid, coumaric acid, caffeic
acid, ferulic acid, rutin (quercetin-rutinoside), luteolin, narirutin (naringnin-7-O-rutinoside), sagerinic
acid, acacetin, apigenin, danshensu (dihydroxyphenyllactic acid), and their derivative hydroxylated
forms [12]. These additional compounds may potentially bind to the proteins susceptible to forming
amyloid fibrils and elicit an effect similar to that seen for RA [33–35]. It would be necessary to identify
the effects derived from each phenolic composition included in SME, especially against Aβ and Tau,
in future experiments to clarify this.

One of the more intriguing results seen in our experiments was that SME displayed suppressive
effects against Tau fibrillation in vitro (Figure 2C,F). Fibrillated Tau protein has been linked strongly
to neurodegeneration, explained as the cause of disrupted axonal transport in Alzheimer’s disease
and related tauopathies [36]. Thus, we consider it significant that a naturally derived extract (SME)
could suppress Tau fibrillation and aggregation so strongly. Another intriguing finding was the
ability shown by RA to disassemble previously formed amyloid fibrils of αSyn and Tau (Figure 5A,B).
Additionally, we found out that the molecular intermediates formed during the disassembly of
preformed fibrils showed no cytotoxicity to N2a (Figure 5C). Although similar reports using a variety
of polyphenols including RA were performed to find compounds that could destabilize preformed
αSyn fibrils [30,37–39], as far as we know, this is the first case where an evaluation of cell toxicity
regarding the disassembled samples that were formed as a result have also been reported.
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Finally, we would like to discuss potential molecular mechanisms by which SME and RA
suppress and disassemble amyloid fibrils. Previous studies have suggested that the addition of certain
compounds results in the chemical modification of proteins through interactions between polyphenol
and certain amino acid side chains [40]. Chemical modification of Lys residues (at εNH2), by oxidized
flavonoids derived from taxifolin or quercetin, was demonstrated to occur in experiments involving
Aβ [41], and the significance of a non-covalent binding event of (-)-epigallocatechin gallate (EGCG) to
the C-terminal region of αSyn was probed by NMR [42]. Although it was unknown whether covalent
modification or non-covalent interaction occurs for Tau, it was reported that polyphenols, including
catechol and flavonoids that have two adjacent phenolic hydroxyl groups, could effectively inhibit Tau
filament formation [43]. These direct modification and non-covalent binding events of polyphenols to
amyloidogenic proteins may result in the stabilization of the soluble monomer form of each protein,
which would effectively stop the development of higher-order oligomers that eventually lead to the
fibril form. Thus, it may be postulated that RA and SME (rich in RA) may function to suppress and
to disassemble the fibrillation of αSyn, Aβ, and Tau proteins in a similar manner. It remains to be
determined if a common molecular mechanism exists that explains the broadly applicable effects
of RA and other potential polyphenols on protein fibrillation. Additionally, oral administration of
SME to an experimental neurodegenerative disease animal model would be worthwhile in the future,
since prevention of Alzheimer’s pathological Aβ aggregation and deposition in Tg2576 mice brain has
been reported by oral administration of RA [44].

5. Conclusions

In conclusion, the present study suggests that water soluble SME and RA have the ability to
suppress the amyloid fibril formation of αSyn, Aβ, and Tau, which is related to Lewy body dementia
and Alzheimer’s disease. Furthermore, RA is able to disassemble preformed aggregated fibrils of these
molecular targets into non-toxic species. In the future, we expect that functional research of SME will
progress to clinical trials to elucidate the potential of spearmint to prevent dementia-related ailments.
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Abstract: Fetal brain development is closely dependent on maternal nutrition and metabolic status.
Maternal protein restriction (PR) is known to be associated with alterations in the structure and
function of the hypothalamus, leading to impaired control of energy homeostasis and food intake.
The objective of this study was to identify the cellular and molecular systems underlying these effects
during fetal development. We combined a global transcriptomic analysis on the fetal hypothalamus
from a rat model of maternal PR with in vitro neurosphere culture and cellular analyses. Several genes
encoding proteins from the mitochondrial respiratory chain complexes were overexpressed in the
PR group and mitochondrial metabolic activity in the fetal hypothalamus was altered. The level of
the N6-methyladenosine epitranscriptomic mark was reduced in the PR fetuses, and the expression
of several genes involved in the writing/erasing/reading of this mark was indeed altered, as well
as genes encoding several RNA-binding proteins. Additionally, we observed a higher number
of neuronal-committed progenitors at embryonic day 17 (E17) in the PR fetuses. Together, these
data strongly suggest a metabolic adaptation to the amino acid shortage, combined with the
post-transcriptional control of protein expression, which might reflect alterations in the control of the
timing of neuronal progenitor differentiation.

Keywords: maternal nutrition; protein restriction; fetal brain; hypothalamus; differentiation;
neurogenesis; transcriptomics; epitranscriptomics; mitochondria

1. Introduction

The impact of altered nutrient availability on brain development during the perinatal period
is widely acknowledged and is corroborated by both observations on humans and animal studies.
Fetal malnutrition may be the consequence of an imbalanced maternal nutrition or placenta deficiency [1,2],
with both possibly resulting in Intra Uterine Growth Restriction (IUGR) and a risk of preterm birth.
In addition, very preterm infants often experience poor early postnatal growth, characterized by a
deficit of lean mass [3]. This is often associated with neurological impairments during infancy [3,4].
Poor fetal growth is also known to confer a risk of developing metabolic diseases in adulthood
according to the thrifty phenotype hypothesis [5], with the consequence being the impaired control
of energy homeostasis. The hypothalamus, because of its central role in the regulation of energy
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homeostasis and food intake, has been intensely studied using animal models. Malnutrition in the
perinatal period is associated with impaired hypothalamus development as well as altered leptin
and insulin signaling, leading to defects in the control of food intake [6–9]. However, although
the impact of perinatal nutrition on postnatal development of the hypothalamus and its functional
consequences have been widely described [7,10], little is known about alterations that may take place
during the morphogenesis of the fetal hypothalamus, probably because of the enormous complexity of
the anatomy and functionality characterizing this brain region [11].

The development of the hypothalamus starts during early embryonic development with
anterior–posterior patterning of the developing neural tube. The numerous nuclei of the hypothalamus
are generated between E11 and E17 embryonic days in rodents [11,12]. This morphogenesis step is
followed after birth, during the first two weeks of life in rodents, by the organization of nuclei that
connect to each other and towards other regions of the brain [13].

The different cell types found in the hypothalamic nuclei originate from undifferentiated dividing
neural progenitor cells (NPCs) residing in the ventricular zone of the brain, a transient embryonic
layer of tissue. These NPCs, also named radial glial (RG) cells, are derived from neuroepithelial cells
and give rise to committed neuronal and glial progenitors that migrate and differentiate according
to a strictly defined program. In rodents, hypothalamic neurogenesis occurs prenatally between E12
and E17 and precedes astrogenesis that takes place during the postnatal period [13,14]. Because cell
number and neurogenesis are determined during the prenatal period, the fetal environment, including
maternal nutrition and metabolic status, may impact these processes, as already demonstrated by
several studies on hippocampal and cortical tissues (reviewed in [15]). For instance, fetal malnutrition
was associated with an alteration in the level of neuronal proliferation, maintenance and apoptosis of
hippocampic cells [16,17]. Maternal protein restriction has been shown to reduce the proliferation of
neural stem cells and to influence progenitor cell fate during embryonic cortex development in mice,
resulting in increased cortex thickness [18].

Neural stem cells show a spectacular plasticity in their capacity to differentiate into a variety
of cell types. This confers to the developing brain a great adaptability but also a high sensitivity to
external cues. Hypothalamic progenitor cells were shown to respond in vitro to environmental stimuli
such as the neurotrophic hormones insulin and leptin [19] or the endocrine disruptor Bisphenol A [20].

However, even if the impact of the perinatal environment on hypothalamus development is now
clearly established, the underlying mechanisms remain largely unexplored. The proliferation and
differentiation of neural stem cells and progenitors is strongly based on the precise control of the
expression of specific genes, including pluripotency genes and lineage-specific genes. The maintenance
in an undifferentiated state or the commitment into neuronal or glial differentiation requires a complex
interplay between external cues, transcription factors, DNA-binding proteins, epigenetic control of
gene expression and possibly other, as yet uncharacterized, mechanisms [21]. Overall, evidence is
growing that gene expression is finely regulated both at the transcriptional and translational level.
Given all this complexity, it makes sense that environmental factors can act on many levels.

The objective of this study was to identify early determinants of the impact of maternal protein
restriction on hypothalamic development and to characterize, at the molecular level, early indicators
of an impaired development. We use a well-characterized rat model of maternal protein restriction
during gestation, which was designed to mimic placental defects, often resulting in the altered transfer
of amino acids between mother and child [22]. We have previously shown that protein deficiency
during gestation and lactation results in alterations in the development of the hypothalamus, leading
to defects in the control of food intake [8,9] and metabolic alterations during adulthood [23].

Our strategy was to analyze fetal hypothalami at E17, which approximately represents the end of
neurogenesis in rats [11,12]. Using 3′ digital gene expression sequencing (DGE-seq) for differential gene
expression analysis, pathway enrichment analysis and N6-methyladenosine (m6A) RNA methylation
assay, we have sought to identify possible molecular targets of fetal undernutrition that underlie
alterations of in neurogenesis process in the hypothalamus.
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2. Materials and Methods

2.1. Animals

All experiments were carried out in accordance with current guidelines of the local animal welfare
committee and were approved by the Animal Ethics Committee of Pays de La Loire under reference
2016112412253439/APAFIS 7768. Nulliparous female Sprague–Dawley rats were purchased from
Janvier Labs (Le Genest Saint Isle, France) and delivered to our facilities at the age of 7/8 weeks.
On arrival, rats were housed (two per cage) under controlled conditions (22 ◦C, 12 h/12 h dark/light
cycle) with free access to a standard diet (A04, SAFE-diets, Augy, France). After one week of acclimation,
the estrous cycle was determined by vaginal smears and female rats in early estrous were mated
overnight with a male. The presence of spermatozoa was verified the next day through vaginal
smears and, when positive, this day was considered embryonic day 0 (E0). Pregnant rats were housed
individually and randomly assigned to two experimental groups receiving either a control (C) diet
containing 20% protein or a protein-restricted (PR) diet containing 8% protein (UPAE, Jouy-en-Josas,
France). A detailed composition of the diets was described in [24]. At embryonic day 17 (E17), dams
were anesthetized with 4% isoflurane and fetuses were sampled by caesarian section. Fetuses and
placentas were weighed and brains were rapidly removed and dissected under a binocular magnifier
to collect the hypothalamus. Some hypothalami were snap frozen in liquid nitrogen and stored at
−80 ◦C for transcriptomic and proteomic analysis, while others were collected in cold PBS containing
2% glucose for cell biology experiments.

2.2. In Vitro Culture of Neurospheres from E17 Hypothalamus

For each litter, we collected six hypothalami to prepare neurospheres. After one wash in 2 mL of
sterile PBS containing 2% glucose, hypothalami were mechanically triturated in 1 mL of NeuroCult
Basal Medium (STEMCELL Technologies Inc., Vancouver, BC, Canada) using a 1 mL micropipette
until a single-cell suspension was obtained. The cell suspension was then filtered on a 40 µm cell
strainer (Greiner Bio-one International GmBH, Kremsmünster, Austria) and centrifuged at 500× g for
5 min. Cell pellets were resuspended in NeuroCult Basal Medium and viable cells were counted on a
hemocytometer after eosin staining. All cells from one hypothalamus were seeded in a T-12.5 cm2 tissue
culture flask containing 5 mL of Complete NeuroCult TM Proliferation Medium and incubated at 37 ◦C
and 5% CO2. The obtained neurospheres were passed after 3 days in vitro. Briefly, cell passages were
done by centrifuging neurospheres at 90× g for 5 min and incubating pellets with 200 µL of Accutase
(STEMCELL Technologies Inc.) followed by gentle trituration to obtain single-cell suspensions. Cells
were washed in NeuroCult Basal Medium, centrifuged at 500× g for 5 min and resuspended in
NeuroCult Basal Medium, Complete NeuroCult TM Proliferation Medium or Complete NeuroCultTM

Differentiation Medium, depending on the following experiment.

2.3. Proliferation Test Using BrdU

Cell proliferation was measured with a BrdU Cell Proliferation colorimetric ELISA Kit (ab126556,
Abcam, Cambridge, UK) following the manufacturer’s manual. This experiment was performed on
passaged cells following neurosphere culture. Briefly, 20,000 cells resuspended in 100 µL of Complete
NeuroCult TM Proliferation Medium were seeded in coated 96-well plates, incubated with 20 µL of 1×
BrdU Reagent at 37 ◦C and 5% CO2 for 24 h and fixed with the provided solution. Fixed cells were
incubated with anti-BrdU primary antibody, horseradish peroxidase-conjugated secondary antibody
and tetramethybenzidine (TMB) substrate and absorbance at 450 nm was measured using a Varioskan
LUX (ThermoFisher Scientific, Waltham, MA, USA).

2.4. Immunocytochemistry

Immature and mature neurons, undifferentiated cells and proliferative cell proportions were
determined by immunochemistry using anti-TUJ1 (1:1000; MMS-435P-100 Eurogentec, Liège, Belgium),
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anti-MAP2 (1:100; #4542 Cell Signaling Technology, Leiden, The Netherlands), anti-NES (1:250; ab92391,
Abcam) and anti-Ki67 (1:250; ab66155, Abcam) antibodies, respectively. Immunocytochemistry was
performed on cells obtained after hypothalamus dissociation and on neurosphere cells resuspended
in NeuroCult Basal Medium. Cells were fixed on Lab-Tek™ II Chamber Slide™ System (154534,
ThermoFisher Scientific) with PBS and 4% paraformaldehyde (PFA). Blocking was done with an
incubation step with PBS, 3% Bovine Serum Albumin (BSA) and 0.2% Triton for 1 h at room temperature
and primary antibodies were added overnight at 4 ◦C. After three washings with PBS, secondary
antibodies: Alexa 647-conjugated donkey anti-mouse (1:1000; 715-605-150, Jackson, Cambridge,
UK), Alexa 647- conjugated donkey anti-rabbit (1:1000; 711-606-152, Jackson, Cambridge, UK) and
biotin-conjugated goat anti-rabbit (1:1000; A24541, ThermoFisher Scientific were added and incubated
for 1 h. After three washes, streptavidin Alexa 568 (1:1000; s11226, Molecular Probes, Eugene, OR, USA)
was added to the wells containing biotinylated secondary antibodies. Cells were then incubated for
5 min at room temperature with DAPI (1/10,000; D3571 Molecular probes) and washed. The chambers
were removed and the slides were mounted in VECTASHIELD® Vibrance™ Antifade Mounting
Medium (Vector Laboratories, Burlingame, CA, USA). Pictures of each well were obtained using
×20 magnification on Zeiss Axio Imager.M2m microscope and positive cells for each marker were
automatically counted with an ImageJ [25] script based on object detection using signal intensity.

2.5. Mitochondrial Membrane Potential Determination

For each litter, two hypothalami were collected in cold PBS and 2% glucose was used to determine
mitochondrial membrane potential using MitoTracker Red CMXRos (ThermoFisher Scientific) staining.
Cell dissociation and counting were performed as previously described for cell culture. About 20,000
viable cells were incubated 30 min with Mitotracker Red CMXRos (500 nM). Cells were then centrifuged
at 700× g for 3 min and resuspended in PBS before the fluorescence was read in Varioskan LUX
(ThermoFisher Scientific) (Ex 579 nm, Em 599 nm). The values of the fluorescence were normalized to
the number of viable cells seeded.

2.6. Western Blotting

Proteins were extracted from E17 fetal hypothalami stored at −80 ◦C with lysis buffer containing
Radio Immunoprecipitation Assay (RIPA) lysis buffer (EMD Millipore Corp, Burlington, MA, USA),
protease inhibitor and phosphatase I and II inhibitor (Sigma-Aldrich, Saint-Louis, MO, USA). Lysis buffer
was added to each sample then hypothalami were shredded (Precellys® Ozyme, 2 × 15 s at 5000 rpm)
and centrifuged at 5590× g for 5 min at 4 ◦C. Protein concentrations were measured with Pierce™
BCA Protein Assay Kit (ThermoFisher Scientific) and 25 µg of proteins per sample were used for
Western Blot. For subsequent labelling with the CSDE1 antibody, proteins were denatured with a
heating step at 95 ◦C for 5 min with Laemmli Sample Buffer (Bio-Rad, Hercules, CA, USA) whereas,
for the OXPHOS antibody, proteins were not denatured as recommended by the manufacturer.
Proteins from the extracts were separated on a 4%–15% precast polyacrylamide gel (Bio-Rad) then
transferred onto nitrocellulose membrane with the Trans-Blot Turbo Transfer System (Bio-Rad). For the
membranes that were subsequently labelled with the OXPHOS antibody, total proteins were stained
using the RevertTM 700 Total Protein Stain (LI-COR Biosciences, Lincoln, NE, USA) following the
manufacturer recommendations. The total amount of proteins per sample was quantified on the
Odyssey (LI-COR Biosciences) using Image Studio Ver 5.2 (LI-COR Biosciences) and the EMPIRIA
Studio software Ver 1.2 (LI-COR Biosciences) and used for normalization. The Revert stain was
removed from the membrane using the Revert Reversal Solution before the incubation with the
antibody. Membranes were then blocked in TBST containing 5% dried fat-free milk and incubated
overnight with primary antibodies anti-CSDE1 (1:1000; ab 201688,), anti-β-ACTIN (1:7,500; A5441,
Sigma-Aldrich) or anti-OXPHOS cocktail (1:250; ab 110413, Abcam) then one hour with secondary
antibodies goat anti-rabbit IgG DyLight 800 (1:10,000, SA5-10036, ThermoFisher Scientific), goat
anti-mouse IgG DyLight 680 (1:10,000, 35519, ThermoFisher Scientific) and goat anti-mouse IgG Dylight
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800 (1:10,000, SA5610176, ThermoFisher Scientific). Immunolabelling was then revealed on the Odyssey
(LI-COR Biosciences) using Image Studio Lite Ver 5.2 (LI-COR Biosciences). For the experiment with
the anti-CSDE1 antibody, normalization of the signal was performed using the anti-β-ACTIN antibody.

2.7. m6A RNA Methylation Assay

The total amount of m6A in total RNA was measured using the m6A RNA Methylation Assay Kit
(Fluorometric) (ab 233491, Abcam), following the manufacturer manual. For each sample, 200 ng of
total RNA from E17 hypothalamus preparation were used.

2.8. 3′DGE Library Preparation, Differential Gene Expression Analysis and Enrichment Analysis

Total RNA and DNA were extracted simultaneously from hypothalami stored at −80 ◦C using
NucleoSpin® RNA columns and RNA/DNA buffer set (Macherey–Nagel, Hoerdt, France) following
the manufacturer’s manual. Transcriptomic analysis was performed using 3′DGE (Digital Gene
Expression)-sequencing in accordance with [26]. Briefly, mRNA libraries were prepared from 10 ng of
total RNA from 96 individuals (eight males and eight females from each experimental group collected
at three different ages (E17, D0 and D130)). Poly(A) mRNA tails were tagged using universal primers,
sample-specific barcodes and a unique molecular identifier (UMI) and cDNA synthesis was performed
using template-switching reverse transcriptase. Samples were then pooled, amplified and fragmented
using a transposon fragmentation method that enriches for 3′ ends of cDNA. Fragments ranging from
350–800 bp were selected and sequenced on an Illumina Hiseq 2500. Paired-end sequencing was
performed using a Hiseq Rapid SBS kit v2 50 cycles (FC-402-4022) and a Hiseq Rapid PE Cluster kit v2
(PE-402-4022). The first read of 16 bp corresponds to the sample-specific barcode and the second read
of 57 bp to the mRNA in the 5′ 3′ direction. Alignments were done on RefSeq rat mRNA sequences
(Rn6) by using BWA (version 0.7.15-0). The number of unique UMI associated with each RefSeq gene
was counted. Only genes with three or more reads per sample in at least four samples were kept
in the count table. Normalization and differential gene expression analyses were processed using
DESeq2 (version 1.24.0) [27] with a correction for sex effect. Data from the 96 samples were used for
normalization and differential expression analysis was performed separately for each age. Functional
enrichment was done using FGSEA [28,29] from Gene Ontology (GO) [30], Kyoto Encyclopedia of
Genes and Genomes (KEGG) [31] and Reactome [32] databases. The datasets generated for this study
can be found at the European Nucleotide Archive (ENA) under the accession PRJEB35794.

2.9. Mitochondrial DNA Quantification Using qPCR

Mitochondrial DNA was quantified by quantitative PCR using primers designed against the
mitochondrial CytB gene (Forward 5′-TTCCGCCCAATCACCCAAATC-3′, Reverse 5′-GCTGAT
GGAGGCTAGTTGGCC-3′) and normalized against the geometric mean of the amplification
signal from two nuclear genes: Gapdh (Forward 5′-TTCAACGGCACAGTCAAGG-3′, Reverse
(5′-CTCAGCACCAGCATCACC-3′) and Zfx-ZFy (5′-AAGCATATGAAGACCCACAG-3′, Reverse
5′-CTTCGGAATCCTTTCTTGCAG-3′). Ten ng of total DNA were amplified in a total volume of 15 µL
using the iTaq™ Universal SYBR®Green Supermix (Biorad) and 0.25 µM of each primer following the
manufacturer’s instructions, in a CFX Connect™ Real Time PCR Detection System (Biorad). A relative
amount of mitochondrial DNA was quantified using the 2−∆∆Ct method.

2.10. Statistics

Either a Mann–Whitney or t-test was used to evaluate differences between groups and a two-way
analysis of variance (ANOVA) was used to additionally assess sex effects. For each experiment, the tests
are indicated in Figure and Table legends. The statistical analyses were performed using R software
(version 3.6).

63



Nutrients 2020, 12, 1464

3. Results

3.1. Fetal and Placenta Weight at E17 Did Not Differ between Control and PR Fetuses

The number of pups per litter and weight gain during gestation did not vary between the control
and PR dams (Table 1). Fetal and placenta weight were recorded immediately after caesarian section.
Females weighed about 5% less than males in both control and PR groups, but there was no difference
between the two groups in both sexes (Table 1). Placenta weight and Placenta–Fetus Ratio (PFR) were
not impacted by maternal nutrition and fetus sex.

Table 1. Litter and fetus characteristics at embryonic day 17 (E17).

Controls Protein Restricted p-Value

Litter Size 13.00 ± 3.39 (n = 13) 14.13 ± 2.61 (n = 15) 0.50 *

Maternal Weight Gain (g) 112.39 ± 17.77 (n = 13) 99.47 ± 21.12 (n = 13) 0.16 *

Fetal Weight (g)
♀(n = 32) ♂(n = 38) ♀(n = 54) ♂(n = 36) Group: 0.41 #

0.76 ± 0.05 0.79 ± 0.05 0.77 ± 0.07 0.81 ± 0.06 Sex: <0.0001 #

Placenta Weight (g) 0.39 ± 0.06 (n = 70) 0.40 ± 0.07 (n = 81) 0.85 *

PFR (Placenta–Fetus Ratio) 0.51 ± 0.09 (n = 70) 0.52 ± 0.10 (n = 81) 0.83 *

* Mann–Whitney test; # two-way ANOVA test.

3.2. Hypothalami from PR Fetuses Contained a Lower Number of Cells

The hypothalami from 129 fetuses (69 PR and 60 C) from 13 different litters were immediately
dissociated into single cells. Cell number and viability were determined using a hematocytometer
before subsequent analyses or cell culture. The percentage of viable cells was not different between
both groups (control: 65.76 ± 10.39, PR: 68.39 ± 12.81, t-test p = 0.21). The total number of cells per
hypothalamus was significantly lower in the PR group (6.7 ± 3.2 × 105) compared to the control group
(7.8 ± 2.9 × 105) (two-way ANOVA group effect p = 0.04) (Figure 1). There was no difference between
males and females.

–

♀ ♂ ♀ ♂

–
–

Figure 1. Total number of cells obtained from each E17 fetal hypothalamus after mechanical dissociation.
The cells were counted on a hemocytometer (PR: n = 27 males and 42 females C: n = 32 males and
28 females). (two-way ANOVA: group effect * p = 0.04, sex effect p = 0.35) (boxplot: median, first and
third quartiles).
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3.3. The Proportion of the Several Cell Populations Present in E17 Hypothalami Did Not Differ between Control
and PR Fetuses

In order to assess the impact of maternal diet on the proportion of the different cell types present
in the hypothalamus at E17, dissociated cells were fixed on glass plates, stained with antibodies
directed against Nestin, beta-III-tubulin, MAP2 and the proliferation marker KI67 and automatically
counted after photomicrograph acquisition. Each cell type marker was counted on about 6000 cells
per sample. The proportion of proliferating Ki67-positive cells was on average 82% in both groups.
Nestin+ cells, representing undifferentiated NSCs and progenitors, accounted for about 60% of the
cells (Figure 2). Beta-III-tubulin +cells, i.e., neural progenitors and young neurons accounted for 20%
to 50% of the cells in both groups (Figure 2). Nestin and beta-III-tubulin markers were expressed at
different levels in early or late progenitors but, based on this marker, we were not able to distinguish
these two populations and therefore we could not accurately determine the level of these two types of
progenitors. In contrast, more mature neurons, expressing MAP2, accounted for about 30% of the cells
(Figure 2). Interestingly, although we observed a high inter-individual variability in the number of
beta-III-tubulin+ and MAP2+ cells, the relative proportion of these two populations remained equal.
We did not observe any significant difference between control and PR fetuses regarding the proportion
of the different cell types, but a rather high inter-individual variability was observed that may alter the
statistical power. This was especially true for Ki67+ cells, probably because Ki67 expression depends
on the cellular cycle phase. Labelling experiments using a glial progenitor and astrocyte marker, GFAP,
did not detect any positive cells at this early stage (data not shown).

–

Figure 2. Cont.
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Figure 2. Neural cell type proportions in total hypothalamic cells sampled at E17 and after three days
in vitro (3 DIV) labelled by immunocytochemistry and automatically counted on microscopy images.
Each marker is illustrated by images obtained by optical microscopy (scale bars, 20 µm). Red and
orange labelling is for markers of interest, Ki67 (A), Nestin (B), TUJ1 = TUBB3 (C) and MAP2 (D) and
nucleus are labelled with DAPI in blue (n = 6–13 per group). Group and sex effects were tested using
two-way ANOVA, * group effect p = 0.02. Non-significant p values are not mentioned. (boxplot:
median, first and third quartiles).

3.4. Neurosphere Cultures from PR E17 Hypothalami Contained a Higher Number of Committed Neuronal
Progenitors after Three Days of Proliferation In Vitro

For a subset of E17 hypothalami, dissociated cells were allowed to grow in vitro and form neurospheres.
The purpose of neurosphere culture was to select and increase the number of cells that have the ability
to proliferate, i.e., stem cells and progenitors. We deliberately limited the culture time to 3 days in order
to minimize the biases introduced by a longer culture and preserve the initial intrinsic properties of the
cells. After three days of culture, the proportion of proliferating Ki67+ cells was about 80% and rather
homogeneous between samples (Figure 2). The number of Nestin+ cells was significantly higher in the
neurospheres compared to the E17 hypothalami (76% versus 60% on average, p = 1.4 × 10−5), which
was expected since neurosphere culture allows the selection of stem and progenitor cells. There was
no difference between the control and PR fetuses regarding the proportion of Ki67+ and Nestin+ cells
(Figure 2). A higher proportion of committed neuronal progenitors (beta-III-tubulin+) was present
in the neurospheres coming from PR (47% on average) than control fetuses (36%) (two-way ANOVA
group effect p = 0.02).

3.5. Neurospheres Cultures Did Not Show Any Proliferation Potential Difference between Control and
PR Fetuses

Neurospheres were passaged after three days in culture and BrdU was added to the culture media
for 24 h in order to test the cell proliferation capacities. There was no difference between groups in the
amount of BrdU-incorporated (data not shown).
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3.6. The Expression of More than 400 Genes Was Altered in PR E17 Fetal Hypothalamus

Because cell differentiation relies on the precise control of gene expression, we performed a
global transcriptomic analysis using the digital gene expression sequencing (DGE-seq) approach.
This technique is based on the sequencing of the 3′ end of mRNAs and is known to be highly
sensitive for gene expression quantification but does not give any transcript-splicing information [26].
The experiment was performed on hypothalami of 16 individuals (eight males and eight females)
from each experimental group collected at three different ages (E17, D0 and D130). However, because
the objective of the present study was to evaluate the impact of maternal PR on fetal hypothalamus
development, only the data from E17 fetuses will be presented here. An average of 3.4 million reads
per sample was obtained and about 1.1 million reads with a single UMI were assigned to a known gene
after alignment on the RefSeq transcript database. A total of 11,244 expressed transcripts were detected
from the 18,946 transcripts from the RefSeq database (including the genes from the mitochondrial
genome) (Supplementary Table S1). Among these, 6723 genes for which the normalized number of
reads per E17 fetus was at least 10 were identified. The number of reads per gene varied from 10
to 21,000.

A total of 440 genes (247 Up and 193 Down) were differentially expressed between the control
and PR fetuses (adjusted p-value (padj) < 0.05) (Supplementary Table S1). Males and females were
analyzed together and the data were corrected for sex effects. A volcano plot comparison showed
that the magnitude of expression changes between both groups was relatively small, with log2 Fold
Change (log2FC) ranging from −0.82 to 0.67, which means a fold change ranging from 0.56 to 1.6
(Figure 3). On the MA plot displaying the log2FC in relation to the level of expression, it appeared that
the genes that were upregulated in the PR group had, on average, a higher expression level than genes
that were downregulated (Figure 3). Among the 100 most-expressed genes (base mean > 1300 reads),
15 were upregulated in the PR group whereas none were downregulated. Atp6, CytB and Cox2 were
among the four genes with the highest expression rate, they are all encoded by the mitochondrial
genome, involved in mitochondrial respiratory chain and were upregulated in the PR group (Atp6:
log2FC = 0.2-padj = 0.04, Cox2: log2FC = 0.16-padj = 0.03 and CytB: log2FC = 0.18-padj = 0.09) (Figure 3)
(Supplementary Table S1).

The top 20 up- and downregulated genes in the PR group compared to the control group are
presented in Tables A1 and A2 together with information regarding their function. Several genes
potentially involved in the regulation of cell cycle, proliferation and cell migration were present
in both lists (Ube2n, Chrac1 and Marcks were upregulated, Fgfr1op, Eps15, Robo1 and Myo18a were
downregulated). Four genes encode RNA-binding proteins that are involved in RNA degradation,
stability and translation (Csde1, Cirbp, Rbm7 and Qk). In particular, Csde1 and Cirbp genes, which play
an essential role in the control of neuron differentiation, were highly expressed and upregulated in the
PR group. Interestingly, several genes involved in the control of redox homeostasis and mitochondrial
metabolism were also upregulated (Coa5, Coq7, Mterf1, LOC100174910).

A Fast Gene Set Enrichment Analysis (FGSEA) was performed in order to identify gene families
and/or metabolic pathways significantly impacted by the maternal diet. Briefly, the principle of this
method is to rank the genes according to the significance of their differential expression and fold
change and to test which pathways are significantly enriched in genes that are globally up- and/or
downregulated [33]. We used several databases (KEGG, Reactome, GO ) that are partly redundant but
more or less complete in order to conduct an exhaustive search of metabolic pathways and cellular
processes that may be impacted by the maternal diet. A total of 585 pathways were significantly
enriched (enrichment adjusted p.value< 0.05) (Supplementary Table S2). The FGSEA analysis generates
a Normalized Enrichment Score (NES) which reflects the degree to which a gene set is overrepresented
at the extremes of the ranked list of genes [33]. A selection of the top pathways is presented on Figure 4.
Pathways with an NES > 0 or NES < 0 contain genes that are predominantly over- or under-expressed,
respectively, in the PR group compared to the control group.
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Figure 3. Volcano plot (A) and MA plot (B) of differentially expressed genes at E17 in the protein
restriction (PR) group compared to Control group (PR: n = eight males + eight females, C: n = eight
males + eight females). (padj = adjusted p-value from Deseq2 analysis). Mean expression corresponds
to the average normalized read number.
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Figure 4. Selection of the gene families and metabolic pathways significantly enriched in differentially
expressed genes (Fast Gene Set Enrichment Analysis (FGSEA), padj < 0.05). The pathways with a
Normalized Enrichment Score (NES) > 0 are enriched in genes upregulated in the PR group and
pathways with an NES < 0 are enriched in genes downregulated in the PR group.

A large number of pathways related to mitochondrial energy metabolism were significantly enriched
with an NES > 0 (Figure 4, Supplementary Table S2). These pathways contain the genes encoding proteins
of the mitochondrial respiratory chain complexes, including NADH dehydrogenase (Ndufa1, Ndufa12,
Ndufa13, Ndufa2, Ndufa4, Ndufa5, Ndufa7, Ndufab1, Ndufb4, Ndufb8, Ndufv2), ATP synthase (Atp5f1,
Atp5f1c, Atp5mf, Atp5pf, Atp6) and ubiquinone synthase (Coq5, Coq7). Genes encoding enzymes from
the Tricarboxylic Acid (TCA) cycle and pyruvate metabolism were also significantly over expressed in
the PR fetuses, as well as genes encoding mitochondrial ribosomal proteins (Mrpl17, Mrpl27, Mrpl30,
Mrpl35, Mrpl50, Mrpl51, Mrpl53, Mrps11, Mrps18c) that are involved in mitochondrial translation.

Several pathways related to the proteasome complex were significantly enriched in upregulated
genes (Figure 4). The Ubb gene, encoding the ubiquitin protein, which forms a polymerized chain that
binds to target proteins and shuttles them to the proteasome, was also upregulated in the PR group.
In addition, several genes encoding the subunits of the RNA polymerase II (Polr2e, Polr2i, Polr2j) and
proteins associated with RNA transcription (Ccnh, Taf6, Taf9, H3f3b, Tbp) were over-expressed in the PR
group, as illustrated by the enrichment of RNA polymerase-related pathways.

The enriched pathways with an NES < 0, i.e., containing genes that were downregulated in the
PR group were predominantly related to neurogenesis, axonal growth and synaptogenesis (Figure 4),
including the Wnt signaling pathway, a key element in neurodevelopment [34].

3.7. Mitochondrial Membrane Potential Was Enhanced in the Hypothalamus of E17 PR Fetuses

In order to validate, at the cellular level, the relevance of the observed upregulation of several genes
related to the mitochondrial oxidative phosphorylation metabolism, we quantified the mitochondrial
membrane potential by using a MitoTracker staining method on total cells dissociated immediately after
sampling the E17 fetal hypothalami. The MitoTracker molecules diffuse through the inner membrane
of active mitochondria, in proportion to their membrane potential, making it possible to quantify the
mitochondrial membrane potential. We observed a significantly higher mitochondrial membrane
potential in the hypothalamus cells from the PR E17 fetuses (Figure 5).
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Figure 5. Mitochondrial membrane potential, DNA and protein quantification from total E17 fetal
hypothalamus. (A) Mitochondrial membrane potential was quantified in dissociated total fetal
hypothalamus cells by MitoTracker Red CMXRos and expressed in Relative Fluorescence Units
(RFU)/lived cells x 1000 (C: n = two males + four females, PR: n = two males + nine females) (two-way
ANOVA: group effect * p = 0.04, sex effect p = 0.91). (B) Mitochondrial DNA was quantified using
qPCR amplification on total DNA from E17 whole hypothalamus of the mitochondrial CytB gene and
normalized with two nuclear genes Gapdh and Zfx-Zfy. (C,D) Four proteins from the mitochondrial
respiratory chain complexes (SDHB, MTCO1, UQCRC2 and ATP5A from Complexes II, III, IV and
V, respectively) were quantified using Western blot on total proteins from E17 total hypothalamus in
four males (C) and four females (D) from each group. Total protein stain was used for normalization.
(Mann Whitney * p < 0.05) (p: Positive control =mitochondrial protein extract from rat heart tissue
lysate (Abcam ab110341)) (boxplot: median, first and third quartiles).

Then, we quantified mitochondrial DNA in E17 fetal hypothalamus, in order to check if the
increase in gene expression could be due to a higher number of mitochondrial genome copy numbers
and therefore a higher number of mitochondria per cell (Figure 5B). There was no difference in the
amount of mitochondrial DNA between the control and PR fetuses, which suggests that the difference
in gene expression level were linked to mitochondrial activity rather than number.
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We also quantified, at the protein level, four proteins, SDHB, UQCRC2, MTCO1 and ATP5A,
from the complexes II, III, IV and V, of the mitochondrial respiratory chain, respectively (Figure 5C,D).
The four proteins were significantly overexpressed in females from the PR group (Figure 5D) whereas
there was no difference between control and PR males (Figure 5C).

3.8. The Csde1 Gene, a Major Regulator of Neuronal Differentiation, Was Upregulated in the PR Group

Among the top 20 upregulated genes (Table A1), the Csde1 gene encodes an RNA-binding protein
implicated in the post-transcriptional regulation of a subset of cellular mRNA and was recently
shown to prevent neural differentiation [35]. Csde1 was highly expressed in the fetal hypothalamus
(mean normalized read count = 817) and its expression level was about 35% higher in the PR group
(log2FC = 0.45, padj = 0.001). Since CSDE1 protein is known to regulate the translation of its own
mRNA, the amount of transcript does not necessarily reflect the amount of protein [35]. Therefore,
we quantified the amount of CSDE1 protein in fetal hypothalamus using Western Blot and observed
a significantly higher level of the protein in the PR group in accordance with the level of mRNA
expression, but there was no effect due to the sex (Figure 6).

C = −0

C = −0

Figure 6. Quantification of the CSDE1 protein in E17 fetal Hypothalamus using Western blot. (PR:
n = four males + four females, C: n = four males + four females) (ANOVA, group effect * p = 0.04,
sex-effet p = 0.18) (boxplot: median, first and third quartiles).

3.9. The m6A Epitranscriptomic Mark Was Altered in the PR Fetuses

The expression of a family of genes involved in the writing/erasing/reading of the m6A epitranscriptomic
mark was impacted by maternal PR. The m6A mark is the most abundant modification of mRNA
and its involvement in many developmental processes; in particular, neural stem cell fate and
neurodevelopment are attracting increasing interest. The Wtap, Mettl14 and Mettl3 genes encode
proteins that constitute the methylation complex in charge of the writing of the m6A mark, whereas the
Fto and Alkbh5 encode the erasers that suppress it. The Mettl14 gene was significantly under-expressed
in the PR group (log2FC=−0.27, padj= 0.04), whereas the Wtap gene was over-expressed (log2FC= 0.37,
padj = 0.03) and the Mettl3 gene was unchanged (Figure 7A). In addition, the Fto gene showed a
tendency to be slightly overexpressed in the PR group (log2FC = 0.18, padj = 0.10), and the Ythdf2

gene, encoding an m6A reader that reduces mRNA stability, was also significantly overexpressed
in the PR group (log2FC = 0.29, padj = 0.01) whereas the Ythdc1 gene, encoding a reader protein
involved in mRNA splicing, was slightly under-expressed (log2FC = −0.27, padj = 0.10) in the PR
group (Figure 7A).
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Figure 7. (A) Normalized expression level of the genes from the m6A epitranscriptomic machinery
obtained using DESeq2 on E17 Hypothalamic RNA sequenced in DGE-seq (PR: n = eight males + eight
females, C: n = eight males + eight females) (adjusted p-value from Deseq2 analysis: * padj < 0.05).
(B) Quantification of the percentage of m6A in total RNA from E17 fetal hypothalamus using m6A
immunodetection assay (PR: n = 10 males + nine females, C: n = 10 males + seven females) (two-way
ANOVA group effect p = 0.05, sex effect p = 0.73) (boxplot: median, first and third quartiles).

In relation to the variation in the expression of this family of genes, we next quantified the global
level of m6A in the mRNAs from E17 fetal hypothalamus. For that purpose, we used an ELISA-based
kit involving an antibody specifically designed against the m6A mark. The percentage of m6A in total
mRNA varied from 0.08 to 0.20 and was lower in the PR group (p = 0.05), but was not influenced by
sex (Figure 7B).

4. Discussion

In this study, we used a well-characterized model of maternal protein restriction during gestation
to identify gene families and physiological pathways that were altered in the fetal hypothalamus in
response to the maternal PR diet.

The impact of an imbalanced maternal diet on the proliferation and differentiation capacities
of neural stem cells during embryo and fetal development is now clearly established [18,36–38].
Our observations on the cells sampled on E17 fetuses and grown in vitro as neurospheres confirmed
these alterations. The total number of cells after dissociation of the fetal hypothalami was lower in the
PR group, which may reflect reduced proliferation in an earlier period in the PR group. In addition,
we observed, after three days of proliferation in vitro, a higher proportion of TUBB3+ cells in the PR
group, which may reflect that E17 PR fetuses had initially a higher number of committed neuronal
progenitors that proliferated in culture. Similarly, Gould et al. [18] showed that low protein diet
throughout gestation was associated with an increase in the number of late neural progenitors in
mice brain but tempered by increased apoptosis. Further investigation would be required in order to
establish whether this was also the case in our model.

Interestingly, the proportion of cells expressing NES and MAP2 were not different between groups
whereas the genes encoding these proteins were under-expressed in the PR group. This may be
related to the fact that the level of expression of these genes varies throughout the differentiation
process, from early to late progenitors until differentiated neurons. Therefore, the difference in
expression level might reflect an alteration in the timing of differentiation which cannot be seen in the
immunochemistry experiments that do not distinguish between cells that have variable levels of gene
expression. Additionally, we cannot exclude post-transcriptional control of expression.
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E17 corresponds approximately to the time when neurogenesis is complete and residual NPCs
start to differentiate into astrocytes [13,14]. Indeed, no cell was GFAP-positive at E17 and the Gfap

gene was not expressed. The switch between neurogenesis and astrocytogenesis is based upon a
complex interaction between external signals and a cell-intrinsic program via a strict control of gene
expression. This interaction first requires nutrient sensing and detection of metabolic and hormonal
signals coming from the mother and the placenta and then the activation of regulatory pathways that
control cell differentiation. By using a large scale transcriptomic approach on whole fetal hypothalamus,
we highlighted several metabolic pathways and molecular regulation systems that were impacted by
maternal PR and led us to propose some mechanistic hypotheses in order to explain alterations of
various neurodevelopment processes.

Our data suggested an alteration of the mitochondrial respiratory chain activity in the PR group,
as evidenced both by the over-expression of genes encoding the complexes of the respiratory chain and
several enzymes from the pyruvate and citric acid metabolism as well as the increased mitochondrial
membrane potential of the E17 hypothalamic cells. Mitochondrial DNA copy number was not different
between control and PR fetal hypothalamus, suggesting that the difference in the respiratory activity
was not a consequence of a major shift in the number of mitochondria, but possibly a difference in their
metabolic activity. One interesting observation that would require to be extended to other proteins
from the respiratory chain complexes was the fact that the protein level of four of these proteins was
increased mostly in females. Although brain mitochondrial metabolism is known to differ between
adult males and females both in human and rodents [39,40], there is, to our knowledge, no data in the
literature regarding sex effect on mitochondria dynamics and metabolism in the developing fetal brain.
Only the testosterone surge occurring around birth in male mice was shown to impact the synthesis of
the mitochondrial-specific phospholipid cardiolipin [41].

Mitochondria dynamics is closely associated with cell fate and differentiation process during
brain development. Mitochondria structure and metabolism change throughout the differentiation
process [42]. At the metabolic level, while energy production relies mostly on glycolysis in
undifferentiated cells, it progressively switches to oxidative phosphorylation throughout neural
differentiation in order to meet the higher energy requirements of the differentiated neurons [42]. It has
also been illustrated that mitochondria dynamics and metabolic shift precede and functionally regulate
neuronal differentiation [43].

Several evidences have already established a link between PR during early life and alterations in
the mitochondrial metabolism at a later stage of life. Maternal PR was shown to be associated with
(1) impaired mitochondrial metabolism in the brain of adult rat offspring [44] and (2) alteration in
the expression level of several proteins from the mitochondrial respiratory chain complexes in the
hypothalamus of pre-weaned rat [45]. In addition, in human, mitochondrial metabolism is altered
in the placenta of neonates suffering from Intra Uterine Growth Restriction that is often the result of
a reduced provision of nutrients to the fetus [46]. Oxidative stress that may results from impaired
mitochondrial function is indeed evoked as a major programming mechanism in the increased risk of
chronic degenerative diseases induced by neonatal protein restriction [47]. However, although the
consequences of neonatal PR on mitochondrial metabolism and oxidative stress on several tissues after
birth are widely acknowledged, the link between PR, mitochondrial metabolism in fetal brain and
an impaired neurodevelopment is, to our knowledge, not documented. Are mitochondria of neural
stem/progenitor cells able to function as nutritional sensors and integrate very early on signals from
their environment? In a mice model of maternal protein restriction, Eckert et al. [48] demonstrated
that, as early as E3.5, the blastocyst was able to sense maternal metabolic alterations, including
deficiency in essential amino acids, within uterine fluid and they showed evidence of the implication
of the mammalian Target of Rapamycin Complex 1 (mTORC1) signaling pathway in this process.
Mitochondrial activity reflects the energetic status of the cells and mitochondria architecture was
recently suggested to play an important role in bioenergetics adaptation to metabolic demands [49].
Therefore, mitochondria dynamics constitute a way for the cell to adapt to nutrient shortage or excess.
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For instance, nutrient shortage was shown to result in the fusion of mitochondria associated with
increased oxidative phosphorylation, which is for the cell the most efficient way to produce ATP [50].

Our data are not sufficient to conclude that mitochondrial respiratory chain activity was definitely
increased in the fetal hypothalamus of the PR group and additional experiments are certainly required
to confirm this hypothesis. For instance, it could be interesting to measure mitochondrial mass and
ROS production. However, the combination of our results regarding this point, together with what is
already known about the link between mitochondrial activity and neuronal differentiation strongly
supports the impact of maternal PR on these processes.

How the mitochondrial adaptive mechanism, linked to nutrient shortage, interacts with the
program of differentiation of neural cells remains to be clarified.

The ubiquitin gene and several genes encoding the subunits of the proteasome complex were
also upregulated in the PR fetal hypothalamus. The UPS (Ubiquitin Proteasome System) is closely
associated with the mitochondrial metabolism. Mitochondria need the UPS for the removal of proteins
that are damaged by ROS (Reactive Oxygen Species) and the proteasome function requires ATP [51].
These two functions are especially important in neuronal function and differentiation [52–54] as well
as adult neurogenesis [55]. Although the precise mechanisms of the role of the amino acid sensing
pathway mTORC1 in the activation of the proteasome activity in situation of nutrient shortage are
still under debate [56], these two major pathways are obviously interconnected [57], suggesting that
they may interact in the response of neural cells to amino acid shortage. Cellular response to nutrient
shortage may also involve autophagy, another major stress-response system that is closely linked
to the mTORC1 detection system and which was shown to be important for neuronal development
and axon growth [58]. We did not find evidence of alterations in the expression of genes involved in
the autophagy in our model but we did notice enrichment in upregulated genes from the lysosome
pathway (Table S2).

Epigenetic control of chromatin conformation [59,60], DNA-binding proteins [61] and transcription
factors [62–64] are among the best known molecular actors of the highly complex process of neuronal
differentiation. Their action is itself modulated by factors related to the metabolic status of the cell
via the remodeling of chromatin [65]. Recently, post-transcriptional control was highlighted as a new
layer of regulation in the determinism of cell fate and differentiation, particularly in the brain [66].
Post transcriptional regulation include (1) chemical modifications of mRNA such as epitranscriptomic
marks and (2) RNA-binding proteins that are involved in mRNA stability, turn-over, trafficking,
degradation and translation.

We have shown, in our large-scale transcriptomic study, and confirmed (by the quantification of
m6A) that the expression of several genes from the m6A epitranscriptomic machinery was significantly
disturbed in the PR fetuses and that this was linked to a decrease in the global level of m6A. The m6A
epitranscriptomic mark is the major mRNA modification identified so far and is associated with the
control of various aspects of mRNA functions including stability, degradation, trafficking, splicing and
translation [67]. The brain is the tissue where this mark is the highest and it is especially present in
mRNAs implicated in transcriptional regulation, cell adhesion, axon guidance and synaptogenesis [68].
In addition, Yoon et al. [69] recently demonstrated that depleting the writing of the m6A mark by
inactivation of the Mettl14 gene in the embryonic brain of mice prolongs neurogenesis postnatally.
This was associated with a decrease in the turnover of mRNAs encoding proteins involved in cell cycle,
neurogenesis, and neuronal differentiation. The action of the m6A mark is mediated through interaction
with different RNA-binding proteins that specifically recognize methylated or unmethylated mRNAs
and will subsequently promote transcript fate [67]. Interestingly, the m6A mark was demonstrated to
be involved in the action of the Fragile X Mental Retardation Protein (FMRP) which is an RNA-binding
protein with a major role in synapse function [68] and that was shown to be over-expressed in the
cortex of mice that suffered from fetal protein restriction [18]. Although the expression of the Fmr1 gene
was not altered in our model, the Fxr1 gene was downregulated in the PR group. Since this gene also
encodes an RNA-binding protein that was recently shown to control the translation of the mitochondrial
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Cox2 gene [70] and since Cox 2 was one of the most expressed and significantly upregulated genes in the
PR group, a possible link could exist between the m6A mark, RNA-binding proteins and mitochondrial
function. On the other hand, FTO protein, which acts as a m6A demethylase, was shown to have a role
in the cellular sensing of amino acids via the mTORC1 pathway and this activity was associated with
its demethylase function [71]. In addition, the mTORC1 pathway was demonstrated to mediate the
link between nutrient shortage and the control of protein synthesis at the post transcriptional level [66].
Interestingly, the mRNAs that are regulated by this system are enriched for the consensus motif of the
m6A epitranscriptomic mark [66]. All these elements converge to propose the m6A mark as a major
actor in the impact of amino acid deficiency on hypothalamus development.

The role of post-transcriptional regulation in the consequences of PR on the timing of neurogenesis
was also suggested by the over-expression at both the transcription and translation levels of CSDE1
in the PR group. The CSDE1 protein was recently shown to be a master regulator of neuronal
differentiation, by regulating, at the translational level, the expression of a large number of genes [35].
The expression of CSDE1 decreases throughout differentiation and modulates the transcriptional
landscape by controlling the expression of key regulators of cell fate and neuronal differentiation.
Therefore, the overexpression of both the gene and the protein that we observed in the PR group may
reflect a delay in the neuronal differentiation process that may be consistent with a higher number of
neuronal progenitors.

The DGE-seq approach was rather helpful for the detection of the pathways impacted by maternal
diet. Of course, transcriptomic data do not always reflect the amount of proteins, but the DGE-seq
approach is rather straightforward and more sensitive that a proteomics approach for the detection of
mild effects. The proof is that we have indeed been able to identify key players in post-transcriptional
regulation who are certainly involved in the impact of fetal nutrition in the precise control of neuronal
differentiation. We made the choice to focus here on metabolic pathways and gene families that were,
in our opinion, relevant regarding the physiological and cellular alterations observed in our model,
but the transcriptomic approach also identified many other genes that certainly may require further
investigation. The magnitude of gene expression change between PR and control fetuses was rather
modest. However, major cellular pathways related to energy metabolism and neuronal differentiation
have been impacted, so we believe that even mild disturbances can have repercussions on a process as
precise and finely regulated as neuronal differentiation.

5. Conclusions

In conclusion, our study identified a number of cellular and molecular pathways that could link
an environmental event such as PR to alterations in cellular metabolism, leading to early alterations of
neuronal development and subsequent impaired hypothalamus function. These hypotheses certainly
require further investigation, but we believe that a global approach like ours could be useful in
obtaining an overview of all biological systems, including nutrient detection, energy metabolism and
the control of transcription/translation, which could link nutritional status to the regulation of cell
differentiation, especially in models where the effects are mild and multiple.
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(UP: PR > C padj < 0.05; DOWN: PR < C padj < 0.05; NONE: padj > 0.05). Table S2: FGSEA (Fast Gene Set
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GO databases.

Author Contributions: Conceptualization, M.F., V.P., P.P. and V.A.; Data curation, M.F. and D.M.; Formal analysis,
M.F., D.M. and V.A.; Funding acquisition, P.P. and V.A.; Investigation, M.F., S.G., I.G., V.S.M. and V.A.; Methodology,
M.F., I.G. and V.A.; Project administration, V.A.; Resources, P.P. and V.A.; Software, D.M.; Supervision, P.P. and
V.A.; Validation, M.F. and V.A.; Writing—Original draft, M.F. and V.A.; Writing—Review & Editing, M.F., V.S.M.,
V.P., P.P. and V.A. All authors have read and agreed to the published version of the manuscript.

75



Nutrients 2020, 12, 1464

Funding: This work was funded by INRAE. M.F. is supported by a PhD fellowship from INRAE and Région Pays
de la Loire and VSM by a postdoc fellowship from the Fondation pour la Recherche Médicale (ARF20170938730).

Acknowledgments: We thank MicroPICell facility (SFR François Bonamy, Nantes Université, INSERM, CNRS) for
their help in microscopy and especially Magalie Feyeux for image analysis, and GenoBIRD facility (SFR François
Bonamy, Nantes Université, INSERM, CNRS) for the sequencing and primary analysis of the DGE-seq experiments.
We are grateful to Blandine Castellano, Diane Beuzelin, and Laurent David for technical help and advice.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

Appendix A

Table A1. Top 20 upregulated genes in the protein-restricted group.

Gene Symbol Log2FC Padj Base Mean Full Name Function(s) *

Slc35c2 0.469 0.031 24.122 Solute carrier family
35 member C2

May play a role in cellular response to
tissue hypoxia

Ppcs 0.463 0.042 12.650 Phosphopantothenoylcysteine
synthetase

Involved in the biosynthesis of coenzyme
A, a precursor of Acetyl CoA

Csde1 0.452 0.001 817.685 Cold shock domain containing E1 RNA-binding protein—prevents neuronal
differentiation in neural stem cells

Nipa2 0.437 0.028 19.597 Nipa magnesium transporter 2 Non-imprinted gene in
Prader–Willi/Angelman syndrome region

Coa5 0.429 0.006 117.035 Cytochrome C oxydase assembly
factor 5

Involved in the mitochondrial complex
IV assembly

Cirbp 0.428 0.002 250.612 Cold inducible RNA-binding
protein

Essential for embryonic gastrulation and
neural development

Hs6st1 0.423 0.030 91.038 Heparan-sulfate
6-O-sulfotransferase 1

Critical for normal neuronal development,
may play a role in neuron branching

LOC100174910 0.418 0.010 48.852 Glutaredoxin-like protein Involved in oxidation-reduction process.
May be involved in cell redox homeostasis

Wdr83 0.407 0.044 34.218 WD repeat domain-containing
protein 83 Involved in response to hypoxia

Tmem53 0.406 0.025 27.565 Transmembrane protein 53

Ube2n 0.405 0.002 83.937 Ubiquitin conjugating
enzyme E2N

Involved in protein ubiquitination. Plays a
role in the control of cell cycle and

differentiation

Tmcc2 0.397 0.044 55.090 Transmembrane and coiled-coil
domains protein 2 Expressed in endoplasmic reticulum

Sec23b 0.395 0.044 23.013 COPII coat complex component Involved in protein transport from
endoplasmic reticulum

Coq7 0.393 0.001 120.626 coenzyme Q7 hydroxylase Involved in ubiquinone synthesis, in
mitochondrial respiratory metabolism

Chrac1 0.391 0.006 66.458 Chromatin accessibility complex
protein 1

Histone-fold protein that binds DNA. May
be involved in cell growth and survival

Rbm7 0.377 0.044 20.552 RNA-binding protein 7 Member of the exosome targeting complex,
involved in RNA degradation

Wtap 0.373 0.031 87.528 WT1 associated protein Member of the complex that mediate m6A
methylation of RNAs

Mterf1 0.367 0.032 30.933 Mitochondrial transcription
termination factor 1

DNA-binding protein, involved in
termination of mitochondrial transcription

Marcks 0.365 0.026 1055.600 Myristoylated alanine rich protein
kinase C substrate

Binds protein of cytoskeleton, may be
involved in cell migration

Pqlc1 0.365 0.044 39.620 Solute carrier family 66 member 2 Involved in phospholipid translocation

*: from the UNIPROT database (www.uniprot.org) [72] and the NCBI/Gene database (www.ncbi.nlm.nih.gov/gene) [73].
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Table A2. Top 20 downregulated genes in the protein-restricted group.

Gene Symbol log2FC Padj Base Mean Full Name Function(s) *

Brsk1 −0.807 0.010 13.066 Serine Threonine protein kinase Role in polarization of neurons and
centrosome duplication

Fgfr1op −0.676 0.002 19.199 FGFR1 oncogen partner Required for anchoring microtubules to the
centrosomes. Involved in cell proliferation

Qk −0.658 0.003 22.941 Quaking
RNA-binding protein that regulates

pre-mRNA splicing, export, stability and
translation. Involved in oligodendrogenesis

Tcf20 −0.636 0.024 19.373 Transcription factor 20 Transcriptional activator. May be involved
in neurodevelopment

Cask −0.625 0.013 23.749 Calcium/calmodulin dependent
serine protein kinase

Involved in synaptic membrane protein
anchoring. Contributes to

neurodevelopment

Eps15 −0.607 0.021 12.515 Epidermal growth factor receptor
pathway substrate 15

Involved in cell growth regulation. May be
involved in the control of cell proliferation

Robo1 −0.600 0.009 56.779 Roundabout guidance receptor 1 Involved in axon guidance and neuronal
precursor cell migration

Fam168a −0.569 0.010 19.145 Also known as Tcrp1 Involved in cancer chemotherapy resistance

Iqgap1 −0.566 0.009 18.290 IQ motif containing GTPase
activating protein 1

Regulates the assembly and dynamic if the
cytoskeleton. May promote

neurite outgrowth.

Phactr3 −0.560 0.025 15.498 Phosphatase and actin regulator 3 Associated with the nuclear scaffold in
proliferating cells

Myo18a −0.548 0.009 28.595 Myosin 18A Associated with the Golgi. May be required
for cell migration

Sesn3 −0.541 0.045 17.734 Sestrin 3
Required for regulation of glucose and

insulin regulation. May be involved in the
protection againt oxidative stress

Kcnma1 −0.530 0.044 16.245 Potassium calcium-activated
channel subfamily M alpha 1

Involved in the control of
neuron excitability

Pclo −0.529 0.002 95.164 Piccolo presynaptic
cytomatrix protein Involved in synaptogenesis

Mgat3 −0.526 0.024 19.383 beta−1,4-mannosyl-glycoprotein 4
beta-N-Acetylglucosaminyltransferase

May be involved in response to oxidative
stress in brain and in cell

migration regulation

Timp3 −0.526 0.049 10.279 TIMP metallopeptidase inhibitor 3

Taok1 −0.518 0.007 43.989 Serine Threonine protein
kinase TAO1

Acts as a regulator of cytoskeleton stability.
May be involved in the induction

of apoptosis

Nlgn1 −0.515 0.031 15.813 Neuroligin 1
Neuronal cell surface protein. May be

involved in the formation and remodeling
of synapses

Kpnb1 −0.511 0.025 18.776 Karyopherin subunit beta 1
Involved in nuclear protein import,
including ribosomal proteins and

histone H1

Slmap −0.510 0.028 14.084 Sarcolemma associated protein Membrane associated protein

*: from the UNIPROT database (www.uniprot.org) [72] and the NCBI/Gene database (www.ncbi.nlm.nih.gov/gene) [73].
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Abstract: Recent studies have emphasized the role of the maternal diet in the development of
mental disorders in offspring. Substance use disorder is a major global health and economic burden.
Therefore, the search for predisposing factors for the development of this disease can contribute to
reducing the health and social damage associated with addiction. In this study, we focused on the
impact of the maternal diet on changes in melanocortin-4 (MC-4) receptors as well as on behavioral
changes related to cocaine addiction. Rat dams consumed a high-fat diet (HFD), high-sugar diet
(HSD, rich in sucrose), or mixed diet (MD) during pregnancy and lactation. Using an intravenous
cocaine self-administration model, the susceptibility of female offspring to cocaine reward and
cocaine-seeking propensities was evaluated. In addition, the level of MC-4 receptors in the rat brain
structures related to cocaine reward and relapse was assessed. Modified maternal diets did not affect
cocaine self-administration in offspring. However, the maternal HSD enhanced cocaine-seeking
behavior in female offspring. In addition, we observed that the maternal HSD and MD led to increased
expression of MC-4 receptors in the nucleus accumbens, while increased MC-4 receptor levels in the
dorsal striatum were observed after exposure to the maternal HSD and HFD. Taken together, it can
be concluded that a maternal HSD is an important factor that triggers cocaine-seeking behavior in
female offspring and the expression of MC-4 receptors.

Keywords: cocaine self-administration; high-fat diet; high-sugar diet; maternal diet; pregnancy and
lactation; melanocortin-4 receptor; offspring brain; rat offspring

1. Introduction

In the global population, every fourth person suffers from mental illnesses throughout their
life, the most common of which are depression, anxiety, substance (alcohol, drugs) use disorder,
and schizophrenia [1–3]. Substance use disorder is a chronic brain disorder associated with the
uncontrolled exploration and use of drugs, leading to devastating health consequences and a destructive
impact on the familial, social, and professional aspects of a patient’s life. In addition, even after long
periods of abstinence, this disease is characterized by high susceptibility to relapse in response to stress
and to cues or contexts associated with drugs [4].

Recent studies have focused on the contribution of a properly balanced maternal diet during
intrauterine growth and early childhood in the development of the central nervous system of offspring.
In fact, exposure to excessive or insufficient amounts of macronutrients (fats, sugars, proteins) can lead
to morphological, molecular, and functional changes in the brains of offspring, predisposing them to the
occurrence of behavioral disorders and mental diseases, such as increased impulsiveness, depression,
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or anxiety, which further predispose them to the risk of developing substance use disorders later in
life [5–9]. A maternal diet rich in fat provokes increased consumption and preference for palatable
but unhealthy food in offspring [10–12], increased nicotine and ethanol self-administration [13,14],
and disturbed behavioral reactions in animals regarding the administration of psychostimulant
substances (reduced locomotor activity and amphetamine-induced behavioral sensitization) [15].
In turn, a maternal diet rich in fructose or sucrose induces an increase in the amount of alcohol
consumed by the offspring [16]. Together, these studies confirm the positive relationship between the
maternal diet and the offspring’s susceptibility to drugs; however, there is still a lack of data on the
relationship between the composition of the maternal diet and the development of cocaine use disorder
(one of the most used drugs in the world among psychostimulants) [17]. Increasing knowledge
about the predisposing factors for the development of mental disorders, including psychostimulant
addiction, may contribute to reducing the health, social, and economic damage associated with
these diseases in the future. Most literature provide data on the role of maternal obesity induced
by high-calorie food on the development of the central nervous system in offspring. By limiting
the modified types of diets only to pregnancy and lactation, our research will allow to indicate the
period of intrauterine development and early childhood more specifically as a key factor in the
development of the brain and behavioral disorders in adult offspring. Because the melanocortin system
in the brain acts through melanocortin-4 (MC-4) receptors, which are located in brain regions that
represent part of the reward system [18,19] and control (among other things) nutritional behavior,
memory, positive enhancement, and emotions [20–22], these receptors were selected as a potential
molecular biomarker of mechanisms underlying the cocaine susceptible phenotype in rat offspring
induced by maternal nutrition. The relationship between maternal diet, MC-4 receptors and cocaine
self-administration was demonstrated in recent studies by our group [23]. We showed, among other
results, that a maternal high sugar-diet (HSD) significantly affects the expression of MC-4 receptors in the
brains of male offspring following chronic cocaine self-administration or an abstinence period. Moreover,
administration of an MC-4 receptor antagonist reduced cocaine- and cue-induced reinstatement of
cocaine-seeking behavior; concurrently, male offspring that had received maternal nutrition from an
HSD were more sensitive to the anti-relapsing effects of an MC-4 receptor antagonist than control male
offspring [23].

In light of the above data and the small number of studies on the pathogenesis of developing
addiction in females compared to studies in males, the purpose of this study was to determine the
role of a maternal high-fat diet (HFD), HSD, and mixed diet (MD; rich in carbohydrate and fat)
during pregnancy and lactation (critical periods in early life) on the behavioral and neurochemical
changes in female offspring in the aspect of cocaine addiction. For this purpose, using the animal
model of intravenous self-administration, we have comprehensively characterized the impact of a
modified maternal diet on changes in the phenotype of offspring assessed at various stages of addiction:
the acquisition and maintenance of cocaine addiction; abstinence; and the strength of cocaine-seeking
behavior to cue- and cocaine-induced priming. In addition, at the molecular level, we evaluated
the role of diet modifications during pregnancy and lactation on changes in MC-4 receptor protein
expression in the synaptosomal fraction of brain structures related to cocaine addiction (the prefrontal
cortex, dorsal striatum, nucleus accumbens, ventral tegmental area, and hypothalamus) in young adult
female offspring.

2. Materials and Methods

2.1. Animals and Diets

All experiments were performed in accordance with the guidelines of the European Directive
2010/63/EU and were approved by the 2nd Local Institutional Animal Care and Use Committee
(Maj Institute of Pharmacology Polish Academy of Sciences, Kraków, Poland; approval number
1270/2015; 42/2017). Every effort was made to minimize suffering and the number of animals used.
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Wistar rats from Charles River (Germany) were housed in standard plastic rodent cages in a room
maintained at 22 ± 2 ◦C and 55 ± 10% humidity under a 12 h light–dark cycle (lights on at 6:00 a.m.).
Unless otherwise specified, animals had free access to water and food. Nulliparous female rats (200–240 g),
after the acclimatization period and during the proestrus phase (smears from females were collected
daily to determine the estrous cycle phase), were mated with males overnight, and pregnancy was
confirmed by examining vaginal smears for the presence of sperm. Pregnant females (n = 10/group)
were then individually housed and randomly assigned to four groups: control diet (CD; cat# VRF1;
Special Diets Services, UK) or special diets purchased from Altromin (Germany): HFD (cat# C1057
mod.), HSD (cat# C1010), or MD (cat# C1011). The composition of the diets used in the study is
presented in Table 1.

Table 1. Macronutrient profiles (expressed as a percentage of energy) and energy values of the control
and modified diets used in this study.

Control Diet
(CD)

High-Fat Diet
(HFD)

High-Sugar Diet
(HSD)

Mixed Diet
(MD)

Carbohydrate
Sucrose

65%
4.6%

25% 70%
44%

56%
18%

Fat 13% 60% 12% 28%

Protein 22% 15% 18% 16%

Total energy 3.4 kcal/g 5.3 kcal/g 3.8 kcal/g 3.9 kcal/g

Dams consumed these diets ad libitum during the gestation (21 days) and lactation periods
(21 days). Dam body weight and food intake were monitored every third day. Litter sizes were
normalized to 9–12 pups. After weaning, offspring were separated according to sex, housed six per
cage, and fed a CD. Female offspring were used in the present study. The experimental design and
timeline of the study are illustrated in Figure 1.

 

 

Figure 1. Experimental design and timeline. Dams were fed a control diet (CD) or one of the three
modified diets: high-fat (HFD), high-sugar (HSD), or mixed (MD; rich in carbohydrate and fat) during
pregnancy and lactation. Female offspring were divided into three cohorts and at postnatal day (PND)
63, they were assessed by tissue isolation and biochemical analyses, via the cocaine self-administration
study and for locomotor activity.
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2.2. Behavioral Procedures

2.2.1. Drugs

Cocaine hydrochloride (Toronto Research Chemicals, North York, ON, Canada) was dissolved
in sterile 0.9% NaCl. The cocaine solution was administered intravenously or intraperitoneally. In a
volume of 0.1 mL/infusion or 1 mL/kg, respectively.

2.2.2. Cocaine Self-Administration Procedure

Catheter Implantation and Initial Lever-Press Training

At PND 53, female rats (n = 12 for each group) were anaesthetized with ketamine HCl (75 mg/kg;
Bioketan; Biowet, Puławy, Poland) and xylazine (5 mg/kg; Sedazin; Biowet, Puławy, Poland) and
chronically implanted with a silastic catheter in the external jugular vein, as described previously [24].
After surgery, meloxicam subcutaneously (0.5 mg/kg; Metacam; Boehringer Ingelheim Vetmedica
GmbH, Ingelheim am Rhein, Germany) was administered, and animals were kept individually in
standard home cages water and food ad libitum. Each day, catheters were flushed with 0.1 mL
of saline solution containing heparin (70 U/mL; Polfa, Warszawa, Poland) or 0.1 mL of cephazolin
solution (10 mg/mL; Biochemie GmbH, Kundl, Austria). After seven days of recovery, animals were
food-deprived for 18–20 h (with free access to water) and were then trained to press a lever during 2-h
daily sessions under the fixed ratio (FR) 1 schedule of sweetened milk reinforcement for two days.
Throughout the two training days, food was limited to 70% of the rats’ free-feeding amount.

Cocaine Self-Administration

Female offspring at PND 63 began lever pressing for cocaine reinforcement during the 2-h daily
sessions performed six days/week (maintenance) for a total of three weeks, and from that time,
they were given free access to food throughout the remainder of the experiment. Rats were trained
to self-administer cocaine in described previously [25] standard operant chambers (Med-Associates,
Fairfax, VT, USA) in contact with an infusion pump (Model 3.33 RPM, Med-Associates, Fairfax, VT,
USA) according to two experimental protocols: (a) a stable dose of cocaine (0.5 mg/kg/infusion) and an
increased schedule of reinforcement (FR1–5) or (b) increased cocaine doses (0.25–1 mg/kg/infusion) and
a stable FR1 schedule of reinforcement. Each schedule was completed by pressing the “active” lever
resulting in a 5 s infusion of cocaine and a 5 s presentation of the stimulus complex, which consisted of
an activation of the white stimulus light directly above the “active” lever and a tone from the generator
(2000 Hz; 15 dB above the ambient noise level). Following each infusion, there was a 20 s time-out
period during which the response was recorded but had no programmed consequences. An “inactive”
lever response never activated the infusion pump.

Progressive Ratio Test

After the final experimental cocaine session described above, rats were tested for the self-administration
of cocaine under the progressive ratio (PR) schedule of reinforcement, and this session lasted 4 h.
During the PR session, the delivery of intravenous cocaine was contingent on an increasing number of
responses incremented through the following progression: 1–603 [26]. Breakpoints were defined as the
number of completed ratios in the series over 4 h.

Extinction

After cocaine self-administration (see above), the rats previously used for the two different cocaine
self-administration protocols were used in the extinction training/reinstatement tests. During the
extinction sessions, the animals had 1-h daily sessions with neither a cocaine delivery (exchanged to
saline) nor tone and light stimuli (conditioned stimuli).
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Reinstatement of Cocaine-Seeking

After 10 days of extinction training, animals were evaluated for the response reinstatement
induced by either a conditioned cue (the tone and light associated with cocaine self-administration)
or a noncontingent presentation of a self-administered reinforcement (2.5 or 10 mg/kg cocaine,
intraperitoneal). The order of the cocaine priming injections was counterbalanced according to a Latin
square design, and the test sessions were separated by at least 2–3 baseline sessions of extinction
training. During the 2-h reinstatement tests, presses of the active lever resulted in the intravenous
infusion of saline.

2.2.3. Locomotor Activity

Spontaneous motor activity was recorded individually for each drug-naïve rat from the subset
at PND 63 in Opto-Varimex cages (43 cm × 44 cm, Columbus Instruments, Columbus, OH, USA)
and analyzed using Auto-Track software (Columbus Instruments, Columbus, OH, USA) as described
previously [24]. The locomotor activity of rats was defined as horizontal activity and was presented as
the distance traveled in cm during 5-, 30-, and 120-min trials.

2.3. Biochemical Analysis

2.3.1. Brain Tissue Collection

For biochemical analysis, at PND 63, a subset of drug-naïve female offspring rats was sacrificed by
rapid decapitation, and the brains were promptly removed. Relevant brain structures were dissected
according to the rat brain atlas [27] and isolated on ice-cold glass plates, immediately frozen on dry
ice and stored at −80 ◦C for enzyme-linked immunosorbent assay (ELISA) analyses. To avoid the
potential effect of stress on molecular changes in the brain, animals were not fasting before decapitation.
All samples were collected between 9:00–12:00 (a.m.).

2.3.2. Melancortin-4 Receptor Expression

MC-4 receptor expression was determined in the synaptosomal fraction The brain tissue samples
were homogenized using a sonicator (EpiShear™ Probe Sonicator; Active Motif, Carlsbad, CA, USA)
in 10% (w/v) of 0.32 M sucrose HEPES buffer (containing 145 mM NaCl, 5 mM KCl, 2 mM CaCl2,
1 mM MgCl2, 5 mM glucose, and 5 mM HEPES) with a protease inhibitor cocktail (Complete, Roche,
Mannheim, Germany). Later, suspended tissue was homogenized with a Dounce tissue grinder.
The homogenate was centrifuged at 4 ◦C for 10 min at 600× g. The supernatant was then diluted
1:1 with 1.3 M sucrose HEPES buffer to obtain a suspension at a final concentration of 0.8 M sucrose.
This suspension was further centrifuged twice in a series of washes with HEPES buffer at 4 ◦C for
15 min at 12,000× g. The supernatant was discarded each time. The pellet was suspended in RIPA
buffer (containing a protease inhibitor, PMSF and 0.2% Triton X-100) and centrifuged at 4 ◦C for 30 min
at 20,000× g [28]. The supernatant containing the synaptosomal fraction was frozen overnight at −20 ◦C
and was used for further analyses the following day.

The levels of MC-4 receptors in the synaptosomal fraction of the prefrontal cortex (including the
infralimbic, prelimbic, and cingulate cortices; Bregma: 5.2–2.7 mm), dorsal striatum, nucleus accumbens,
ventral tegmental area, and hypothalamus were measured using ELISA kits (cat# E11964R;
Wuhan EIAab Science Co., Wuhan, China) according to the manufacturer’s protocols. Duplicate aliquots
of 100 µL of each sample along with MC-4 receptor standards (0, 0.312, 0.625, 1.25, 2.5, 5, 10,
and 20 ng/mL) were transferred to precoated 96-well ELISA plates. The absorbance was measured at
a wavelength of λ = 450 nm using a Multiskan Spectrum spectrophotometer (Thermo LabSystems,
Philadelphia, PA, USA). The concentration of MC-4 receptors was calculated from a standard curve and
expressed as ng/mg of protein. Bicinchoninic acid assay (BCA) protein assay kits (Thermo Scientific,
Rockford, IL, USA) were used (the Pierce™ BCA Protein Assay Kit for the prefrontal cortex,
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dorsal striatum and nucleus accumbens or the Micro BCA™ Protein Assay kit for the ventral tegmental
area and hypothalamus) to determine the protein concentrations.

2.4. Statistical Analysis

Animals that had problems with the catheters during the recovery or experimental periods were
excluded from the data analysis. All data are expressed as the mean ± standard error of mean (SEM).
Statistical analyses were performed with either one-, two-, or multi-way analysis of variance (ANOVA),
with the terms of the repeated measure analysis dependent on the experiment, using Statistica version
12 software (StatSoft, Tulsa, OK, USA). Post hoc Dunnett’s or Newman–Keuls tests were used to
analyze differences between group means. p < 0.05 was considered statistically significant.

3. Results

3.1. Maternal Body Weight, Caloric Intake and Litter Size

The effects of the modified diets on changes in dam body weight and caloric intake during
pregnancy and lactation are shown in Supplemental Figure S1. A two-way ANOVA for repeated
measures showed significant effects of maternal diet × day interactions (F(51, 1324) = 2.515, p < 0.01).
We observed that dams consumed MD had lower body weight gain in the last days of lactation
compared to that of the control group. In addition, it was shown that modified diet consumption
resulted in a change in caloric intake during pregnancy (F(3, 36) = 4.754, p < 0.01) and lactation
(F(3, 36) = 20.660, p < 0.001). Females fed an HSD consumed more calories during pregnancy (p < 0.05),
while during lactation, significantly more calories were consumed by dams from the HFD group
(p < 0.01), in contrast to females fed MD, in which a decrease in the average daily caloric intake was
observed (p < 0.01; Figure S1b). At the same time, modified maternal diets did not affect the litter size
(F(3, 36) = 0.873, p = 0.464; Figure S1c) or birth weight of female offspring (F(3, 124) = 1.585, p = 0.196;
Figure S1d).

3.2. Expression of MC-4 Receptors

The influence of maternal diet on the level of MC-4 receptors in the synaptosomal fraction of
brain structures related to cocaine addiction (the prefrontal cortex, dorsal striatum, nucleus accumbens,
ventral tegmental area, and hypothalamus) at PND 63 in the naïve female offspring was
assessed (Figure 2).
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Figure 2. Effects of maternal diet during pregnancy and lactation on melanocortin-4 (MC-4) receptor
expression in the synaptosomal fraction of the prefrontal cortex, nucleus accumbens, dorsal striatum,
ventral tegmental area, and hypothalamus in female offspring rats at PND 63. The results are expressed
as the mean (±SEM). n = 8 rats/group. Data were analyzed by one-way analysis of variance (ANOVA)
followed by Dunnett’s post hoc test. * p < 0.05, *** p < 0.001 versus the control diet (CD) group. HSD,
high-sugar diet; HFD, high-fat diet; MD, mixed diet.

We observed that modified maternal diets during pregnancy and lactation evoked changes in
MC-4 receptors in the synaptosomal fraction in the nucleus accumbens (F(3, 28) = 6.604, p < 0.01) and
dorsal striatum (F(3, 28) = 3.359, p < 0.05), but not in the prefrontal cortex (F(3, 28) = 2.493, p = 0.081),
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ventral tegmental area (F(3, 28) = 0.148, p = 0.930) or hypothalamus (F(3, 28) = 2.128, p = 0.119) in
female offspring. Post hoc analysis showed that a maternal HSD or MD during pregnancy and lactation
increased the expression of MC-4 receptors in the female nucleus accumbens (p < 0.05 and p < 0.001,
respectively), and a maternal HFD or HSD increased its expression within the dorsal striatum (p < 0.05).

3.3. Locomotor Activity

Spontaneous locomotor activity, recorded for 5, 30, and 120 min, did not differ between female
offspring whose mothers consumed different diets, CD, HFD, HSD, or MD, during pregnancy and
lactation (Table 2).

Table 2. Locomotor activity of female offspring at postnatal day 63.

CD HFD HSD MD

Distance
traveled

(cm)

5
min 1064.93 ± 63.75 1031.16 ± 56.43 1112.13 ± 71.78 1018.53 ± 60.86 F(3, 44) = 0.435,

p = 0.729

30
min 3130.32 ± 214.53 3332.69 ± 223.62 3210.91 ± 145.59 3070.44 ± 217.69 F(3, 44) = 0.313,

p = 0.816

120
min 5262.90 ± 380.66 4979.64 ± 284.89 5615.37 ± 603.51 5392.65 ± 562.38 F(3, 44) = 0.311,

p = 0.817

Distance traveled (cm) was measured after 5, 30, and 120 min in female offspring whose mothers were fed a high-fat
(HFD), high-sugar (HSD), or mixed diet (MD) during pregnancy and lactation. The results are expressed as the
mean (±SEM). n = 12 rats/group. Data were analyzed by one-way analysis of variance (ANOVA) versus the control
diet (CD) group.

3.4. Cocaine Self-Administration

The impact of maternal diets during pregnancy and lactation on cocaine self-administration
in female offspring rats in two experimental protocols (stable dose of drug reinforcement and an
increased reinforcement schedule, or an increased dose of the drug with a stable reinforcement schedule)
was studied.

3.4.1. Stable Cocaine Dose and Increased Reinforcement Schedule

Figure 3a shows the number of active and inactive lever presses (upper panels) and the number of
infusions (lower panels) during three sequential weeks with increasing FR schedules of reinforcement
(FR1–5) and a stable dose of cocaine (0.5 mg/kg/infusion) for the female offspring from the CD, HFD,
HSD, and MD groups. Multi-way ANOVA for repeated measures did not show significant effects of
maternal diet × session × lever interactions during the eighteen days of cocaine self-administration
(F(51, 1324) = 0.515, p = 0.998). In addition, we did not find differences between the effect of maternal
diet on the number of cocaine infusions during the three weeks of self-administration, as demonstrated
by a two-way ANOVA for repeated measures (F(51, 663) = 1.112, p = 0.280). Despite the lack of
statistically significant differences, a reduced amount of infusions can be seen in the first and second
weeks of self-administration in female offspring exposed to a maternal HSD.

3.4.2. Increased Cocaine Dose and Stable Reinforcement Schedule

The number of active and inactive lever presses (upper panels) and the number of cocaine
infusions (lower panels) for the increasing doses of cocaine (0.25, 0.5 and 1 mg/kg/infusion) with a
stable FR1 reinforcement schedule during the entire experiment are shown in Figure 4a. We observed
that the active and inactive lever presses of female offspring whose mothers were fed modified diets
during pregnancy and lactation did not differ significantly from the lever presses conducted by the
control diet group in this protocol. Multi-way ANOVA for repeated measures did not reveal significant
maternal diet × session × lever interactions during the eighteen sessions of cocaine self-administration
(F(51, 1428) = 0.896, p = 0.682). A two-way ANOVA for repeated measures also showed no significant
changes in the number of cocaine infusion (F(51, 714) = 0.989, p = 0.497) in offspring.
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Figure 3. (a) Effects of a maternal high-fat (HFD), high-sugar (HSD), or mixed (MD) diet during
pregnancy and lactation on the acquisition/maintenance of cocaine (0.5 mg/kg/infusion) self-administration
with increasing fixed ratio (FR) schedules of reinforcement (FR1–5) in female offspring rats. (b) Effects
of the modified maternal diets on cocaine self-administration with a progressive ratio schedule in
female offspring day after the last session of cocaine self-administration under an increasing schedule
of reinforcement (FR1–5) and a stable dose of cocaine (0.5 mg/kg/infusion). (c) Effects of the modified
maternal diets upon self-administration extinction with a fixed dose of cocaine (0.5 mg/kg/infusion)
and an increased schedule of reinforcement (FR1–5) in female offspring rats. Numbers of active and
inactive lever presses and cocaine infusions are expressed as the mean (±SEM). The number of animals
in each group was as follows: CD (n = 11), HFD (n = 10), HSD (n = 10), MD (n = 12). CD, control diet.
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Figure 4. (a) Effects of a maternal high-fat (HFD), high-sugar (HSD), or mixed (MD) diet during
pregnancy and lactation on the acquisition/maintenance of cocaine (0.25–1 mg/kg/infusion)
self-administration with a stable FR1 schedule of reinforcement in female offspring rats. (b) Effects
of the modified maternal diets on cocaine self-administration with a progressive ratio schedule in
female offspring day after the last session of cocaine self-administration with a stable FR1 schedule of
reinforcement and an increasing dose of cocaine (0.25–1 mg/kg/infusion). (c) Effects of the modified
maternal diets on self-administration extinction with increased doses of cocaine (0.25–1 mg/kg/infusion)
and a stable FR1 schedule of reinforcement in female offspring rats. Numbers of active and inactive
lever presses and cocaine infusions are expressed as the mean (±SEM). The number of animals in each
group was as follows: cocaine self-administration CD (n = 12), HFD (n = 11), HSD (n = 11), MD (n = 12);
extinction training CD (n = 11), HFD (n = 10), HSD (n = 10), MD (n = 12). CD, control diet.

3.5. PR Schedule of Cocaine Reinforcement

The female offspring from the HFD, HSD, and MD groups did not differ from the control group in
the break point during cocaine self-administration under the PR reinforcement schedule following
an increasing schedule of reinforcement and a stable dose of cocaine (F(3, 39) = 1.222, p = 0.315).
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Animals did not differ in active and inactive lever presses during cocaine (0.5 mg/kg/infusion)
self-administration in the PR protocol (F(3, 78) = 0.637, p = 0.594; Figure 3b).

Maternal exposure to HFD, HSD, or MD did not change behavioral readouts in female offspring in
cocaine (1 mg/kg/infusion) self-administration in the PR scheme following a stable FR1 reinforcement
schedule and an increasing dose of cocaine (number of cocaine infusions (F(3, 42) = 0.406, p = 0.749);
number of active and inactive lever presses (F(3, 84) = 0.804, p = 0.495; Figure 4b).

3.6. Extinction Training

Extinction training was introduced to all rats after cocaine self-administration. After substituting
saline for cocaine, a progressive drop in lever responses was observed over the extinction sessions
for the CD, HFD, HSD, and MD groups. In the female offspring trained to self-administer cocaine
(0.5 mg/kg/infusion) with the increased FR1–5 schedule of reinforcement, a multi-way ANOVA for
repeated measures did not show significant effects of maternal diets on extinguished active lever
pressing (F(27, 702) = 0.545, p = 0.972; Figure 3c). Rats from mothers fed different diets did not differ in
their extinction of active lever responses (F(27, 702) = 0.442, p = 0.994) following cocaine (from 0.25 to
1 mg/kg/infusion) with the FR1 reinforcement schedule (Figure 4c).

3.7. Reinstatement of Cocaine-Seeking Behavior

Following 10 days of extinction training, all groups of female rats were tested for response
reinstatement induced by the cocaine-associated cue or cocaine (2.5 or 10 mg/kg, intraperitoneal).

3.7.1. Relapse after Stable Cocaine Dose and Increased Reinforcement Schedule

Figure 5a shows the number of active and inactive lever presses in offspring that were previously
subjected to self-administered cocaine (0.5 mg/kg/infusion) with the increased FR schedule of
reinforcement. Statistical analysis demonstrated that in female offspring, modified maternal diets
changed cue-induced reinstatement (F(3, 78) = 3.453, p < 0.05) as well as cocaine-induced reinstatement
for a cocaine dose of 2.5 mg/kg (F(3, 78) = 4.670, p < 0.01). Furthermore, there was no significant
difference in the strength of the recurrence of cocaine-seeking behavior between the CD group and
the tested diets for cocaine doses of 10 mg/kg (F(3, 78) = 1.661, p = 0.182). Post hoc tests indicated an
increase in active lever responses only in female offspring from the HSD group upon re-exposure on cue
or intraperitoneal cocaine administration at a dose of 2.5 mg/kg (p < 0.01 and p < 0.001, respectively).

3.7.2. Relapse after Increased Cocaine Dose and Stable Reinforcement Schedule

The number of active and inactive lever responses in animals that were previously trained
to self-administer increasing cocaine doses (0.25–1 mg/kg/infusion) with a stable FR1 schedule of
reinforcement is shown in Figure 5b. We found that a maternal HFD, HSD, and MD did not
significantly change the female offspring relapse strength after re-exposure to cocaine-associated
cues (F(3, 78) = 1.895, p = 0.448) and cocaine (2.5 mg/kg) compared to that of the control animals
(F(3, 78) = 1.990, p = 0.122). However, differences in active lever presses were observed after cocaine
was administered at a dose of 10 mg/kg (F(3, 78) = 3.043, p < 0.05). The HSD female offspring pressed
the active lever more times during the test (p < 0.05) compared to the number of presses performed by
the CD group.
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Figure 5. Effects of a maternal high-fat (HFD), high-sugar (HSD), or mixed (MD) diet during pregnancy
and lactation on reinstatement of the cocaine-seeking behavior induced by the cue (CUE; tone + light)
and the drug in female rat offspring. Drug-induced reinstatement was triggered by the administration of
cocaine (2.5 or 10 mg/kg, i.p.). (a) Tests were performed after cocaine (0.5 mg/kg/infusion) self-administration
with an increasing schedule of reinforcement (FR1–5) and 10 days of extinction training. (b) Tests
were performed after cocaine (0.25–1 mg/kg/infusion) self-administration with a stable FR1 schedule of
reinforcement and 10 days of extinction training. The numbers of active and inactive lever presses
are expressed as the mean (±SEM). The number of animals each group was as follows: CD (n = 11),
HFD (n = 10), HSD (n = 10), MD (n = 12). Data were analyzed by two-way ANOVA and the post hoc
Newman–Keuls test. * p < 0.05, ** p < 0.01, *** p < 0.001 versus the control diet (CD) group.

4. Discussion

In this study, we showed that a modified maternal diet during pregnancy and the lactation
period is an important factor inducing impairments at the behavioral and neurochemical levels and a
cocaine-seeking prone phenotype in female offspring. We focused on females due to the observed
differences in addiction to psychoactive substances in relation to sex (e.g., women are more likely
to relapse than men) [29] as well as the smaller number of studies assessing the effect of maternal
nutrition on behavioral changes in female offspring compared to the number of studies regarding male
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offspring. The results of this work are the first to indicate that a modification in the composition of
maternal diet, particularly an increased amount of carbohydrates (mainly sucrose) consumed during
fetal development and early childhood, results in an increased relapse of cocaine-seeking behavior and
in increased levels of MC-4 receptors in selected brain structures in female offspring.

Human research indicates that both obesity and the consumption of an HFD increases total food
consumption and the risk of alcohol [30,31] and nicotine addictions [32]. Recently, an increasing
number of preclinical studies focused mainly on maternal HFDs have proven that nutrition may
predispose offspring to an increased intake of palatable food [10,11,33], drinking alcohol [16,34,35],
nicotine [14], or simultaneous ethanol and nicotine [13] self-administration. In this paper, a series of
behavioral tests using an animal model of intravenous cocaine self-administration to determine the
female offspring phenotype after exposure to modified maternal diets were performed. We showed that
the predisposition to cocaine self-administration in female rats from a CD, HFD, HSD, or MD groups
was similar and did not depend on the schedule of reinforcement or the dose range of cocaine. In fact,
the animals did not differ significantly in the number of presses on the active and inactive levers or the
number of drug infusions during the acquisition/maintenance phase in either the cocaine motivational
scoring protocol (FR1–5) while testing the rewarding effects of the drug (cocaine 0.25–1 mg/kg/infusion)
or during the following test using the PR schedule to assess animals’ motivation. Moreover, following
three weeks of exposure to cocaine self-administration, no changes in female behavior were noted
during the drug abstinence period. In other words, modified maternal diets during pregnancy
and lactation did not influence either the rewarding or motivational aspects of cocaine intake in
female offspring.

Substance use disorder is a debilitating chronic brain disease characterized by high susceptibility
to relapse in response to stress or stimuli associated with previous drug use, even after a long period of
abstinence [4]. Approximately 40–60% of human addicts entering therapy return to using addictive
substances within the first year of treatment [36]. Due to the serious problem of relapse concerning
effective addiction therapy, our main finding was that in comparison to the control groups, the females
consuming an HSD, depending on the protocol of cocaine self-administration, evoked a higher
reinstatement following re-exposure to the cue associated with the previous cocaine infusions or the
presentation of the cocaine-priming dose (10 mg/kg). Interestingly, cocaine at a dose of 2.5 mg/kg,
which normally does not cause relapse (subthreshold dose), also significantly enhanced the active lever
presses in the female offspring of mothers that had consumed an HSD. It seems, therefore, that the
increased potency of cocaine relapse in offspring exposed to a maternal HSD may depend not only
on the conditions of individual development, but also on the pattern of drug use before abstinence.
Moreover, in both schedule protocols, there was no change in the rats’ responses to the inactive
lever, which suggests the specificity of the observed behavioral responses. Additionally, naïve female
offspring from diet-exposed groups showed similar spontaneous locomotor activity, which means
that the rats’ motor activity was not affected by the maternal diets and that the observed changes in
cocaine-seeking behavior are specific. Our findings showed that the effect of a maternal HSD during
pregnancy and lactation on the severity of a cocaine relapse is not dependent on sex, as a similar
increase in the reinstatement of drug-seeking behavior was found in male offspring [23].

Behavioral studies emphasize that prenatal exposure to cocaine causes increased self-administration
of cocaine [37–39] or alcohol [40] in offspring. Data from human observations indicate that exposure
to cocaine in utero leads to the earlier and more frequent use of drugs (cocaine, marijuana, alcohol,
and nicotine) by offspring in adolescence and early adulthood [41–44]. On the other hand, the literature
provides evidence that the consumption of a natural reward, such as sugar, manifests similar
neurochemical effects in the brain as the use of most addictive psychoactive substances. Within the
central reward system, an increased dopamine level was observed [45–48], as was the altered expression
of dopamine receptors [49–51] or the adaptive reduction of dopamine levels as a result of chronic
exposure to a sweet, natural reward [52]. In addition, behavioral changes characteristic of drug
addiction were observed similar to the neurochemical responses to natural rewards and psychoactive
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substances. These included, among others, increased sugar consumption [53] or increased animal
responses to a conditional stimulus associated with prior sucrose self-harvesting [54] after a period
of abstinence. Hence, the abuse of tasty foods or drugs is not the only way to induce similar
neurochemical and behavioral changes. Preclinical studies emphasize that exposure to a modified
maternal diet during intrauterine development, as well as addictive substances, also significantly
affects the offspring reward system being formed and its behavior later in life. Exposure to a diet
rich in energy (e.g., an HFD or western-type diet) during pregnancy and lactation induced increased
cocaine-induced place preference in the conditioned place preference (CPP) test, alcohol consumption,
sensitivity to amphetamine administration, and preference for fat, and at the molecular level changes
in dopaminergic brain signaling in juvenile and adult offspring [10,12,35,55]. There is also evidence
of the interaction of natural rewards (e.g., sucrose) and addictive substances such as cocaine [56–58],
methamphetamine [59], or alcohol [60]. For example, sensitization of behavioral responses occurs
following cocaine administration and prolonged activity involving addictive substances in rats
having intermittent access to granulated sucrose compared to the behavioral responses in animals
consuming only standard laboratory feed [56]. This may suggest that maternal exposure to an
increased amount of sucrose relative to a CD during pregnancy and early childhood, which is crucial
for normal brain development, may lead to hypersensitivity between the natural reward (sugars)
and the psychostimulants in offspring. Hence, female offspring of mothers that consumed an HSD
may be more sensitive to conditional and unconditional stimuli associated with previous positive
enhancements experienced during cocaine self-administration.

One of the neurochemical mechanisms that can potentially explain the offspring’s behavior to
cocaine may be associated with changes in the melanocortin system induced by a modified maternal diet.
In fact, female offspring of mothers that consumed an HSD demonstrated increased cocaine-seeking
behavior irrespective of the protocol, and the drug-naïve young adults female originating from mothers
that consumed an HSD showed an upregulation of MC-4 receptors in the synaptosomal fraction of the
nucleus accumbens and dorsal striatum, the brain regions linked to drug-seeking behavior [61,62].
Similarly, increased levels of accumbal MC-4 receptors were observed in female offspring exposed
to an MD or in the dorsal striatum in the HFD group, but such changes did not provoke behavioral
changes. This indicates the complexity of the factors involved in cocaine-seeking behavior or that
behavioral changes manifest only when disturbance within MC-4 receptors occurs in several structures
of the reward system. The simultaneous change in the expression of MC-4 receptors within the nucleus
accumbens and dorsal striatum may lead to different activities of these structures than that observed
in members of the CD group after exposure to conditional and unconditional stimuli, which may
contribute to the observed intensification of the reinstatement of cocaine-seeking behavior in these
animals. Previous studies assessing the effect of HFD intake by mothers before conception and during
pregnancy and lactation showed reduced MC-4 mRNA expression in the female hypothalamus of
offspring immediately after lactation (PND 20) [63]. Our findings demonstrate that switching to a CD
after weaning, on one hand, can restore the basal level of MC-4 receptors in the hypothalamus, but the
maternal diet leading to distant neurochemical consequences occurring in the nucleus accumbens and
dorsal striatum does not disappear during the lifetime of the offspring.

The changes within the MC-4 receptors observed in the rat brain regions associated with
the dopamine mesocorticolimbic system seem to be particularly important, as the brain structure
is strongly associated with psychostimulant reward effects [64] and is involved in cue-, cocaine-,
or stress-inducing reinstatement [65,66], supplementing existing knowledge about the interaction of
psychoactive substances and MC-4 receptors. Recent studies have shown a decrease in the activity of
agouti-related protein (AgRP) and proopiomelanocortin (POMC) neurons in the hypothalamus after the
administration of cocaine, amphetamine, and nicotine, which suggests that not only reward pathways
but also neuronal pathways associated with maintaining homeostasis affect the enhancement of these
substances [67]. Typically, passively administered cocaine resulted in an increase in MC-4 receptor
mRNA levels in the striatum, hippocampus, and hypothalamus [68,69]. Moreover, administration
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of the MC-4 receptor antagonist SHU-9119 to the nucleus accumbens reduced low-dose cocaine
self-administration (0.125–0.25 mg/kg/infusion), cocaine-induced CPP, and the reinstatement of
cocaine-seeking behavior [69]. On the other hand, the blockade of central MC-3/4 receptors with AgRP
resulted in the blockade of acute and sensitized locomotor responses to cocaine [70]. Our recent data
showed differences in the levels of MC-4 receptors within the prefrontal cortex, nucleus accumbens,
dorsal striatum, and amygdala between CD and HSD male offspring after three weeks of cocaine
self-administration and 10 days of extinction [23]. The data suggest that a maternal HSD during
pregnancy and lactation interferes with the adaptive mechanisms in the brains of male offspring,
during which abstinence can restore melanocortin signaling homeostasis after cocaine exposure.
Current evidence suggests that MC-4 receptor activity may affect behavioral aspects of the cocaine
response through interaction and modulation of the dopaminergic system [71–75].

In summary, the described results emphasize the important role of a maternal diet rich in
sugars during fetal development and early childhood in the predisposition of female offspring to
cocaine-seeking behavior in adult life. Moreover, an altered amount of macronutrients in the maternal
diet disrupts the proper expression of MC-4 receptors in brain structures involved in cocaine relapse in
female offspring, thus leading to a stronger response to exposure to conditioned and unconditioned
stimuli combined with earlier cocaine self-administration.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/5/1462/s1,
Figure S1: Effects of a high-fat (HFD), high-sugar (HSD), or mixed (MD) diet on (a) maternal body weight changes
(as a percentage of weight gain compared to start weight) and (b) average daily energy intake during pregnancy
and lactation. Effects of the modified maternal diets on (c) litter size and (d) birth body weight of female offspring.
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Abstract: Life expectancy of humans has increased continuously up to the present days, but their
health status (healthspan) was not enhanced by similar extent. To decrease enormous medical,
economical and psychological burden that arise from this discrepancy, improvement of healthspan is
needed that leads to delaying both aging processes and development of age-related diseases, thereby
extending lifespan. Thus, development of new therapeutic tools to alleviate aging processes and re-
lated diseases and to increase life expectancy is a topic of increasing interest. It is widely accepted that
ketosis (increased blood ketone body levels, e.g., β-hydroxybutyrate) can generate neuroprotective
effects. Ketosis-evoked neuroprotective effects may lead to improvement in health status and delay
both aging and the development of related diseases through improving mitochondrial function, an-
tioxidant and anti-inflammatory effects, histone and non-histone acetylation, β-hydroxybutyrylation
of histones, modulation of neurotransmitter systems and RNA functions. Administration of ex-
ogenous ketogenic supplements was proven to be an effective method to induce and maintain a
healthy state of nutritional ketosis. Consequently, exogenous ketogenic supplements, such as ketone
salts and ketone esters, may mitigate aging processes, delay the onset of age-associated diseases
and extend lifespan through ketosis. The aim of this review is to summarize the main hallmarks of
aging processes and certain signaling pathways in association with (putative) beneficial influences of
exogenous ketogenic supplements-evoked ketosis on lifespan, aging processes, the most common
age-related neurodegenerative diseases (Alzheimer’s disease, Parkinson’s disease and amyotrophic
lateral sclerosis), as well as impaired learning and memory functions.

Keywords: ketogenic supplement; ketosis; aging; lifespan; neurodegenerative disease; learning;
memory

1. Introduction

Aging processes result in irreversible decline of normal physiological functions (time-
dependent functional decline) and age-related diseases. It has been demonstrated that
several genes and environmental factors can modulate cellular functions leading to the
appearance of ageing hallmarks, such as cellular senescence, mitochondrial dysfunction,
loss of proteostasis, telomere attrition, deregulated nutrient sensing, stem cell exhaustion
and epigenetic alterations [1,2]. These changes may generate, for example, chronic in-
flammation and aging that leads to increased risk for age-related chronic diseases, such
as neurodegenerative diseases (e.g., Alzheimer’s disease), osteoporosis, cardiovascular
diseases, cancer, diabetes, sarcopenia and osteoarthritis [1,2].

A worldwide increase in elderly population has been predicted, as about 9% of people
were over the age of 65 in 2019, which number was predicted to increase to approximately
17% by 2050 [3,4]. Human lifespan is increasing, as a result of more and more effective
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therapeutic tools and improvement in living conditions, but the health status of patients is
not improving by the same intensity. Thus, the prevalence of age-related diseases, such
as neurodegenerative diseases are continuously increasing each year [5,6] and the conse-
quences of aging processes and related diseases generate enormous medical, psychological
and economical burden for humanity [7]. To decrease the negative consequences of aging
processes and related diseases, thereby to mitigate their negative effects on health and the
economy, several drugs were developed that are undergoing clinical trials. For example,
rapamycin and its analogues [8–10], metformin [11,12], sirtuin (SIRT) activators [13,14] and
senolytics (for elimination of senescent cells) [15] can modulate aging mechanisms, and,
as a consequence, increase lifespan and decrease risk for age-related diseases. However,
to prevent, alleviate and delay age-related processes and diseases, to extend health span
and to improve the quality of life of elderly population, development of safer and more
effective drugs and therapeutic tools are needed.

Exogenous ketogenic supplements (EKSs), such as ketone esters (KEs, e.g., R,S-1,3-
butanediol—acetoacetate diester), ketone salts (KSs, e.g., Na+/K+—β-hydroxybutyrate/βHB
mineral salt), and medium chain triglycerides (MCTs/MCT oils containing, e.g., about 60%
caprylic triglyceride and 40% capric triglyceride) have been proven effective when used
together with normal diet to induce and maintain an increased blood ketone body level
(ketosis) [16–20]. It has been demonstrated that the level of EKSs-induced ketosis may
change by age and gender [21]. Ketone bodies (e.g., βHB and acetoacetate) can enter to the
central nervous system (CNS) via monocarboxylate transporters and can be used for ATP
(adenosine triphosphate) synthesis via the Krebs-cycle in brain cells [22–25]. It has been
demonstrated that EKSs can generate rapid (0.5–6 h after administration) and mild to mod-
erate [19,26–29] therapeutic ketosis (about 1–7 mM) [30,31]. In order to sustain therapeutic
ketosis leading to positive outcome, administration of different amounts of EKSs must be
repeated for several days or up to several months depending on the disease, the dose and
type of EKSs. For example, administration of 30 g MCT drink/day for 6 months and 75 g
KE/day for 4 weeks were able to evoke beneficial effects in patients with mild cognitive
impairment and type 2 diabetes, respectively [32,33]. However, it has been suggested that
not only these, but other EKSs may be effective and safe ketone body precursors for the
treatment of diseases in humans through increased βHB level (ketosis) [29,32,34,35]. It
has been demonstrated that EKSs are well-tolerated and safe (with mild adverse effects,
if any) [19,26,28,29,33,36]. Moreover, administration of EKSs can circumvent both dietary
restrictions and adverse effects of ketogenic diets (e.g., nephrolithiasis, constipation and
hyperlipidemia) [37]. Thus, administration of EKSs may be a safe and effective alternative
metabolic therapy to the ketogenic diet.

It has also been demonstrated that administration of EKSs-generated therapeutic
ketosis may evoke beneficial effects on CNS diseases [34,38,39]. For example, KEs, KSs
and MCT oils can evoke anti-seizure and anti-epileptic effects [36,40–42], anxiolytic in-
fluence [26,43,44], regeneration of nervous system injuries [45] and alleviating effects on
neurodegenerative diseases (such as Alzheimer’s disease) [41,46–48]. These beneficial
effects were induced likely through ketosis-evoked neuroprotective effects, for example,
by improved mitochondrial functions, enhanced ATP levels, decreased inflammatory
processes and decreased oxidative stress [23,24,34,49,50]. Moreover, ketone bodies may
modulate aging processes thereby extend lifespan and delay the development of age-
related diseases, such as neurodegenerative diseases. In fact, it has been demonstrated
that not only ketogenic diets, but also administration of EKSs can increase and maintain
blood ketone body level [19,26–29], which ketone bodies, such as βHB, may promote
anti-aging effects [35,51,52]. Moreover, it was demonstrated that βHB, as an endogenous
ligand molecule, can activate the hydroxycarboxylic acid receptor 2 (HCAR2 or GPR109A
receptor) [53,54]. HCAR2 receptors are expressed not only in macrophages, but also in
the brain cells, mainly in microglia, as well as astrocytes and neurons [54–56]. Thus, βHB
molecule via, for example, HCAR2 receptors can modulate not only physiological, but
also pathophysiological processes in the brain that are connected to aging and neurode-
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generative diseases [55,57,58]. Based on the literature, increase of βHB level may be the
main factor contributing to the beneficial effects on aging, lifespan and age-related diseases
after administration of EKSs. Indeed, it has been demonstrated that βHB decreased the
senescence associated secretory phenotype (SASP) of mammals [59] and extended the lifes-
pan of C. elegans [60]. Consequently, in this review paper we focused on βHB-generated
alleviating effects. Although limited evidence supports the alleviating influence of EKSs on
lifespan, aging processes and related CNS diseases, we can hypothesize that EKSs-evoked
increase in blood βHB level can modulate (alleviate) aging processes and improve symp-
toms of age-related diseases through their neuroprotective effects, therefore may delay
both aging and the development of related diseases and extend lifespan.

This review discusses the hallmarks of aging and putative anti-aging molecular
mechanisms (pathways) by which EKSs may be able to exert their beneficial effects on
lifespan, healthspan, aging, the most common age-related neurodegenerative diseases
(Alzheimer’s disease, Parkinson’s disease and amyotrophic lateral sclerosis), as well as
learning and memory.

2. Main Features of Aging Processes

It has been demonstrated that aging is the most common risk factor for emergence of
neurodegenerative diseases [2]. Indeed, as life expectancy of humans increase, more and
more people suffer from different types of neurodegenerative diseases, such as Alzheimer’s
disease [61]. Moreover, it has been demonstrated that development and incidence of the
most common neurodegenerative diseases, Alzheimer’s disease (e.g., characterized by ex-
tracellular senile, amyloid-β/Aβ plaque and neurofibrillary tangle/hyperphosphorylated
and misfolded Tau accumulation in the brain; impairment of learning and memory),
Parkinson’s diseases (e.g., characterized by the accumulation of α-synuclein and the loss
of dopaminergic neurons; tremors and muscle rigidity) and amyotrophic lateral sclerosis
(e.g., accumulation of TAR DNA-binding protein 43; progressive degeneration of motor
neurons a motor defects; muscle weakness) are promoted by aging [6,62–64]. It has also
been also demonstrated that aging hallmarks, such as reduced telomere length and/or
genomic instability, epigenetic alterations, mitochondrial dysfunction, cellular senescence,
loss of proteostasis, changes in activity of nutrient sensing pathways and intercellular
communication, as well as stem cell exhaustion can be detected in Alzheimer’s disease,
Parkinson’s disease and amyotrophic lateral sclerosis. However, in amyotrophic lateral
sclerosis, the reduced telomere length, genomic instability, cellular senescence and changes
in intercellular communication may be the main contributing factors [63,64]. Thus, in this
chapter, we shortly characterize the main aging hallmarks and their connection with the
development of the above-mentioned age-related neurodegenerative diseases. Moreover,
based on the literature (e.g., administration and effects of senomorphic drugs and caloric
restriction) we present the main signaling pathways contributing to the modulation of
aging processes, suggesting that inhibition or activation of these pathways may be used for
delaying not only aging, but also related neurodegenerative diseases, improve impaired
learning and memory functions, as well as to promote lifespan.

2.1. Nutrient Sensing Pathways

Changes in activity of nutrient sensing pathways may have a role in aging and
development of age-related diseases. It has been demonstrated that caloric restriction
and fasting can attenuate aging, expand lifespan, generate neuroprotective effects and
prevent age-related diseases through energy (nutrient) sensing insulin/insulin-like growth
factor (IGF) 1 (IIS) pathway, AMP (adenosine monophosphate) activated serine-threonine
protein kinase (AMPK), Sirtuin 1 (SIRT1) and transcriptional factor FOXOs (Forkhead box
Os) [65–68]. Previous studies show that caloric restriction can decrease IGF, insulin, glucose
and amino acid levels, whereas increase NAD+ (nicotinamide adenine dinucleotide) and
AMP levels (Figure 1). These alterations are sensed by the (i) IIS pathway, activated by
increased IGF and glucose levels; (ii) AMPK, which senses low energy states via increased
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AMP levels; (iii) SIRT1, which also senses low energy states via increased NAD+ levels
(NAD+-dependent protein deacetylase); and (iv) mechanistic target of rapamycin (mTOR),
which senses high amino acid levels leading to stress resistance, oxidative metabolism,
enhanced DNA repair, epigenetic stability and increase in longevity [69–71].

–

–

 

evoked ketosis (βHB) can im-

βHB, beta

κB, nuclear factor kappa
1α activated receptor gamma (PPARγ) coactivator 1α; 

mediated toxicity of the Aβ1–
β –
abnormal aggregation of proteins in neurodegenerative diseases, such as Alzheimer’s dis-

Figure 1. Main downstream signaling pathways and some effects, by which different senomorphic drugs (e.g., metformin),
interventions (e.g., caloric restriction) and, theoretically, exogenous ketogenic supplements-evoked ketosis (βHB) can
improve age-dependent impaired processes (aging hallmarks). Abbreviations: Akt, Akt kinase/protein kinase B; AMPK,
AMP activated serine-threonine protein kinase; ATP, adenosine triphosphate; βHB, beta-hydroxybutyrate; FOXOs, Forkhead
box Os; HCAR2, hydroxycarboxylic acid receptor 2; IGF 1, insulin-like growth factor 1; mTORC1, mechanistic target of
rapamycin C1; NAD+, nicotinamide adenine dinucleotide; NADH, nicotinamide adenine dinucleotide (NAD) + hydrogen
(H); NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; Nrf2, nuclear factor erythroid 2-related factor 2;
PGC-1α, peroxisome proliferator-activated receptor gamma (PPARγ) coactivator-1α; PI3K, phosphatidyl inositol-3-kinase;
ROS, reactive oxygen species; SASP, senescence associated secretory phenotype; SIRT1, Sirtuin 1.

Reduced activity of the IIS pathways can extend lifespan [72], similarly to the mTOR
inhibitor rapamycin-evoked increase in lifespan [9]. It was also demonstrated that de-
creased IIS signaling reduced the aggregation-mediated toxicity of the Aβ1–42 (amyloid
β-peptide 1–42), suggesting that decreased insulin signaling may be protective against
abnormal aggregation of proteins in neurodegenerative diseases, such as Alzheimer’s
disease [73]. Moreover, mTOR (a serine/threonine protein kinase) is the main regulator
of cellular growth and mass accumulation, which contains mTORC1 and mTORC2 com-
plexes [6]. mTORC1 is able to integrate signals from nutrients, growth factors, energy, and
oxygen level in order to promote cell proliferation and growth (e.g., enhancement of energy
metabolism/glycolysis and nucleotide, protein, as well as lipid synthesis and inhibition of
catabolism/autophagy) [74,75] (Figure 1). Indeed, for example, mTORC1 supports protein
synthesis by phosphorylation of S6K1 (ribosomal protein S6 kinase 1) and 4EBP1 (eukary-
otic translation initiation factor 4E binding protein 1) molecules, which processes may be
activated by Akt kinase (protein kinase B) [6,75,76] (Figure 1). Moreover, mTORC1 can sup-
press autophagy via inhibition of ULK1 (Uncoordinated/Unc-51-like kinase 1) by which
impedes the cellular homeostasis maintaining processes (e.g., providing nutrients under
starvation and removing damaged organelles and misfolded proteins) [75,77]. Thus, inhibi-
tion of mTORC1 effects on autophagy may be an important tool to decrease age-dependent
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processes (aging hallmarks, such as loss of proteostasis) and promoting longevity [6]
(Figure 1). It was also demonstrated that mTORC2 has a role in the cytoskeleton reorgani-
zation (connected to cell growth) and cell survival modulation [75,78].

SIRTs and AMPK also have a role in the modulation of lifespan. Activation of
AMPK mediated pathways by low energy levels has a role in inhibition of glucose pro-
duction, increase in activity of beta-oxidation (fat burning) and promotion of mitochon-
drial functions and mitochondrial biogenesis [79,80] (Figure 1). AMPK exerts its effect
on energy metabolism by phosphorylation of, for example, (i) ACCs (acetyl-CoA car-
boxylases), such as ACC1, which ACC1 inhibition lead to enhancement of fatty acid
oxidation/mitochondrial-oxidation and suppression of lipogenesis; and (ii) the transcrip-
tion factor SREBP1 (sterol regulatory element-binding protein 1). The inhibitory effect
of AMPK results in reduced fatty acid synthesis [80]. It was suggested that AMPK acti-
vation may be a promising anti-aging therapeutic target, for example, by improvement
of mitochondrial dysfunction. AMPK activation not only decreased the activity of an-
abolic pathways and increased activity of catabolic pathways leading to increase of ac-
tivity of energy (ATP)-generating pathways and decrease in energy (ATP)-consuming
processes, but also increased lifespan in diabetic patients [79,80]. Moreover, increase in
AMPK activity decreases the expression of proinflammatory cytokines, therefore modulate
intercellular communication (Figure 1) by inhibition of advanced-glycation end prod-
ucts (AGEs)-evoked increase in the level of transcription factor NF-κB (nuclear factor
kappa-light-chain-enhancer of activated B cells) mRNA and protein [81]. However, AMPK
activation may suppress inflammation through the inflammatory response inducer NF-κB
by other pathways, for example, through triggering of inhibitory activity of SIRT1, PGC-1α
(peroxisome proliferator-activated receptor γ/PPARγ coactivator 1α), FOXOs and p53
(transcription factor tumor suppressor protein 53) on NF-κB-signaling or via inhibition of
NF-κB activator ER (endoplasmic reticulum) stress and oxidative stress [82]. Moreover,
AMPK is able to increase PGC-1α activity not only directly (by phosphorylation, before
subsequent deacetylation of PGC1-α by SIRT1) [83], but also via arrest of PGC-1α inhibitory
effect of mTORC1 [66] (Figure 1).

It has also been demonstrated that caloric restriction may exert its effect on lifespan
through SIRTs [84], thus SIRTs are considered as putative anti-aging factors. SIRTs, such
as SIRT1 and SIRT3 are able to sense low energy levels via detection of high NAD+ levels.
SIRTs are Class III HDACs histone deacetylases, which enzymes use coenzyme NAD+ to
remove acyl groups of proteins, such as acetyl-lysine residues of histones and non-histones,
such as PGC-1α, FOXOs, p53 and NF-κB [69,85]. Under nutrient deprivation (caloric restric-
tion), the level of a nutrient-sensing deacetylase SIRT1 is elevated (which, e.g., increases
hepatic glucose production through PGC-1α), but its level reduced by overfeeding [86,87].
It has been demonstrated that activation (overexpression) of SIRT1 may increase lifespan
and have an alleviating role in all age-related processes (hallmarks) (Figure 1) and several
diseases, such as neurodegenerative diseases [88–90]. Indeed, SIRT1 expression was found
to decrease with age, for example in the brain [91]. Moreover, it was also demonstrated that
decreased level of SIRT1 in microglia can lead to cognitive decline (Tau-mediated memory
deficits) in aging and neurodegeneration by upregulation of IL-1β (interleukin-1β) [91]. It
was also demonstrated that caloric restriction can attenuate Alzheimer’s disease progres-
sion, for example, by decreasing the accumulation of Aβ plaque [92] and promote longevity
and healthy aging [93] likely via SIRT1 activation [93–95], whereas higher caloric intake may
increase the risk of the development of Alzheimer’s disease [96]. Reduction of SIRT1 levels
was also demonstrated in parietal cortex in patients with Alzheimer’s disease, which was
associated with the accumulation of Aβ and Tau [97], whereas activation of SIRT1 can
suppress α-synuclein aggregation [98]. It has been demonstrated that SIRT1-evoked neuro-
protection may evoke not only decrease in excitotoxicity and neurodegeneration [99,100],
but also improved healthspan and extended lifespan likely through activation of PGC-1α
(regulation of mitochondrial biogenesis) (Figure 1) and FOXOs (enhancing stress response
via autophagy, resistance to oxidative stress and DNA damage and FOXO3′s ability to
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induce cell cycle arrest), as well as inhibition of p53 (regulation of apoptosis and cell cycle)
and SREBP1 (regulation of lipid metabolism) activation [6,88,101,102]. These pathways
can lead to alleviating effects in neurodegenerative diseases, such as Alzheimer’s disease
and amyotrophic lateral sclerosis via, for example, SIRT1-generated deacetylation (and
activation) of PGC-1α [94]. It has been demonstrated that SIRT1 is able to inhibit cell aging
via p53 (deacetylation thereby inhibition of both p53 and its proapoptotic activity) [103] and
can modulate development (fate) of neural progenitor cells [104]. It was also demonstrated
that cellular NAD+ level decreased with age (evoked by, e.g., accumulated DNA damages
during aging) leading to decreased SIRT activity, mitochondrial dysfunction [88,105] and
development of age-related diseases, such as neurodegenerative diseases [106]. Conse-
quently, therapeutic tools, such as administration of different drugs and metabolic therapies,
which increase NAD+ level can evoke alleviating effects on aging-related processes and
diseases, as well as promote longevity [6,106] (Figure 1).

It was also demonstrated that mutation, lacking, genetic variants or inactivation of
insulin/IGF-1 receptor, as well as caloric restriction (inhibiting insulin/IGF-1 signaling)
(Figure 1) extends the lifespan, not only in different animals, such as mice, but also in
humans [6,107,108] via PI3K (phosphatidyl inositol-3-kinase)/Akt/FOXOs pathway pro-
moting stress defense. Under these conditions (e.g., caloric restriction-evoked decrease in
insulin level) unphosphorylated FOXOs can be transported to the nucleus to promote the
transcription of several genes (namely, their phosphorylation impedes their translocation
to the nucleus) leading to increased stress resistance, cell cycle arrest, damage repair and
increased longevity (lifespan) [72,109].

2.2. Telomere Shortening and Genome Instability

Reduced length of repetitive ribonucleoprotein sequences at the distal ends of eukary-
otic chromosomes (telomere) during cell division was demonstrated during physiological
(“natural”) aging of mammals [110]. However, if the length of telomeres is too short it can
cause damage of the DNA molecules, cellular senescence, mitochondrial dysfunctions (de-
creased mitochondrial biogenesis and functions, as well as increased ROS/reactive oxygen
species level via p53-evoked repression of PGC-1α/β), and inflammation thereby ag-
ing [110–112]. It was also suggested that activation of telomerase activity not only enhances
the survival time and increase lifespan of mammals [3,113], but also may be favorable
for cancer cell development (by decreased senescence and immortalization) [2,114]. Thus,
shorter telomeres- and low (if any) telomerase activity-evoked senescence can prevent
tumorigenesis at least in animals with long lifespan [2]. It was also suggested that telomere
attrition may have a role in development of age-related neurodegenerative diseases, such
as Alzheimer’s disease [111]. AMPK and SIRT1 can attenuate age-related telomere shorten-
ing through PGC-1α (Figure 1) suggesting beneficial role of AMPK/SIRT1 activation on
neurodegenerative diseases [115].

Not only telomere shortening, but also chromosomal aneuploidy, somatic mutations
and copy mutations may have a role in DNA damage [116]. Moreover, defects of DNA
repair mechanisms (such as base excision repair), mitochondrial DNA mutation and
perturbations of the nuclear lamina may also generate genome instability (accumulation of
genetic damage), cell dysfunction and aging via senescence [63,117–119], which processes
may evoke (or have a role in) age-related diseases [78]. Indeed, DNA damage can trigger
the onset of neurodegenerative diseases, such as Parkinson’s disease and amyotrophic
lateral sclerosis [120]. Changes in integrity and stability of DNA can be evoked through
both exogenous effects (e.g., by chemical, physical and biological agents) and endogenous
influences (e.g., by increase in ROS level and DNA replication errors) [118]. SIRT1 have
a positive influence on DNA repair thereby genomic instability (Figure 1), suggesting
alleviating effect of SIRT1 activation on neurodegenerative diseases [115].
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2.3. Epigenetic Alterations

The epigenome contains molecular switches by which genes may be activated or inhib-
ited during the entire lifetime [121]. It was demonstrated that epigenetic alterations, such as
changes in DNA methylation patterns (which methylation is inversely proportional to gene
activation), chromatin remodeling, expression of non-coding RNAs and posttranslational
histone modifications may also promote aging processes [78,122]. For example, it has been
demonstrated that (hyper)methylation of promoter sequences of the genes (and in general
on the DNA) can lead to silencing of genes related to, for example, apoptosis [123], whereas
DNA hypomethylation promotes gene activation [124,125]. It was also demonstrated that
changes in the pattern of DNA methylation (hypermethylation or hypomethylation) by age
may be important in the mechanism of aging [126] and used as an aging clock (e.g., a link
between methylcytosine/DNA methylation and age was demonstrated) [125,127]. Both
global decrease of DNA methylation (which hypomethylation may induce age-associated
genomic instability and loss of telomere integrity) and site-specific hypermethylation of
promoter sequences were observed by age [122–124,128]. A previous study showed that
age-induced hypomethylation was corrected by caloric restriction [129].

It has been suggested that caloric restriction can upregulate SIRT1 transcription leading
to increase in histone deacetylation and methylation of DNA, which effects may compen-
sate the decrease in both SIRT1 activity and DNA methylation, as well as increase in histone
acetylation by age and increase lifespan (e.g., by maintenance of adequate DNA methyla-
tion pattern and genomic stability) [90,130] (Figure 1). Histone acetyl transferases (HATs)
can attach acetyl groups to histones leading to increased positive charge, and attenuation
of interaction with DNA, and thereby enhancing DNA transcription. Conversely, HDACs
can remove acetyl groups from histones, which effect enhances interaction between his-
tones and DNA resulting decreased transcription. Consequently, antagonists of HDACs
may facilitate DNA transcription [131,132]. Based on these results above, expression of
genes can be blocked (silenced) through not only methylation of DNA (e.g., methylation
of promoter sequences of genes), but also deacetylation of histones, which continuous
silencing of genes may be an important factor in progressive aging [123]. Moreover, his-
tone methylation and demethylation (by histone methyl transferases and demethylases)
and histone acetylation and deacetylation (by HATs and HDACs) can modulate lifespan,
aging and age-related diseases [124,133,134]. For example, SIRT1-evoked deacetylation of
Nk2 homeobox 1 can extend lifespan and delay aging processes in mice [133]. It has been
demonstrated that inhibitors of HDACs (Classes I, II and IV HDACs), such as Trichostatin
A, may be effective in the treatment of neurodegenerative diseases and the extension of
lifespan [135,136]. Moreover, HDAC inhibitors decreased death of motor neurons, en-
hanced motor performance, increased the survival time and resulted in life extension
in a mice model of amyotrophic lateral sclerosis [137], restored fear learning, decreased
Aβ accumulation and improved cognitive performance in mouse models of Alzheimer’s
disease [138,139] and generated neuroprotection in a model of Parkinson’s disease [140]. It
was also suggested that miRNAs (microRNAs; a class of small non-coding silencing RNAs,
which have a role in regulation of mRNA translation) may promote longevity and have a
role in both neurodegeneration and age-related neurodegenerative diseases [141,142]. For
example, hippocampal upregulation of miR-181 and related decrease of SIRT1 expression
and, as a result, reduction of synaptic plasticity was demonstrated in a mouse model of
Alzheimer’s disease [143]. As a response to severe, persistent DNA damage (e.g., by ox-
idative stress), activated poly(ADP-ribose)-polymerase-1 (PARP-1) adds ADP-ribose units
to histones leading to the promotion of chromatin relaxation [144], enhances PARylation
(generating PAR polymers as epigenetic effect) at sites of DNA damage (alteration) [63]
and induce neuronal cell death via modulation of gene expression and mitochondrial
dysfunction [145]. Moreover, excess PARP1 activation was demonstrated in aging and
neurodegenerative diseases resulting mitochondrial dysfunction, neuroinflammation and
dysregulation of autophagy (and mitophagy; e.g., via mTOR activation) [144,146]. For ex-
ample, PARP1 enhances inflammation via NF-κB, decreased NAD+ level and SIRT1 activity
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and has a role in telomere shortening and, as a consequence, enhances senescence, leading
to neurodegeneration and reduced lifespan [144,146,147]. As SIRT1 activity decreased by
age [91], under this condition, both acetylation (activation) of PARP1, and PAPR1-evoked
neuroinflammation may be increased. However, to retain its own functions via preser-
vation of NAD+ levels, SIRT1 is able to deactivate (deacetylate) Parp1 [148]. Moreover,
increased expression and excessive activation of PARP1 was demonstrated in Parkinson’s
disease, Alzheimer’s disease and amyotrophic lateral sclerosis [145,149,150]. As it was
demonstrated, Aβ and α-synuclein accumulation may generate activation of PAPR1 via, for
example, increased level of ROS; thus, enhanced PARP1 activity aggravates Alzheimer’s dis-
ease and Parkinson’s disease symptoms by promotion of Aβ and α-synuclein aggregation,
respectively [145,149]. Consequently, PARP1 inhibition can alleviate neuroinflammation,
dysregulation of autophagy and mitochondrial dysfunction thereby inhibit development
of inflammation(age)-related neurodegenerative diseases (or alleviate their symptoms),
for example via SIRT1 activation [146,151]. It was also demonstrated that increase in βHB
level can evoke epigenetic (posttranslational) gene regulation by β-hydroxybutyrylation
of histones resulting regulation of gene expression thereby adaptation of cells to altered
cellular energy source [152].

2.4. Mitochondrial Dysfunction

Mitochondrial dysfunction is associated with the decline of mitochondrial activity,
such as defect of respiratory chain, decrease in ATP synthesis and level, as well as increase
in ROS production. This hallmark of aging may be evoked by, for example, decreased
mitochondrial biogenesis, defective mitophagy and mtDNA mutations leading to pro-
cesses (e.g., enhancement of inflammatory processes), which can reduce lifespan, enhance
aging and the risk of age-related diseases [69,153]. Indeed, it has been demonstrated that
decrease in mitochondrial functions or damage of mitochondria may also be in the back-
ground of the development of neurodegenerative diseases [154] through excessive ROS
formation leading to inflammation and genomic instability. These processes can enhance
cellular senescence, aging processes and development of age-related diseases [154]. It
was also demonstrated, that increased level of ROS may generate protective, homeostatic
(alleviating) processes (e.g., on lifespan limiting cellular processes via ROS-dependent,
protective, stress-response pathways), but, by aging progress, above a certain level ROS
can evoke (aggravate) age-related damages [155]. It was demonstrated that autophagy
(and mitophagy) declined with age [156], which can generate accumulation of damaged
mitochondria thereby increased inflammation (e.g., via increased ROS level-evoked activa-
tion of NLRP3/NOD-like receptor pyrin domain 3 and NF-κB), cell death (e.g., through
activation of caspases and mitochondrial permeability transition/mPT pore by excess ROS)
and DNA damage (by ROS leading to increase in apoptotic signaling, such as p53) [153].
Moreover, it has been demonstrated that defects in mitochondria and autophagy (thereby
aggregation of not only α-synuclein and Aβ peptide, but also impaired mitochondria) may
have a role in development of neurodegenerative diseases, such as Parkinson’s disease and
Alzheimer’s disease [153,156–158]. Thus, drugs or interventions, such as caloric restriction,
which are able to promote autophagy and mitophagy, therefore inhibit mitochondrial
dysfunction, ROS production, aggregation of toxic proteins, inflammation, cell death and
cell senescence, can delay age-related degeneration, extend healthy lifespan and alleviate
neurodegenerative diseases [159–161]. Indeed, for example, it was demonstrated that
SIRT1 has a role in elimination of damaged mitochondria via autophagy (by enhanced
activity of autophagy proteins) [162–164] and in mitochondrial biogenesis (increase in mito-
chondrial biogenesis) via increased transcriptional cofactor PGC-1α activity [87] (Figure 1),
whereas a mitochondrial deacetylase SIRT3 controls (decreases) ROS level by enhancement
of antioxidant activity of superoxide dismutase 2 (SOD2) during caloric restriction, leading
to increased oxidative stress resistance [165]. Moreover, it was also demonstrated that
increased SIRT3 activity can suppress mPT pore formation by which it can prevent mito-
chondrial dysfunctions [166]. It was also demonstrated that PGC-1α activation can enhance
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mitochondrial biogenesis and improve mitochondrial energy metabolism, therefore increas-
ing lifespan and protecting against neurodegenerative diseases [167]. PGC-1α can bind and
co-activate the transcription factor PPARγ (belongs to the superfamily of nuclear receptors)
and promotes not only mitochondrial biogenesis, but also SOD and catalase activity, glu-
cose metabolism and oxidative phosphorylation [162,168–170], whereas reduces the level
of NF-κB and pro-inflammatory cytokines [171,172], as well as Aβ generation [173,174].
Indeed, reduced level of PGC1-α can result in decreased mitochondrial respiration and
enhanced inflammatory processes [175]. Moreover, mitochondrial uncoupling via the
overexpression of uncoupling protein 1 (UCP1) may also increase the lifespan [176].

2.5. Altered Intercellular Communication: Increased Inflammatory Processes

Aging processes are also connected to dysregulation of cell-cell connectivity and inter-
cellular communication leading to, among others, sterile (activation of immune response
without appearance of pathogens), chronic, low-grade inflammation (named “inflammag-
ing”) with activation of NF-κB, as well as increased synthesis and release of proinflamma-
tory cytokines (e.g., IL-1β and TNF-α/tumor necrosis factor-α) [69,125,177,178]. Increase
in inflammatory processes and proinflammatory cytokine levels can also enhance (trigger)
aging processes, for example, through increased activation of intracellular multiprotein
sensor NLRP3 inflammasome, senescent cells-evoked release of proinflammatory cytokines
and NF-κB level and signaling [177,179,180]. Autophagy failure in old organisms (e.g., de-
crease in activity of autophagy), and in patients with Alzheimer’s disease and Parkinson’s
disease [181,182] were also demonstrated. It was suggested that aging (e.g., decreased au-
tophagy by age) can stimulate NF-κB signaling, which transcription factor NF-κB (similar
to increase in ROS by mitochondria and aggregation of Aβ) stimulate inflammatory pro-
cesses, for example, via increased NLRP3 expression and IL-1β release [161,179,183–185],
whereas autophagic uptake of damaged mitochondria (resulting decrease in ROS level)
suppresses NLRP3 stimulation [161]. Thus, it was suggested that autophagy may generate
an anti-inflammatory effect by inhibition of NLRP3 inflammasome thereby mitigating
the NLRP3-evoked cleavage of pro-IL-1β to its active form/IL-1β by caspase-1 [186,187]
leading to delay in aging processes [180].

Moreover, responsiveness of AMPK signaling decreased by age [180,188], which
mitigates its inhibitory activity on NF-κB signaling [82] (Figure 1) and impairs autophagic
activity leading to increased oxidative stress and activation of inflammasomes [180] and
can attenuate lifespan [82]. As mTORC1 is able to inhibit autophagy (e.g., mitophagy or
macroautophagy of altered proteins) all of drugs or interventions, which are able to inhibit
mTORC1 (e.g., caloric restriction leading to mTOR inhibition) may be potent delayer of
aging processes and enhancer of lifespan via inhibition of inflammation [180] (Figure
1), by which can alleviate not only neuroinflammation, but also neurodegeneration and
related diseases, such as Alzheimer’s disease, Parkinson’s disease and amyotrophic lateral
sclerosis [183,189]. Indeed, inhibition of NF-κB signaling was able to prevent age-associated
features in mouse models extending their longevity [190].

2.6. Cellular Senescence

Cellular senescence can be evoked by intracellular and extracellular, genomic and
epigenomic harmful stimuli and damages resulting hallmarks of aging (e.g., age-related
stress: oxidative stress and telomere shortening; metabolic, as well as ER stress; mito-
chondrial dysfunction, loss of proteostasis) [191–193]. One of the main features of aging
is the enhancement of cellular senescence (irreversible cell-cycle arrest regulated by, e.g.,
telomere attrition/DNA damage-evoked p53-dependent DNA-damage response, in which
p53 is activated). Excessive accumulation of senescent cells, which cells decrease tissue
regeneration and resistant to apoptosis (e.g., by upregulation of antiapoptotic Bcl-2/B
cell lymphoma-2 family proteins resulting resistance to apoptosis-inducing signals), can
evoke harmful processes on surrounding cells by secretion of proinflammatory agents
(SASP factors, e.g., IL-1β,) and other components (e.g., IGF-1) [2,191,194,195]. For example,
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previous studies show that acute administration of IGF-1 can promote cell proliferation
and survival whereas prolonged administration of IGF-1 promotes cell growth arrest
and senescence (and the latter, enhances aging processes and inhibits tumorigenesis) via
through SIRT1 inhibition and increased p53 activity (by increased acetylation) [196] and
suppression of autophagy (e.g., via mTOR) [197] (Figure 1). Indeed, SIRT1 can inhibit not
only DNA-damage, but also cellular senescence via deacetylation (inhibition) of p53 re-
sulting anti-aging effects [198]. In contrast with cellular senescence, cellular quiescence
occurs when nutrition or growth factor levels are very low (or lack) leading to a reversible
cell-cycle arrest. In this state the cells may impede initiation of cell senescence [199] and
has a role in maintenance of stemness [200]. However, in relation to maintaining cellular
balance, senescence of cells is a double-edged sword [2]. For example, cellular senescence
can reduce liver fibrosis [201], promote tissue repair and has a role in not only physiologi-
cal, but also pathophysiological processes (e.g., embryogenesis and wound healing) [195]
and prevent cancer development [202], but exaggerated attenuation of processes of cell
senescence and accumulation of senescent cells can generate (or enhance) aging, and, as
a consequence, development of age related diseases, such as Alzheimer’s disease and
cancer [192,195,203–205]. Thus, medication of cellular senescence needs careful attention.
Under glucose deprived condition, AMPK-induced p53 activation potentiates cellular
survival (p53-dependent metabolic arrest), but excessive (lasting) AMPK activation leads
to enhanced p53-dependent cellular senescence [206,207]. However, not only SIRT1, but
also AMPK activation can improve cellular senescence via, for example, inhibition of
proinflammatory mediators [5,81,82] (Figure 1).

2.7. Loss of Proteostasis and Stem Cell Exhaustion

Impaired protein homeostasis (loss of proteostasis) by age may also be in the back-
ground of aging and related diseases (e.g., neurodegenerative diseases) leading to dysregu-
lation of protein synthesis, degradation and protein aggregation, disaggregation, assembly,
folding and trafficking [208]. For example, activity of ubiquitin-proteasome system and
autophagy decreased with age [209], whereas increased activity of proteostasis network
(e.g., enhanced autophagy) extended the healthspan and lifespan [210]. Inhibition of mTOR
pathways (e.g., by caloric restriction through decreased protein synthesis and activation of
autophagy) may improve protein homeostasis and extend lifespan [211,212] (Figure 1). It
has been demonstrated that maintained mitochondrial proteostasis prolonged lifespan and
reduced Aβ protein aggregation in Alzheimer’s disease models [213]. Moreover, decreased
activity of autophagy-lysosomal pathway may have a role in the development of both
Alzheimer’s disease and Parkinson’s disease and other neurodegenerative diseases [77].
Indeed, activation of mitophagy (by which autophagy-lysosomal pathway remove dam-
aged/dysfunctional mitochondria) was able to increase lifespan in worms and reverse
cognitive deficits in models of Alzheimer’s disease [214,215]. AMPK activation may partic-
ipate in maintenance of proteostasis via inhibition of mTOR and phosphorylation of eIF2α
(eukaryotic initiation factor 2α; resulting attenuation of protein synthesis) and via activa-
tion of autophagy [79,80] (Figure 1). Moreover, it was also demonstrated that autophagy
may be enhanced via inhibition of mTOR by SIRT1 [216] (Figure 1). Thus, activation of
AMPK/SIRT1 and inhibition of mTOR (mTORC1, but not mTORC2 because the latter
is required for autophagy) activity may be a promising target in anti-aging therapy [77].
Indeed, aging and age-associated diseases can upregulate mTORC1 [69].

Stem cell exhaustion may have a role in aging and appearance of age-related diseases
through loss of regenerative ability of cells, tissues and organs. For example, activity
and number of hematopoietic cells and intestinal stem cells are decreased by age leading
to decrease in lymphoid cell number and adaptive immune response, increase in risk
of anemia development and myeloid cell number, as well as malfunctions in intestinal
functions [217,218]. Moreover, age-dependent decrease in function of other stem cells, such
as neuronal stem cells was also demonstrated [71]. It was suggested that stem cell aging
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may be evoked by several factors, such as DNA damage and mutation, cellular senescence,
defects in proteostasis, mitochondrial dysfunction and telomere attrition [63,71].

Thus, we can conclude that activation of AMPK/SIRTs-modulated signaling pathways,
inhibition of mTOR effects (e.g., by inhibition of IIS pathway) and modulation of gene
expression (e.g., by HDAC inhibitors) can alleviate aging processes (hallmarks) through
direct and indirect manner (e.g., improvement of one of aging hallmarks, such as telom-
ere attrition can improve other aging hallmarks, such as senescence and mitochondrial
dysfunction), leading to extended lifespan and delay the appearance of neurodegenera-
tive diseases.

2.8. Effects of Senotherapeutic Drugs on Aging Hallmarks and Neurodegenerative Diseases: Main
Signaling Pathways

It has been demonstrated that elimination of senescent cells by senolytics (such as
senolytic cocktails containing quercetin and dasatinib) can evoke alleviating effects on
age-related diseases, such as Alzheimer’s disease and Parkinson’s disease and improve
healthspan in aged humans [192,203,219]. Another senotherapeutic strategy is the ad-
ministration of senomorphics (e.g., metformin and rapamycin) to alleviate (abolish) fea-
tures of senescence (e.g., decrease in production and release of SASP factors) (Figure 1)
without elimination of senescent cells, which may delay both aging and development
of age-related diseases [194]. It was suggested that mTOR has a role in, among others,
lifespan control [220]. Indeed, rapamycin (sirolimus; as an mTOR inhibitor) (Figure 1) is
able to decrease the risk of development of age-related diseases, such as neurodegener-
ative diseases, to improve age-related decrease in memory and learning functions and
to extend longevity [74,220]. Rapamycin decreased accumulation of Aβ and Tau lead-
ing to decreased loss of neurons, attenuated neuroinflammation and alleviated cognitive
dysfunction in mouse models of Alzheimer’s disease [221]. Resveratrol also promotes
clearance of Aβ peptides [95], likely via inhibition of mTOR and activation of AMPK [5]
and prevents cognitive impairment [222] in different cell lines and models of Alzheimer’s
disease. Thus, these results suggest that resveratrol and rapamycin exert its neuropro-
tective, alleviating effect on health span, lifespan and age-associated diseases likely by
modulation of autophagy and proteostasis (via mTOR inhibition), as well as inflamma-
tion, among others [211,212,220] (Figure 1). Rapamycin and metformin (an antidiabetic
drug, which reduces IGF levels, insulin resistance and insulin level) reduced accumu-
lation of α-synuclein and improved behavioral impairments in models of Parkinson’s
disease [74,220,223]. Moreover, metformin inhibits the mitochondrial electron transport
chain (ETC complex I: NADH/ubiquinone oxidoreductase; thereby oxidative phosphoryla-
tion), consequently, cytoplasmic AMP/ATP and ADP/ATP ratios were increased resulting
direct activation (phosphorylation) of AMPK [224,225] and decrease in ROS level [226].
Activation of AMPK (e.g., by metformin) (Figure 1) enhances mitochondrial biogenesis (via
SIRT1/PGC-1α) and lipid beta-oxidation (via ACCs), inhibits hepatic glucose production
and alleviates proteostasis (via mTOR inhibition), enhances autophagy (via mTOR inhibi-
tion and activation of ULK1), evokes hypoglycemia (decreasing plasma glucose levels, e.g.,
via improved hepatic insulin sensitivity leading to decrease in hepatic glucose production),
improves nutrient sensing (via IIS/mTOR/SIRT1 pathways), inhibits NF-κB, improves
DNA repair and decreases the level of proinflammatory cytokines (e.g., via activation of
SIRT1) [6,12,225–228] leading to alleviating effects on aging-processes and related neu-
rodegenerative diseases. As AMPK-independent influences, metformin is able to inhibit
ROS production (via, e.g., inhibition of mitochondrial ETC and activation of antioxidant
transcription factor nuclear factor erythroid 2-related factor 2/Nrf2) (Figure 1), enhance
autophagy (through direct inhibition of mTOR), enhance SIRT1 activity (especially when
NAD+ level highly reduced), activate DNA-damage-like response (and facilitates DNA
repair likely via p53), attenuate NF-κB signaling and synthesis (release) of proinflammatory
cytokines, inhibit SASP factors via Nrf2 and decrease level of insulin and IGF-1 levels
thereby insulin/IGF-1 signaling (by which decreases mTOR activity) [66,86,225,229–232].
All of these processes can increase lifespan and evoke alleviating effects on both ageing and

111



Nutrients 2021, 13, 2197

age-related diseases, such as Alzheimer’s disease and Parkinson’s disease [224,225,233].
Moreover, metformin is able to inhibit premature stem cell aging (via Nrf2), enhance stem
cell rejuvenation (through AMPK) [234], affect histone modifications (e.g., via activation of
SIRT1, inhibition of Class II HDACs and HAT phosphorylation) through AMPK-dependent
and independent pathways [235], increase the levels of several miRNAs, which are impli-
cated in the regulation of aging and cellular senescence, likely via AMPK [236] and reduce
telomere shortening (e.g., via AMKP/PGC-1α/telomeric repeat-containing RNA/TERRA
pathway; TERRA is transcribed from telomeres and has an important role in protection of
telomere integrity) [225,237,238] (Figure 1). Indeed, it was demonstrated that, activation of
AMPK can both enhance gene expression (e.g., by phosphorylation/inactivation of HDACs
and activation of HAT1-evoked acetylation of histones) and inhibit gene transcription (e.g.,
via enhanced cellular NAD+ levels, and, as a consequence, increased SIRT1 deacetylation ac-
tivity) [235]. Moreover, resveratrol can also extend lifespan and prevent neurodegenerative
diseases [239]. For example, resveratrol can generate anti-inflammatory and anti-oxidative
effects (e.g., decreases level of ROS, p53, NF-κB and proinflammatory cytokines, such as
TNF-α and IL-1β) [5] and increase mean life expectancy and maximal life span in models
of Alzheimer’s disease [240]. Moreover, resveratrol improved motor neuron function and
extended the lifespan in a mouse model of amyotrophic lateral sclerosis [241]. It was
suggested that resveratrol may exert its effects via activation of AMPK/SIRT1-modulated
pathways [242] (Figure 1) by which this drug can deacetylate several substrates, such as
p53, PGC-1α, FOXOs (e.g., FOXO3) and SREBP1 leading to induction of cell cycle arrest,
mitochondrial biogenesis, DNA repair, oxidative stress response, autophagy and regulation
of lipid metabolism [6,101,243]. For example, SIRT1 can decrease ROS and NF-κB-evoked
effects (e.g., neuroinflammation) via Nrf2 [5] (Figure 1). However, it was also suggested
that not only SIRT1, but also PGC1-α can increase the expression of Nrf2 [244,245] and
AMPK enhances the nuclear translocation of the Nrf2 [246]. Based on these results, more
effective sirtuin-activating compounds were developed, such as SRT2104, which drug may
be a promising anti-aging drug (e.g., it increased lifespan and decreased inflammatory
processes) [247]. Other natural products, such as curcumin, berberine and quercetin [6]
can also generate positive effects on lifespan (by slowing aging), age and age-related
diseases, for example, through AMPK activation and mTOR inhibition (e.g., to induce au-
tophagy), activation of SIRT1 (to promote mitochondrial biogenesis) and anti-inflammatory
effects [74,248–250].

Thus, administration of senotherapeutic drugs suggests that therapeutic tools and
drugs, which are able to modify aging processes through activation or inhibition of certain
signaling pathways can also delay development (or improve symptoms) of neurodegenera-
tive diseases (such as Alzheimer’s disease, Parkinson’s disease and amyotrophic lateral
sclerosis), improve memory and learning functions, as well as extend longevity.

3. Alleviating Effects of Ketosis on Lifespan, Aging and Age-Related
Neurodegenerative Diseases

3.1. Ketosis-Evoked Neuroprotective Effects and Downstream Signaling Pathways

It has been demonstrated that ketosis and administration of βHB (as an alternative
energy fuel to glucose) can increase mitochondrial ATP production and ATP release lead-
ing to increased extracellular level of purine nucleoside adenosine (via metabolism of
ATP) [251–253]. Adenosine can activate its receptors leading to reduced oxidative stress
(ROS level) [254] and reduce inflammatory processes [255]. Indeed, as enhanced level
of ROS may activate (open) mPT pore thereby uncouple electron transport system from
ATP production, βHB-evoked decrease in ROS production [94] can improve mitochon-
drial respiration and ATP production [49]. It was also suggested that therapeutic ketosis
can increase the inhibitory GABAergic effects [22,256], decrease glutamate release and
glutamate-induced neuronal excitability [256,257] and modulate (increase) the level of
dopamine, adrenaline, noradrenaline and serotonin [258,259].

As an epigenetic gene regulator, βHB can inhibit the activity of the classical HDAC
family (Class I and Class IIa HDACs) leading to enhanced acetylation of histone residues,
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thereby DNA can be accessed for transcription factors, such as FOXO3A [53,132,260].
FOXO3A generates enhanced expression of various antioxidants genes, enhances mito-
chondrial homeostasis (e.g., by regulation of mitochondrial biogenesis and ATP synthesis)
and decreases oxidative stress [260,261]. Moreover, decrease in oxidative stress can also be
generated by βHB-evoked inhibition of HDACs via attenuation of ER stress [262]. It has
also been demonstrated, that the expression of brain-derived neurotrophic factor (BDNF)
may be increased through βHB-evoked inhibition of HDACs [263] by which βHB evokes
anti-inflammatory effects (via inhibition of both NLRP3, NF-κB and proinflammatory
cytokine levels) [264,265], increases mitochondrial respiration and ATP levels [266], en-
hances the activity of anti-oxidant enzymes (such as SOD), and protects tissues against
glutamate-induced excitotoxicity [267,268]. It has been also demonstrated that βHB can
modulate gene expression through promotion of histone and non-histone acetylation by
HATs [266,269]. Moreover, βHB is able to directly bind to an RNA-binding protein hnRNP
A1 (heterogeneous nuclear ribonucleoprotein A1), which protein regulates, for example,
RNA processing and function, as well as stabilization of mRNA [59,270,271].

Previous studies showed that βHB, through HCAR2, activates AMPK leading to NAD+-
generation, which increases activity of SIRTs (e.g., SIRT1 and SIRT3; βHB/HCAR2/NAD+/
SIRTs pathways) [272] (Figure 1) and thereby evoke neuroprotective effects [53,83,273,274].
Through bothβHB/HCAR2/AMPK/SIRT1/NF-κB pathway andβHB/HCAR2/AMPK/mTOR
pathway, βHB may generate anti-inflammatory effects by, for example, inhibition of proinflam-
matory transcription factor NF-κB and enhancement of autophagy, respectively [55,272,275],
leading to decreased level of proinflammatory agents (e.g., TNF-α, IL-1β) [50,55,57,276].
βHB/HCAR2/AMPK/SIRT1/FOXO3A pathway can evoke antioxidant influences, thereby
decrease in oxidative stress by increased expression of genes of the antioxidants (e.g., man-
ganese superoxide dismutase/MnSOD: βHB/HCAR2/AMPK/SIRT1/FOXO3A/MnSOD
pathway) [164,277]. Ketone bodies increase the expression of not only HCAR2 [278,279],
but also SIRTs (e.g., SIRT1 and SIRT3) and PGC1-α [164,278,280]. These results suggest that
both βHB/HCAR2/AMPK/SIRT1/PGC1-α and βHB/HCAR2/AMPK/SIRT3/PGC1-α
pathways can function in the CNS. Indeed, neuroprotective influences of PGC1-α (e.g.,
anti-inflammatory effects and promotion of mitochondrial functions) can be modulated
through not only SIRT1, but also SIRT3 [278,281–283]. It was also suggested that βHB-
evoked effects on mitochondrial functions (e.g., mitochondrial biogenesis) may be gener-
ated through βHB/HDAC/BDNF/PGC1-α pathway [284]. Moreover, ketosis can enhance
the expression of PPARs and the activity of the Nrf2 in the brain likely through βHB/
HCAR2/AMPK/Nrf2 or βHB/HCAR2/AMPK/SIRTs/PGC1-α/Nrf2 pathway [285–287].
It has been suggested that ketosis may enhance expression of UCPs, therefore decrease
the production of ROS [23,288,289] and defend mitochondria and mitochondrial func-
tions (e.g., by reduction of oxidative stress) through activation of βHB/HCAR2/AMPK/
SIRT3/PGC1-α/UCP1 pathway [283] and/or βHB/HCAR2/AMPK/SIRT3/PGC1-α/UCP2
pathway [278]. Moreover, not only ketosis (βHB), but also decrease in glucose level can mit-
igate inflammatory processes through decreased NLRP3 inflammasome activity. Namely,
βHB is an endogenous inhibitor of NLRP3 inflammasome, likely via βHB/NLRP3/IL-1R
(IL-1 receptor)/NF-κB pathway, whereas increased glucose level may enhance activity
of NLRP3 and inflammatory processes. In addition, enhanced glucose level generally
increases insulin level leading to decrease in ketone body synthesis [290–292]. EKSs were
proven to decrease glucose levels [21,26,28,36,293], thereby they may increase activity of
AMPK/SIRTs signaling pathways and inhibit mTOR-evoked effects (Figure 1).

Thus, based on previous studies, βHB/HCAR2/AMPK/SIRT1/NF-κB, βHB/HCAR2/
AMPK/mTOR and βHB/NLRP3/IL-1R/NF-κB pathways (anti-inflammatory effects),
βHB/HCAR2/AMPK/SIRT1/FOXO3A pathway (improving mitochondrial functions,
anti-oxidant influences), βHB/HCAR2/AMPK/SIRT1/PGC1-α/Nrf2, HCAR2/AMPK/
SIRT3/PGC1-α/Nrf2 and HCAR2/AMPK/Nrf2 pathways (improving mitochondrial func-
tions, anti-oxidant and anti-inflammatory effects), βHB/HDAC/BDNF/PGC1-α path-
way (improving mitochondrial functions; anti-oxidant and anti-inflammatory influences),
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βHB/HCAR2/AMPK/SIRT3/PGC1-α/UCP1 and/orβHB/HCAR2/AMPK/SIRT3/PGC1-
α/UCP2 pathways (anti-oxidant and anti-inflammatory effects, improving mitochon-
drial functions) and modulatory effects of βHB on neurotransmission (e.g., purinergic,
GABAergic, dopaminergic, noradrenergic and glutamatergic systems), gene expression
(e.g., enhanced acetylation of histone residues via βHB/HDACs, promotion of histone and
non-histone acetylation through βHB/HATs and hydroxybutyrylation of histones) and
RNA functions (e.g., via RNA-biding proteins) may be activated during ketosis (Figure 2).
Consequently, EKSs-evoked ketosis (increase in blood βHB levels) may influence all of
above mentioned (e.g., mTOR-, AMPK- and SIRTs-evoked) downstream signaling path-
ways and modulatory effects, which can lead to generation of alleviating effects (e.g.,
anti-inflammatory effects) on age-related processes (aging hallmarks) (Figures 1 and 2).
Moreover, theoretically, EKSs-generated modulation of these signaling pathways and
effects may be able to improve symptoms and/or delay development of not only aging-
related hallmarks (such as changes in activity of nutrient sensing pathways, shortening of
telomere, genomic instability, epigenetic alterations, mitochondrial dysfunction, altered
intercellular communication, cellular senescence, loss of proteostasis and stem cell exhaus-
tion), but also age-associated neurodegenerative diseases, and to extend lifespan (through
both increased βHB level- and decreased glucose level-evoked changes in activity of several
signaling pathways) (Figures 1 and 2).
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Figure 2. Signaling pathways and effects by which exogenous ketogenic supplements-generated ketosis (βHB) may extend
lifespan, delay both aging and development of neurodegenerative diseases, and improve learning and memory dysfunctions.
Abbreviations: AMPK, AMP activated serine-threonine protein kinase; βHB, beta-hydroxybutyrate; BDNF, brain-derived
neurotrophic factor; FOXO, Forkhead box O; HATs, histone acetyltransferases; HCAR2, hydroxycarboxylic acid receptor 2;
HDAC, histone deacetylase; IL-1R, IL-1 receptor; mTOR, mechanistic target of rapamycin; NF-κB, nuclear factor kappa-
light-chain-enhancer of activated B cells; NLRP3, NOD-like receptor pyrin domain 3; Nrf2, nuclear factor erythroid 2-related
factor 2; PGC1-α, peroxisome proliferator-activated receptor gamma (PPARγ) coactivator-1α; ROS, reactive oxygen species;
SIRT, sirtuin; UCP, uncoupling protein.

3.2. Beneficial Effects of EKSs-Evoked Ketosis (βHB) on Lifespan, Aging, Age-Related Diseases, as
Well as Learning and Memory Dysfunctions

Administration of βHB generated anti-aging and life-extending effects in C. ele-
gans [22,60]. This result suggests that lifespan extension by βHB may also be mediated in
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mammals through signaling pathways similar to C. elegans [60,294], likely by activation
of AMPK/SIRT1/mTOR/FOXOs/Nrf2 pathways, HDAC inhibition (and related increase
in FOXOs activity) or reduction of insulin signaling pathway activity (Figures 1 and 2).
Indeed, for example, it was demonstrated that inhibition of IIS pathways, thereby acti-
vation of FOXOs are important processes for lifespan extension [295] and FOXO3A gene
is strongly associated with human longevity [296]. Increase in autophagy by caloric (or
dietary) restriction can enhance lifespan not only in C. elegans, but also in mammals through
similar pathways, which may also be activated by administration of EKSs, such as KEs
and KSs. For example, in mammals, this effect may be mediated through βHB-evoked
inhibition of mTOR activity, activation of FOXOs (via both activation of SIRT1 and direct
inhibition of Akt), and ketone body metabolism-evoked decrease in blood glucose and in-
sulin levels, which also decrease the activity of IIS pathways [52,77,180,297,298]. Moreover,
long-lived animals showed decrease in mitochondrial ROS production [299] suggesting
both inverse correlation between longevity and mitochondrial ROS production (and mito-
chondrial DNA damage) [52,299] and βHB-evoked enhancement of longevity (lifespan)
(Figures 1 and 2). It was also suggested that ketogenic diet (likely through ketogenic diet-
generated ketosis/elevated blood βHB, at least partly) can reduce midlife mortality [300],
extends longevity and healthspan in adult mice [51], increased lifespan in Kcna1-null
mice [301] and decreased senescence may be partly through β-hydroxybutyrylation-evoked
decrease in p53 activity (in addition, β-hydroxybutyrylation also can attenuate acetylation
of p53, because β-hydroxybutyrylation interferes with acetylation) [302]. These results
suggest that βHB-generated activation of different signaling pathways may have a role
in modulation of aging processes, thereby both lifespan and healthspan. Indeed, it was
demonstrated that βHB can alleviate cellular senescence through increased autophagy
and decreased plasma insulin level and inflammatory processes in male rats [303], likely
through AMPK/SIRT1 pathways (Figure 1). It has also been demonstrated that increased
level of blood βHB can delay the age-related processes, for example, by inhibition of SASP,
thereby senescence, likely through βHB/hnRNP A1-binding-evoked increase in binding of
hnRNP A1 and Oct4 (embryonic stem cell regulator octamer-binding transcriptional factor
4) leading to stabilization of Oct4 mRNA (complex formation with Oct4 mRNA and upreg-
ulation of Oct4 expression) and SIRT1 mRNAs [59,304]. βHB-evoked activation of Oct4 not
only triggers (maintains) quiescent state of cells (e.g., AMPK activation and mTOR inhibi-
tion), but also decreases induction of senescent state of cells (e.g., reduction of the blood
level of a pro-senescence marker IL-1α and SASP expression) leading to protection of cells
against senescence, and likely, induction of autophagy [59]. These results above suggest
that, indeed, EKSs(βHB)-evoked ketosis can alleviate aging-processes (aging hallmarks), at
least theoretically, through βHB-evoked activation of AMPK/SIRT1 or SIRT3 downstream
signaling pathways (e.g., βHB/HCAR2/AMPK/SIRT1/NF-κB pathway), inhibition of
mTOR- (e.g., βHB/HCAR2/AMPK/mTOR pathway) and NLRP3/IL-1R-generated effects,
HDAC inhibition, β-hydroxybutyrylation and hnRNP A1-binding (Figures 1 and 2) leading
to improved healthspan, delayed aging, thereby extended lifespan.

A great deal of evidence suggests that progression of aging processes by age can lead
to not only emergence of aging hallmarks, but also enhanced risk for development of
neurodegenerative diseases and impaired learning and memory functions through, for
example, mitochondrial dysfunction, epigenetic alterations and enhanced inflammation,
which processes may be alleviated by EKSs-generated ketosis (βHB) (Figures 1 and 2). For
example, impaired mitochondrial functions, increased oxidative stress and neuronal injury
were demonstrated in different CNS diseases, such as Alzheimer’s disease, Parkinson’s
disease and amyotrophic lateral sclerosis [305–308]. Moreover, mitochondrial dysfunction-
evoked increase in ROS level may enhance inflammatory processes [309,310], leading to
impaired cognitive functions, for example in patients with neurodegenerative diseases
(e.g., Alzheimer’s disease) [311–313]. It has been suggested that ketogenic diet- and
EKSs-evoked ketosis can improve or prevent impaired cognitive functions, learning and
memory, for example, via enhanced mitochondrial respiration and antioxidant mecha-
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nisms [49,314–317]. Indeed, not only ketogenic diet (and related ketosis) and βHB, but also
KE, KS and MCT supplementation improved cognitive functions, learning and memory,
as well as their age-related decline in animal models of Alzheimer’s disease and patients
with Alzheimer’s disease or mild cognitive impairment [32,43,47,50,317–320] (Table 1), in a
mouse model of Angelman syndrome [41] and in old animals and elderly humans [321,322].
EKSs may exert these beneficial effects via increased ketone body level, which can im-
prove mitochondrial functions. For example, increased level of βHB can compensate
glucose hypometabolism-generated decrease in energy source in human and restore ATP
synthesis [16,289,318,319,323]. In fact, glucose hypometabolism may contribute to the
development of, for example, Alzheimer’s disease [324,325]. It has also been demonstrated
that MCT supplementation-evoked improvement in cognitive functions was observed in
patients with mild to moderate Alzheimer’s disease or mild cognitive impairment without
apolipoprotein E (APOE) ε4 allele [326,327], but the mechanism of action of APOE-ε4 status
on MCT/ketosis-generated alleviating effects was not identified. Moreover, improved
learning and memory was also demonstrated in relation to ketone bodies-evoked decrease
in both oxidative stress and intracellular Aβ42 accumulation, and increased mitochon-
drial complex I activity in models of Alzheimer’s disease [50,328,329] (Table 1). It was
demonstrated that βHB can protect neurons and alleviate symptoms in models of not only
Alzheimer’s disease, but also Parkinson’s disease [328,330], likely via improvement of
mitochondrial function (e.g., by increased ATP synthesis) and activation of other neuropro-
tective mechanisms, leading to improvement (or protection) in neurodegeneration, motor
functions (e.g., tremor) and impaired cognition [258,259,328,331]. Moreover, indeed, βHB
administration can decrease aggregation of α-synuclein and delay the toxicity of Aβ [60].
Ketogenic diet- and EKSs-generated ketosis, βHB or the Deanna protocol, containing
(among others) MCTs, can also generate alleviating effects on (i) motor neurons and motor
performance in preclinical rodent models, such as animal models of amyotrophic lateral
sclerosis [48,332–336] and (ii) dopaminergic neurons and motor performance in animal
models of Parkinson’s disease [55,258] likely through improved mitochondrial function
and ATP synthesis (Table 1). Dysregulation of different neurotransmitter systems may
have a role in the pathophysiology of neurodegenerative diseases, for example, in animal
models and patients with impaired motor function (e.g., dopaminergic dysfunction; GABA
and glutamate imbalance) [337–340], Parkinson’s disease (e.g., decrease in serotonin level
and increase in glutamatergic transmission), Alzheimer’s disease (decreased cholinergic
neurotransmission) and both Alzheimer’s disease and Parkinson’s disease (deficits in
dopaminergic signaling) [337,339,341–343]. Moreover, dysfunctions in neurotransmitter
systems (e.g., GABAergic, glutamatergic and cholinergic) can lead to impaired learning
and memory [340,342,344]. It has also been demonstrated that dysregulation of acety-
lation and deacetylation can lead to neurodegenerative diseases (such as Alzheimer’s
disease, Parkinson’s diseases, amyotrophic lateral sclerosis) and learning and memory
deficits [345–348]. Moreover, HDAC inhibitors can improve symptoms or impede develop-
ment of Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis and restore
learning and memory functions [347,349–352]. Low BDNF levels were demonstrated in
patients with Alzheimer’s disease, which decrease in BDNF level correlates with loss
of cognitive functions [353,354], suggesting that ketosis (elevated blood βHB levels) can
exert its beneficial effects on Alzheimer’s disease and cognitive functions, among others,
through HDAC/BDNF system leading to enhancement of alleviating BDNF effects (e.g., by
stimulation of hippocampal neurogenesis) [355]. Thus, EKSs (via ketosis/βHB) can exert
alleviating effects on neurodegenerative diseases, learning and memory functions through
modulation of not only mitochondrial functions and inflammatory processes, but also
neurotransmitter systems and via epigenetic modification (Figure 2). Indeed, for example,
it was suggested that EKSs may be able to prevent or improve neurodegenerative diseases
and learning and memory, among others, through HDAC inhibition [30].
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Table 1. Beneficial effects of beta-hydroxybutyrate (βHB), ketone esters (KEs) and medium chain triglycerides (MCTs) on neurodegenerative diseases as well as impaired motor, memory
and learning functions in in vivo studies.

Name
(Components)

Dose and Route of Administration
Treatment
Duration

Model Organism
(Species)

Significant Increase in
Blood βHB Level

Main Findings Ref.

Beta-hydroxybutyrate (βHB)

βHB (DL-β-Hydroxybutyric acid
sodium salt)

1.5 mmol/kg/day (subcutaneous
administration, 0.25 µL/h) 4 weeks

A mouse model of
Alzheimer’s disease

(5XFAD)
No data Improved learning and memory;

attenuated Aβ accumulation [50]

βHB + acetoacetate
600 mg βHB/kg/day + 150 mg

acetoacetate/kg/day (subcutaneous
injection)

2 months
A mouse model of

Alzheimer’s disease
(APPSwInd)

Yes Improved cognitive performance;
reduced Aβ accumulation [329]

βHB
0.4, 0.8, or 1.6 mmol/kg/day

(subcutaneous administration,
1 µL/h)

28 days LPS-induced Parkinson’s
disease rat model No data

Beneficial effects on motor
dysfunction; protection of

dopaminergic neurons
[55]

βHB (D-βHB)
0.4, 0.8, or 1.6 mmol/kg/day

(subcutaneous administration,
1 µL/h)

1 week MPTP-induced Parkinson’s
disease mouse model Yes

Improved motor performance;
decrease in MPTP-induced

dopaminergic neurodegeneration
[258]

Ketone esters (KEs)

KE (R,S-1,3-butanediol acetoacetate
diester: BD-AcAc2; standard rodent
chow mixed at 10% BD-AcAc2 by

volume and 1% saccharin)

Ad libitum (oral intake) 8 weeks

A mouse model of
Angelman syndrome
(UBE3Atm1Alb/J null

mutation mice)

Yes Improved motor coordination,
learning and memory [41]

KE (comprised of D-β-hydroxybutyrate
and (R)-1,3-butanediol; 125 g

KE/1000 g diet)

Animals were fed a 4 to 5 g
pellet/animal at approximately

06:00 hours each day (oral intake)
8 months

A mouse model of
Alzheimer’s disease

(3xTgAD)
Yes

Improvements in performance on
learning and memory tests;

decreased Aβ and
hyperphosphorylated tau

deposition

[43]

KE [ketone monoester,
(R)-3-hydroxybutyl

(R)-3-hydroxybutyrate] + MCT and
coconut oil (CO) mixture (4:3)

Normal diet + 28.7 g of the KE thrice
daily + 165 mL/day of the MCT/CO

mixture (oral intake)
20 months A patient with Alzheimer’s

disease dementia Yes
Improving behavior as well as

cognitive and daily-activity
performance

[47]
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Table 1. Cont.

Name
(Components)

Dose and Route of Administration
Treatment
Duration

Model Organism
(Species)

Significant Increase in
Blood βHB Level

Main Findings Ref.

Medium chain triglycerides (MCTs)

MCT (97% caprylic acid + 3% capric
acid; a normal diet supplemented with

5.5% MCT)

Dogs were fed once/day for about
one hour; about 200 g supplemented

diet/day/animal (oral intake)
8 months Aged dogs Yes Improvements in learning ability

and attention [322]

MCT (the diet was mixed with Deanna
protocol/DP at 22% by weight; DP

contained 10% MCT high in caprylic
acid)

Ad libitum (oral intake) 6–10 weeks
A mouse model of

Amyotrophic lateral
sclerosis (SOD1-G93A)

No
Better motor performance,

improved (lower) neurological
scores and extended survival time

[332]

MCT (a diet in which 35% of the calories
was derived from triheptanoin) Ad libitum (oral intake) 24 weeks

A mouse model of
Amyotrophic lateral

sclerosis (SOD1-G93A)
Yes Protection against motor neuron

loss; improved motor function [48]

MCT [a diet containing 10% (w/w)
caprylic acid]

Ad libitum; about 3 g diet/day was
consumed/animal (oral intake) About 12 weeks

A mouse model of
Amyotrophic lateral

sclerosis (SOD1-G93A)
Yes Protection against motor neuron

loss; improved motor function [336]

MCT (NeoBee 895, >95% of the fatty
acids are caprylic acid; the remainder
consists of caproic and capric acids)

40 mL MCT (oral intake) Single
administration

Adult subjects with
Alzheimer’s disease or mild

cognitive impairment
Yes Improvement in cognitive functions

(in patients without APOE ε4 allele) [327]

MCT (AC-1202, an MCT composed of
glycerin and, almost entirely, caprylic

acid, NeoBee 895)

Normal diet + 20 g
MCT/day/patient (oral intake) 3 months

Humans with mild to
moderate Alzheimer’s

disease
Yes

Improvement in cognitive
performance (in patients without

APOE ε4 allele)
[326]

MCT (50 g Ketogenic meal,
Ketonformula containing 20 g of MCTs:

15 g caprylic acid + 5 g capric acid)
50 g ketogenic meal (oral intake) Single

administration
Humans; elderly,
non-demented Yes Positive effects on working memory,

visual attention, and task switching [321]

MCT (MCT drink: a 12% emulsion of
Captex 355, containing 60% caprylic acid

and 40% capric acid)

Normal diet + 15 g MCT
twice/day/patient in a ketogenic

drink (oral intake)
6 months

Humans; aged participants
with mild cognitive

impairment
Yes Improved executive function,

memory, and language [32]

MCT (MCT oil, Nestle™) Normal diet + 56 g
MCT/day/patient (oral intake) 24 weeks Humans; adults with mild

cognitive impairment Yes Improved memory [320]

Abbreviations: 5XFAD, β-amyloid precursor protein and presenilin-1 double-transgenic mouse; Aβ, amyloid β; APOE, apolipoprotein E; APPSwInd, a transgenic mouse, express a mutant form of the human
amyloid protein precursor (APP) with the APP KM670/671NL (Swedish) and APP V717F (Indiana) mutations; LPS, lipopolysaccharide; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; UBE3Atm1Alb, a
mouse with Ube3A (ubiquitin protein ligase E3A) knock-out mutation; 3xTgAD, a mouse with APP KM670/671NL (Swedish), MAPT P301L and PSEN1 M146V mutations; SOD1-G93A, a transgenic mouse with a
G93A mutant form of human superoxide dismutase (SOD1).
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HCAR2 ligands can generate alleviating effects on Parkinson’s disease, Alzheimer’s
disease, impaired learning, memory and motor functions, as well as amyotrophic lat-
eral sclerosis via anti-inflammatory effects [43,50,57,258], suggesting that EKSs-evoked
ketosis (βHB) exerts its alleviating effects on learning, memory, as well as age and age-
related diseases through βHB/HCAR2-evoked downstream signaling (Figure 2). In-
deed, previous studies show that ketosis (βHB) may evoke therapeutic effects in the
treatment of Alzheimer’s disease, Parkinson’s disease and amyotrophic lateral sclero-
sis and enhance learning and memory through anti-inflammatory effects induced by
HCAR2 [50,55,57,58,275,279]. It was also demonstrated that enhanced expression of proin-
flammatory cytokines and oxidative stress have a role in the development of Alzheimer’s
disease [276,356,357], Parkinson’s disease [55,276,356,357], amyotrophic lateral sclero-
sis [356–358], impaired motor functions [337,359] and impairment of learning and mem-
ory [309,310,360]. Thus, ketosis may also improve symptoms of neurodegenerative diseases,
motor, learning and memory dysfunctions through anti-inflammatory and anti-oxidative
effects via HCAR2 [50,275,361] (Figure 2). It has been demonstrated that SIRT1 levels were
decreased in neurodegenerative diseases, such as Alzheimer’s disease and Parkinson’s
disease [97,362] suggesting alleviating effects of SIRT1 activation-modulated pathway(s)
in the treatment of neurodegenerative diseases [363]. It was also suggested that activa-
tion of SIRT1-dependent pathways can modulate learning and memory by which ketone
bodies may be able to improve both learning and memory functions [327]. Indeed, over-
expression of SIRT1 was protective against learning and memory impairment in animal
models of Alzheimer’s disease [364,365] and increased SIRT1 activity could promote
memory processes, whereas SIRT1 knockout animals showed impaired cognitive abili-
ties [366,367]. Moreover, activation of SIRT1 generated protective influences in mouse
models of amyotrophic lateral sclerosis (e.g., enhanced biogenesis of mitochondria and
suppressed deterioration of motor neurons) [94,368,369], preserved dopaminergic neu-
rons in a mouse model of Parkinson’s disease [370] and evoked protection against Aβ

plaque formation in mouse models of Alzheimer’s disease [94,371] likely via, for example,
SIRT1/PGC1-α/MnSOD pathway [173,372]. In fact, it has been demonstrated that PGC1-
α-deficiency may be in connection with neurodegenerative lesions [373], and decreased
PGC1-α expression may be one of the most important factors in the development of both
Parkinson’s disease [374,375] and Alzheimer’s disease [174,376]. Moreover, PPARγ agonist
pioglitazone (an antidiabetic agent) and overexpression of PGC1-α were able to improve
symptoms of amyotrophic lateral sclerosis in mouse models [377,378] and other PPARγ
agonists can improve not only symptoms of neurodegenerative diseases (e.g., Parkinson’s
disease, Alzheimer’s disease and amyotrophic lateral sclerosis), but also impaired cog-
nitive functions, learning and memory [379,380]. As oxidative stress has a role in the
pathophysiology of neurodegenerative diseases, such as Parkinson’s disease, Nrf2 thereby,
for example, AMPK/SIRT1/Nrf2 pathway may be an important therapeutic target in the
treatment of these diseases [381,382]. Moreover, it was also suggested that activation of
SIRT3/PGC1-α/MnSOD pathways could also generate alleviating effect on Parkinson’s
disease, Alzheimer’s disease, and amyotrophic lateral sclerosis [383–385]. Consequently,
indeed, EKSs-generated ketosis (βHB) can alleviate or delay development of neurodegen-
erative diseases, and improve learning and memory dysfunctions likely through different
βHB/HCAR2/AMPK-modulated downstream signaling pathways (Figure 2).

4. Conclusions

A great deal of evidence suggests that EKSs-generated ketosis may improve healthspan,
therefore can delay ageing and the onset of age-related neurodegenerative diseases, as
well as learning and memory dysfunctions through neuroprotective effects. In spite of
the overwhelming amount of promising mechanistic findings, only a limited number of
studies focused on and demonstrated the beneficial effects of EKSs-evoked ketosis on lifes-
pan, aging-processes, age-related diseases and impaired learning and memory functions.
However, their beneficial effects on healthspan and lifespan—likely through improving
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mitochondrial functions, anti-oxidant effects, anti-inflammatory influences, and modula-
tion of histone and non-histone acetylation, as well as neurotransmitter systems-, can be
hypothesized. Indeed, it has been suggested that EKSs-evoked ketosis may alter the activity
of different downstream signaling pathways (e.g., AMPK-, SIRTs- and mTOR-modulated
pathways) and modulatory effects, through which not only senotherapeutic drugs, but also
ketosis (βHB) can improve symptoms and delay development of age-related hallmarks,
age-associated neurodegenerative diseases and learning and memory dysfunctions, and
extend lifespan. Consequently, administration of EKSs may be a potential therapeutic
tool as an adjuvant therapeutics in combination with different therapeutic drugs (such as
metformin and rapamycin) for regenerative medicine to enhance effectivity of drugs to
rejuvenate aging hallmarks, decrease the risk for age-related neurodegenerative diseases
and increase the healthspan of the aging human population. However, modulating ageing
processes and related diseases by administration of EKSs needs careful attention, because
insufficient clinical data is available currently on its positive effects, efficacy and safety,
regarding this specific application. Thus, long-term studies are needed to investigate the
exact mechanisms of action by which EKSs-evoked ketosis modulate aging processes, age-
related diseases, learning and memory functions, healthspan and lifespan. Moreover, in
order to develop effective treatments for patients with different age-related diseases more
studies are needed to identify the most effective doses, administration routes, treatment
duration and different formulations of EKSs.
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mechanistic target of rapamycin; NAD+, nicotinamide adenine dinucleotide; NF-κB, nuclear factor
kappa-light-chain-enhancer of activated B cells; NLRP3, NOD-like receptor pyrin domain 3; Nrf2,
nuclear factor erythroid 2-related factor 2; Oct4, embryonic stem cell regulator octamer-binding tran-
scriptional factor 4; p53, transcription factor tumor suppressor protein 53; PARP-1, poly(ADP-ribose)-
polymerase-1; PGC-1α, peroxisome proliferator-activated receptor gamma (PPARγ) coactivator-1α;
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superoxide dismutase; SREBP1, sterol regulatory element-binding protein 1; TNF-α, tumor necrosis
factor-α; UCP, uncoupling protein; ULK1, Uncoordinated/Unc-51-like kinase 1.

References

1. Campisi, J.; Kapahi, P.; Lithgow, G.J.; Melov, S.; Newman, J.C.; Verdin, E. From discoveries in ageing research to therapeutics for
healthy ageing. Nature 2019, 571, 183–192. [CrossRef] [PubMed]

2. Li, Z.; Zhang, Z.; Ren, Y.; Wang, Y.; Fang, J.; Yue, H.; Ma, S.; Guan, F. Aging and age-related diseases: From mechanisms to
therapeutic strategies. Biogerontology 2021, 22, 165–187. [CrossRef] [PubMed]

3. Sen, A.; Capelli, V.; Husain, M. Cognition and dementia in older patients with epilepsy. Brain 2018, 141, 1592–1608. [CrossRef]
4. United Nations, Department of Economic and Social Affairs, Population Division. World Population Ageing 2019: Highlights;

United Nations: New York, NY, USA, 2019; ISBN 978-92-1-148325-3.
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Abstract: We aimed to assess if the same cognitive batteries can be used cross-nationally to monitor
the effect of Phenylketonuria (PKU). We assessed whether a battery, previously used with English
adults with PKU (AwPKU), was also sensitive to impairments in Italian AwPKU. From our original
battery, we selected a number of tasks that comprehensively assessed visual attention, visuo-motor
coordination, executive functions (particularly, reasoning, planning, and monitoring), sustained
attention, and verbal and visual memory and learning. When verbal stimuli/or responses were
involved, stimuli were closely matched between the two languages for psycholinguistic variables.
We administered the tasks to 19 Italian AwPKU and 19 Italian matched controls and compared results
from with 19 English AwPKU and 19 English matched controls selected from a previously tested
cohort. Participant election was blind to cognitive performance and metabolic control, but participants
were closely matched for age and education. The Italian AwPKU group had slightly worse metabolic
control but showed levels of performance and patterns of impairment similar to the English AwPKU
group. The Italian results also showed extensive correlations between adult cognitive measures
and metabolic measures across the life span, both in terms of Phenylalanine (Phe) levels and Phe
fluctuations, replicating previous results in English. These results suggest that batteries with the same
and/or matched tasks can be used to assess cognitive outcomes across countries allowing results to
be compared and accrued. Future studies should explore potential differences in metabolic control
across countries to understand what variables make metabolic control easier to achieve.

Keywords: PKU; cognitive outcomes; cross-cultural; cross-countries; Phe associations

1. Introduction

Phenylketonuria (PKU) is an inherited metabolic disease occurring in about 1/10,000 live births
where an error in the gene coding for the enzyme phenylalanine hydroxylase (PAH) produces an

137



Nutrients 2020, 12, 3033

inability to metabolize the amino acid phenylalanine (Phe) into tyrosine with serious consequences
for brain health [1]. Tremendous advances have been made in our understanding and treatment of
this disorder from the 1930s when it was first discovered by a Norwegian physician, Asbjørn Følling,
who noticed high levels of phenylpyruvic acid in the urine of some patients with severe mental disability
and established connections with high levels of Phe in the blood. Since the wide-spread introduction
of new-born screening in the late seventies in most countries, infants with PKU follow a Phe-restricted
diet which lowers blood Phe levels and eliminates mental disability. It is now recommended that a
PKU diet is followed throughout life. Current European guidelines recommend Phe to be kept within
the target range of 120–360 µmol/L till 12 years of age and within 120–600 µmol/L, above 12 years [2,3].
American guidelines recommend a target range of 120–360 µmol/L throughout life (American College
of Medical Genetics and Genomics, ACMG) [4]. In classical PKU, without treatment, Phe could
exceed >2000 µmol/L.

Maintaining a Phe-restricted diet allows people with PKU to lead normal lives. However, not all
is well. The PKU diet is expensive, unpalatable, and unsociable. Thus, it is often self-relaxed in
late childhood and abandoned during late adolescence [5–9]. Possibly because Phe levels remain
suboptimal, on average, people with PKU do not reach their full cognitive potentials [7]. IQ is in the
normal range, but lower than matched controls [10], and there are impairments in cognitive tasks,
especially when speed of processing and higher cognitive functions are involved [11–16]. Moreover,
this is the first generation of early treated adults with PKU (from now on AwPKU) to reach middle-age
and we do not know the effects of prolonged high levels of Phe on aging brains.

Better management of PKU may be achieved with the wider use of existing pharmacological
treatments [3,17,18] and the introduction of new ones [19–21], but it also depends on a better
understanding of how the cognitive impairments experienced by this population relate to levels and
variations in Phe levels across the life span. While Phe may be particularly toxic for developing brains,
we need evidence of the safety of accumulating high Phe levels on aging brains. Finally, it is important
to understand whether some individuals are less affected by high Phe since there is some evidence
of individual variation [6,22–24]. For a few people with PKU, it may be less important to keep on a
strict diet.

Establishing the efficacy of new treatments and the safety of existing ones relies on the
comprehensive cognitive assessments of large samples of people with PKU and relative controls.
Ideally, cognition should be tested across the board because the effects of Phe may vary for different
cognitive functions. Moreover, it is important to use multiple measures to increase reliability since
tasks do not tap cognitive function in a simple, univocal way. However, this is time-consuming and
recruiting participants is challenging since PKU is a rare disease. These difficulties, compounded by
resource limitations, mean that it is difficult for studies based on single clinical centres to achieve the
desired breadth and depth of testing with enough power [15,16,25] making the ability to collate results
across national and international centres particularly important. However, there is a lack of studies
comparing results across national samples.

Similar negative effects of PKU on cognition have already been reported across countries
(for example, deficits in executive functions have been reported in: Italy: Nardecchia et al. [26];
the Netherlands: Jahja et al. [27]; the UK: Palermo et al. [15]; the USA: Brumm et al. [25]; Christ, et al. [28];
Diamond et al. [2]; deficits of speed of processing have been reported in Australia: Moyle et al. [10];
Germany: Feldmann et al. [29]; the UK: Channon et al. [30]; Palermo et al. [15]; the USA: Janos et al. [31]).
These results suggest that the effects of Phe on cognition are similar across countries, in spite of cultural
and environmental differences in the approach to food and feeding. However, there is a lack of studies
directly comparing results collected using the same tests and direct comparisons are important to give
us confidence that results can be accrued.

The objectives of the present study are twofold: 1. we aim to replicate results previously obtained
with a relatively large sample of English AwPKU (N = 37) [5,6,15,32] by administering a subset of
tasks to a new sample of Italian patients; 2. we aim to demonstrate that the same tasks which are
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sensitive to blood Phe in English are also sensitive in Italian so that they also demonstrate impairments
and relationships with blood Phe levels and Phe fluctuations throughout the lifespan. A comparison
between English and Italian PKU samples is particularly relevant given differences in the approach to
food and diet in the two countries. Note that there is no issue of validity and specificity in the cognitive
assessment of PKU. We do not need to distinguish people with PKU from healthy people. Genetic
tests reliably establish the presence/absence of PKU from birth and high-level of Phe are constant in
people of PKU if the disease is untreated. What is important, instead, is test-sensitivity to variations in
metabolic control so that cognitive outcomes can be properly monitored. This can be demonstrated by
showing impairment compared to healthy controls and correlations with metabolic measures.

We assessed metabolic control and cognitive outcomes in 19 Italian early-treated AwPKU and
19 matched controls and compared performance with that of 19 English early-treated AwPKU and
relative controls selected from our previously tested cohort [15]. All groups were matched for age and
education. Comparisons between PKU groups were in terms of z scores which considered performance
in terms of deviations from the relative control groups. In addition, we assessed the sensitivity of
our cognitive battery in Italian by assessing correlations with current and historical blood Phe levels.
The Italian and English testing batteries were matched as rigorously as possible. In most cases, our tests
were exactly the same (the same materials and procedure); those with verbal stimuli were carefully
matched for psycholinguistic variables such as word frequency and word length (e.g., Rey AVLT).
Similar levels of impairments and similar correlations with Phe levels will demonstrate test reliability
and sensitivity for different national PKU samples. It will also give us confidence that, when the same
or matched tasks are used, results can be accrued, allowing more power for analyses.

2. Method

2.1. Participants

All PKU participants were adults diagnosed soon after birth (2–3 days in Italy and 5–7 days in
the UK).

Nineteen Italian AwPKU were recruited from the Clinical Centre for Neurometabolic Diseases
in the Department of Human Neuroscience, Child Neurology and Psychiatry Unit at the Sapienza
University of Rome. Three participants were currently treated with sapropterin. Nineteen Italian
control participants were recruited among students and friends of the researchers. They were matched
to the Italian PKU participants for age and education. Among the Italian participants, 4 had a diagnostic
blood Phe level > 600 µmol/L but <1200 µmol/L; 15 participants had Phe > 1200 µmol/L at birth.

To allow a direct comparison between an Italian and an English sample, 19 English AwPKU
were selected from a larger sample of 37 AwPKU previously tested [15,16,32]. They were all tested
at the Inherited Metabolic Disease Unit at the Queen Elizabeth Hospital in Birmingham. They all
had Phe > 1200 µmol/L at birth. They were matched one-to-one with the Italian AwPKU for gender,
age, and education. Matching was blind to cognitive performance and metabolic control as possible
differences were assessed. Thirty English healthy controls were originally recruited through an
advertising volunteering website. From this sample, we blindly selected 19 healthy controls matching
the English PKU participants for age and education (in number of years).

Power calculations indicated that 20 participants were necessary in the clinical group and
20 participants in the control group for a one tail effect size of 0.8 (consistent with what we found in our
previous studies) and =0.05, power (1-error probability) = 0.80. All AwPKU treated in the English and
Italian centres were invited to participate and were accepted in the study on a first-come, first-served
basis. Recruitment stopped when enough participants were tested. After the Italian PKU participants
were contacted, one participant became unavailable and we were left with 19 participants, which still
gave our study acceptable power (=0.78).

The English study received NHS ethical approval. The Italian study was approved by the local
ethics committee. All participants provided informed consent to the study.
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2.2. Ethical Approval

The study was conducted in accordance with the Declaration of Helsinki. All participants gave
their informed consent for inclusion before they participated in the study. In the UK, the protocol
was approved by the West Midlands NHS Ethics Committee (rec REC: 10/H1207/115). In Italy
the protocol was approved by the Institutional Review Board of “Sapienza”—University of Rome
(Project identification code 3629).

2.3. Metabolic Measures

For both the English and the Italian participants, metabolic measures were taken regularly since
birth and extensive records were available. The number of measures did not differ between countries
(see Table 1). Blood Phe monitoring was performed on dry blood spot collected after overnight fasting
by High Performace Liquid Chromatography until 2010 and then via tandem mass spectroscopy.
The laboratories of both centres have adhered and contributed to international quality control systems

Table 1. Demographic Variables in Terms of Age, Gender, Years of Education and Metabolic Control
across Ages for the Two Matched Groups of Italian and English AwPKU. Blood Phe measured in µmol/L.

Italian
AwPKU

English
AwPKU

English vs.
Italian

N = 19 N = 19 p Value

Mean SD Mean SD

Age
25.4 (range:

19–33) 4.1
25.3 (range:

18–36) 6.1 n.s.

Education (in years) 14 1.8 14.6 1.9 n.s.
Gender (M/F) 8//11 8//11

Verbal IQ 98.8 12.9 100.4 8.9 n.s.
Performance IQ 99.3 15 103.3 12.9 n.s.

Full IQ 98.9 14.5 102.1 10.4 n.s.
Childhood (0–10 years)

Phe Average Median 499 149 386 168 p = 0.04
Phe Fluctuation 227 63 198 50 n.s.

Mean N observationsper
participant 208 79 259 156 n.s.

Adolescence (11–16 years)
Phe Average Median 702 194 612 293 n.s.

Phe Fluctuation 170 51 165 34 n.s.
Mean N obs. per participant 77 54 98 74 n.s.

Adulthood (17 years +)
Phe Average Median 970 239 733 344 p = 0.02

Phe Variation 217 65 122 41 p < 0.001
Mean N obs. per participant 58 49 62 58 n.s.

Lifetime
Phe Average Median 695 198 516 233 p = 0.02
Phe Fluctuation (SD) 208 46 171 33 p < 0.01

Mean N observations. per
participant 344 149 419 232 n.s.

Current Phe 1042 428 677 382 p = 0.01
Range 454–2081 65–1465

AwPKU: adults with PKU, IQ: intelligence quotient, n.s.: not significant, Phe: Phenylalanine.

We averaged metabolic control in three age bands: childhood: 0–10 years old, adolescence:
11–16 years old, and adulthood: 17 years to present. We have also averaged measures throughout the
life-time and considered current Phe levels. For the Italian group, current Phe has been measured
immediately before the testing session/s or in the preceding few days; for the UK group, current Phe
has been measured immediately before the two testing sessions and averaged. We considered two
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types of measures: Phe level and Phe fluctuation/variation (we will use the term fluctuation from now).
Phe level in each band was calculated by taking the median values for each year and then averaging
the year values; Phe fluctuation was calculated by taking the SD for each year and then averaging year
values in the band.

2.4. Cognitive Assessment

Cognitive assessments were carried out in a quiet room at the clinical centres in Birmingham
and Rome. The testing session for the Italian participants lasted between 2 and 3 h. The English
participants carried out more tests and were tested in two separate sessions of similar length. Testing
was carried out by a psychologist or a neuropsychiatrist with neuropsychological training.

IQ was measured, for the Italian participants, using the Wechsler Adult Intelligence Scale-Revised
(WAIS-R) [33] and, for the English participants, the Wechsler abbreviated scale of intelligence (WASI) [34],
which includes the following subtests: Vocabulary, Block Design, Similarities, and Matrix Reasoning.
The WAIS-R and the WASI are strongly correlated providing similar validated measures of Full
Scale IQ [35]. In addition, participants were given a set of tasks chosen from the larger set of
tasks administered in our previous studies [15,16]. We chose tests which either showed a strong
difference between PKU participants and controls and/or strong correlations with metabolic measures.
We also prioritized tasks with non-linguistic stimuli which did not need adapting across languages.
Therefore, we did not include tests of picture naming, reading, spelling, and orthographic knowledge
(spoonerisms, phoneme deletions) where speed impairments could be due to a general reduction in
speed of processing which was also tapped by visual search. In addition, we did not include tasks
where relationship with metabolic measures are modest or absent [5]. Finally, to reduce the number
of tasks tapping similar functions, we also did not administer the Tower of Hanoi, lexical learning
task, the Stroop, and nonword repetition. Measures of short-term memory (digit span and Corsi span)
and a baseline measure of peripheral speed of processing were included for completeness and to
confirm or disprove impairments, given mixed results from the literature (for impairments in digit
span and nonword repetition see Palermo et al. [15]; for contrasting results see Brumm et al. [25],
and Moyle et al. [10]; see also Jahja et al. [27] for deficits with increasing working memory load).

The following cognitive areas were assessed:

2.4.1. Visual Attention

This was assessed with four tasks [15,16]: 1. Simple Detection: Press a response button as soon as
a ladybird appears on the screen; 2. Detection with Distractors: Press a button whenever a ladybird
appears on the screen alone or with a green bug, in the second part of the task the instruction was
changed to press a button whenever a green bug appeared on the screen alone or with a ladybird;
3. Feature Search: Detect a target among distractors not sharing features by pressing a “yes” or
“no” button (e.g., a red ladybird among green bugs); 4. Conjunction Search: Detect a target among
distractors sharing features (e.g., red ladybird among red bugs and green bugs). Both reaction times
(RT from now on) and accuracy measures (error rates) were taken.

2.4.2. Visuo-Motor Coordination

This was assessed with two tasks: 1. Grooved Pegboard Test [36]: Put pegs into the holes of a
board using only one hand as quickly as possible (short version with two trials one with the dominant
and one with the non-dominant hand for the Italian and English matched samples) and 2. Digit Symbol
Task [33]: Fill as many boxes as possible with symbols corresponding to numbers (key with associations
remains visible) in 90 s. Trail Making Test A (TMT A) [37,38]: connect circles containing numbers in
ascending order of the numbers as quickly as possible.
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2.4.3. Complex Executive Functions

This was assessed with four tasks tapping skills such as planning, flexibility, and abstract thinking:
1. The Wisconsin Card Sorting Test (WCST) 64 card version [39]: Discover the rules to match cards
from a deck with four reference cards according to the shape, number or colour of the symbols on the
card; feedback is provided to allow learning. Flexibility is required when the sorting rule is changed
unknown to the participant and the new rule must be discovered. We used three different scores: total
errors, number of perseverative responses and number of completed categories. 2. Difference in speed
between Trail Making Test B-A (TMT B-A) [37,38]. A involves connecting circles containing numbers
in ascending order; B also involves connecting circles in ascending order but alternating between the
number and letters contained in the circles. Only time is considered in this test; when occasionally an
error is made, it is corrected by the examiner and this affects the time to complete the task. 3 Fluency:
For letter fluency: generate as many words as possible starting with a given letter in a minute of time
(for Italian: P, F and L; Novelli et al. [40] for English: C, F and L; Benton et al. [41]); for semantic
fluency [42,43]: generate as many names of animals as possible in 1 min of time. This requires planning
an efficient search through the lexicon.

2.4.4. Short-term Memory/Working Memory

This was assessed with two tasks: 1. Digit Span: Repeat a sequence of digits spoken by the
examiner soon after presentation; 2. Corsi Block Tapping Test [44]: The examiner taps a sequence of
blocks and the participant must reproduce the sequence in the same order. Span was calculated as the
longest sequence which could be repeated correctly (1 point was awarded for each length if all trials
are correct; otherwise a corresponding fraction of point was awarded; for digit span where sequences
started from length four, sequences of length 1–3 were assumed all correct, unless there were errors
with sequences of four digits; in this case, sequences of shorter length were presented).

2.4.5. Sustained Attention

This was assessed with the Rapid Visual Information Processing task (RVP) [45]: detect three
target sequences of three digits by pressing the response key when the last number of the sequence
appears on the screen. Scores are percentage correct.

2.4.6. Verbal Memory and Learning

This was assessed with The Rey Auditory Verbal Learning Test [46,47] which asks for learning,
immediate recall, and delayed recall of a list of 15 words. The list is presented five times and participants
are asked to recall the words immediately after each presentation. After the 5th presentation (A5),
an interfering list (B1) is presented and participants are asked to recall this list and then, once again,
the original list (A6) without a further presentation. Finally, participants are asked to recall the original
list after a 20-min filled interval. Our scores include total number of errors across the five learning
trials (A1-5); errors in recalling the words after an interfering list (A6); and, again, errors in delayed
recall of the original list.

2.4.7. Visual Memory and Learning

This was assessed with the Paired Associates Visual Learning [48]: Learn to associate objects with
locations. Z scores for each participant for each task were computed using the relevant control group
as a reference point. As well as considering performance in individual tasks, for each participant,
we computed two indexes of overall cognitive performance: 1. We averaged z scores in all tasks and
2. We considered the rate of poor scores across all tasks (rate of Z scores => 1.5); this second index
is important since an average Z score may mask significant areas of difficulties in a number of tasks
(given a profile were some skills are good and others are impaired).
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3. Data Analyses

We used two-tailed t-tests to compare the demographics and metabolic measures of the Italian and
English AwPKU, as well as to compare the demographics and cognitive performance of each of these
clinical groups with the corresponding control group. This allowed us to assess whether the Italian
AwPKU demonstrated similar impairments to the English AwPKU [15]. Additionally, we computed Z
scores for each PKU participant and each task, using the corresponding control group (subtracting
each test value from the corresponding control mean and dividing by the control SD). Average Z scores
for Italian and English AwPKU were analyzed using two-tailed t-tests to compare size of standardized
effects. For this and all other analyses in the paper, we were more interested in comparing patterns
across groups than in the significance of an individual measure. However, with the t-tests, we have
indicated comparisons which remained significant after a Bonferroni correction.

To demonstrate that our battery is as sensitive to impairment in Italian as in English, we carried
out Person r correlations between all our cognitive measures and measures of metabolic control,
both current and historical. This resulted in a high overall number of correlations for each clinical
group (N = 144). Individually, each correlation is not very reliable since correlations are notoriously
unstable with a small N (19 participants). However, we were not interested in the significance of
individual correlations, but, instead, in establishing the sensitive of our tasks to metabolic controls in
Italian as in English, across measures. Considering patterns across a large number of cognitive tasks
and metabolic measures will reduce error and boost power. We used a χ2 s to assess the significance of
a positive/negative correlations ratio against a chance 50/50 ratio, which is expected if no true relation
exists between cognitive performance and metabolic control. In addition, we used a one-sample t-test
to assess whether the average correlation was significantly different from 0 (see Romani et al., [6] for a
similar methodology). We carried out these analyses on both Italian and English PKU samples.

4. Results

4.1. Demographics

Demographic and metabolic information for English and Italian PKU groups are shown in Table 1.
The Italian and English groups were matched for age, education, and gender. They did not differ
significantly for of any of these variables or for IQ. However, the average Phe level was higher in the
Italian group, with differences reaching significance for all age bands but adolescence. In addition,
Phe levels were more variable in the Italian than in the English group in adulthood and when measured
throughout the lifetime.

4.2. Cognitive Performance

4.2.1. AwPKU vs. Controls

Table 2 shows the performance of the Italian and English PKU groups compared to matched
samples of healthy controls. Results show that both Italian and English AwPKU were impaired in a
similar range of tasks with good overlap with the English PKU group.

Both Italian and English AwPKU were impaired in IQ measures and showed a reduced speed
in allocating visuo-spatial attention and good accuracy in visual search tasks. Both groups showed
impairments in tasks tapping visuo-motor coordination (but for the Italian group differences reached
significance only for the digit symbol test). The Italian group also showed impairments in the TMT b
and a-b and in the fluency tasks and in the RVP task. Both groups showed no difference in the WCST.
Finally, both groups performed well in verbal and visuo-spatial short-term memory tasks (digit span,
Corsi Block tapping test) and in tasks tapping learning and memory with only a marginal impairment
for the Italian AwPKU.
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Table 2. Cognitive Performance of Italian and English PKU Participants and Healthy Controls Matched for Age and Educations to the Respective Clinical Groups.

ITALIAN PARTICIPANTS (N = 19 In Each Group) ENGLISH PARTICIPANTS (N = 19 In Each Group)

AwPKU Controls Diff. AwPKU Controls Diff.

Mean SD Mean SD p Value Mean SD Mean SD p Value

Age 25.4 4.1 24.7 3.4 n.s. 25.3 6.1 24.4 5.35 n.s.

Education (in years) 14.0 1.8 13.9 1.7 n.s. 14.6 1.9 14.8 1.7 n.s.

Gender (M/F) 8//11 8//11 7//12 6//13

VIQ 98.8 13 108.5 13.1 0.03 100.4 8.9 109.6 9.6 <0.001 #

PIQ 99.3 15 107.1 9.6 0.07 103.3 12.9 110.2 12.6 n.s.

FIQ 98.9 15 110.1 12.0 0.01 102.1 10.4 111.1 10.3 0.01

VISUAL ATTENTION

Simple Detection (RT—ms) 325 46 315 44.6 n.s. 331 50.7 304.9 51.2 0.06

Detention with Distractors

RT—ms 483 104 430 58 0.02 433 56.4 392 54.2 0.03

% errors 0.8 0.6 0.5 1.1 n.s. 0.8 0.8 0.5 0.6 n.s.

Feature Search

RT—ms 752 262 586 113 0.02 581 111 492.3 70.5 0.01

% errors 1.6 4.7 0.6 1.2 n.s. 1.9 2.6 2.3 2.3 n.s.

Conjunction Search

RT—ms 1152 237 938 203 <0.001 # 998 162 846 129.0 <0.001 #

% errors 3.2 4.7 2.8 4.7 n.s. 2 2.2 3.5 5.4 n.s.

VISUO-MOTOR COORDINATION

Pegboard (Time–s) 76.7 11 70.6 9.0 0.06 71.9 9.9 66.0 6.1 0.03

Digit Symbol (%errors in 90 s) 41.6 12 39.4 9.1 <0.001 # 37.1 11.6 27.9 10.3 0.01

Trail-Making Test A (Time–s) 32.4 15 29.9 12.1 n.s. 24.0 7.0 20.2 3.7 0.04

EXECUTIVE FUNCTIONS

WCST
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Table 2. Cont.

ITALIAN PARTICIPANTS (N = 19 In Each Group) ENGLISH PARTICIPANTS (N = 19 In Each Group)

AwPKU Controls Diff. AwPKU Controls Diff.

Mean SD Mean SD p Value Mean SD Mean SD p Value

Total errors 13.6 6.9 13.6 5.3 n.s. 13.8 8.6 11.9 5.5 n.s.

Perseverative responses 7.0 3.1 7.8 3.3 n.s. 7.9 5.1 7.5 5.3 n.s.

N of Completed Categories 4.0 1.1 4.1 1.0 n.s. 3.9 1.2 4.3 0.9 n.s.

Trail-Making Test

B (sec) 79.8 34 54.4 19.7 0.01 42 10.8 43.2 16.0 n.s.

B–A (sec) 47.5 29 24.4 13.1 <0.001 # 18 8.0 22.9 14.3 n.s.

Verbal Fluency

Letter (correct answers) 39.0 11 47.5 9.3 0.01 36.3 11.6 40.5 15.0 n.s.

Semantic (correct answers) 20.1 4.8 23.5 3.6 0.02 21.6 5.8 25.1 5.0 0.06

Rey Auditory Verbal Learning

Retention after interference (% errors A6) 17.2 13 8.4 7.6 0.02 19.6 18.3 15.1 16.9 n.s.

SUSTAINED ATTENTION

RVP (% of errors) 24.2 12 15.9 9.6 0.03 16.8 9.5 13.2 9.4 n.s.

SHORT-TERM MEMORY

Digit span 5.9 0.9 5.9 1.1 n.s. 6.2 0.8 6.5 0.9 n.s.

Corsi Block span 5.9 1.0 5.0 1.1 0.01 5.3 0.8 5.6 0.9 n.s.

(opposite to
expected)

MEMORY and LEARNING

Rey Auditory Verbal Learning

Trial A1–A5 (% errors) 20.8 8.8 19.7 6.1 n.s. 24.5 11.4 21.7 9.3 n.s.

Delayed Recall (% errors) 10.2 11 4.9 7.0 0.08 18.6 18 14.7 14.8 n.s.

Paired Associate Visual learning (% errors) 2.3 2.2 1.2 1.3 0.07 2.5 3 1.8 1.8 n.s.

Italian and English PKU groups are also matched a-priori for age and education. Diff. = Difference. # = comparison which remains significant after Bonferroni correction. WCST: Wisconsin
Card Sorting Test, RT: reaction Times, RVP: Rapid Visual Information Processing task, VIQ: verbal IQ, PIQ: performance IQ, FIQ: full IQ.
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4.2.2. Italian AwPKU vs. English AwPKU

Table 3 compares standardized performance of Italian and English PKU groups. Despite their
worse metabolic control, the Italian group performed significantly worse than the English PKU group
in only a few tasks. They were worse on the TMT B and B-A and on letter-fluency, marginally
worse on list recall after interference (retention A6), but better on the Corsi Block span. Overall,
their performance was numerically worse in terms of average Z score, but this was not statistically
significant. When we co-varied concurrent Phe, only the differences in trail making test B-A and Corsi
span remained significant (p = 0.009 and p < 0.001); differences in Trail making B and letter fluency
were only marginally significant (p = 0.06 and p = 0.08).

A detailed comparison of results in visual search tasks highlights the similarity of patterns in the
Italian and English PKU groups. Figure 1 shows RTs in the different conditions. Errors were too few for
analysis. Across groups, RTs in feature search do not increase with the number of distractors. This is
because in this condition the target item “pops out” and a parallel search suffices for a correct answer
(generating a flat profile). Instead, across groups, there is a steep increase in RTs with the number
of distractors in conjunction search. This is consistent with the need to serially explore the distinct
locations of the display in this condition. Moreover, all groups show slower RTs with “No” rather than
“Yes” trials, especially in the conjunction search. This is also expected. To decide that an item is not
present you need to check all locations in the display; instead to find a target item, only half of the
locations need to be checked on average. The PKU groups show the same patterns of the controls,
but they are slower in all conditions.

Trials (F (1, 36) = 43.9; p < 0.001; ηp
2 = 0.550). There were also a number of significant interactions:

task x distracters (F (2, 72) = 77.7; p < 0.001; ηp
2 = 0.683), because responses were slower with more

distracters in the conjunction search, but not in the feature search; distracters x trial (F (2, 72) = 16.0;
p < 0.001; ηp

2 = 0.307) because the effect of the number of distracters was more marked in the “no” than
the “yes” trials; task x trial (F (1, 36) = 64.8; p < 0.001; ηp

2 = 0.643) because slower responses in the “no”
rather than the “yes” trials occurred in the conjunction search, but not in the feature search. Finally,
there was a three-way interaction: task x distracters x trial (F (2, 72) = 12.6; p < 0.001; ηp

2 = 0.259)
because responses were slower with the number of distracters more in the “no” than the “yes” trials,
but only in the conjunction search. Crucially, however, there were no significant interactions within
the group.

When PKU participants are compared to controls, differences are constant in all conditions, except
in the conjoined task where the English PKU group shows increasing differences from controls with
number of distractors: a fanning-out pattern (distracters x group: F (2, 72) = 3.8; p = 0.03; ηp

2). Instead,
differences from controls always remained stable in the Italian group (F (2, 72) = 0.25; p= 0.78). We will
comment on this difference in the General Discussion.

Finally, we want to highlight that, as reported for the English sample (Palermo et al., 2017),
the variability in cognitive performance in Italian PKU participants is striking. Five PKU participants
(26% of the sample) had a normal cognitive profile when compared to the control group (average Z score:
−0.2; −0.7−0.1; % z score =>1.5: 5.0; 0–8.3; expected 6.7%; Full IQ = 114; 104–124). These participants
had fast speed of processing while maintaining a good accuracy.
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Table 3. Cognitive Performance of English and Italian PKU Groups in Term of Z Score Computed from
Relative Control Groups Matched for Age, Gender, and Education.

Italian AwPK Z Score English AwPKU Z Score Diff.

DOMAIN/TASK Mean SD Mean SD p

IQ 1.0 1.0 0.9 1.0 n.s.
VISUO-SPATIAL ATTENTION RTs

Simple Detection—ms 0.2 1.0 0.5 1.0 n.s.
Detention with Distractors—ms 1.3 2.1 0.8 1.0 n.s.

Feature Search—ms 1.5 2.3 1.3 1.6 n.s.
Conjunction Search ms 1.1 1.2 1.2 1.2 n.s.

VISUAL ATTENTION accuracy
Detention with Distractors—% errors 0.2 0.6 0.5 1.3 n.s.

Feature Search—% errors 0.9 4.0 −0.2 1.1 n.s.
Conjunction Search—% errors 0.1 1.0 −0.3 0.4 n.s.

VISUO-MOTOR COORDINATION
Pegboard—s 0.7 1.2 1.0 1.6 n.s.

Digit Symbol—% errors in 90 s 0.2 1.3 0.9 1.1 n.s.
Trail-Making Test A—s 0.2 1.2 1.0 1.9 n.s.

EXECUTIVE FUNCTIONS
WCST

Total errors 0.0 1.3 0.3 1.5 n.s.
Perseverative responses −0.3 0.8 0.1 1.0 n.s.

N of Completed Categories 0.1 1.0 0.3 1.3 n.s.
Trail-Making Tests

B (s) 1.3 1.7 −0.1 0.7 <0.001#
B–A (s) 1.8 2.2 −0.3 0.6 <0.001#

Verbal Fluency
Letter (correct answers) 0.9 1.1 0.3 0.8 0.05

Semantic (correct answers) 1.0 1.3 0.7 1.2 n.s.
Rey Auditory Verbal Learning

Retention after interference (% errors
A6) 1.1 1.7 0.3 1.0 0.07

SUSTAINED ATTENTION
RVP (% of errors) 0.9 1.3 0.4 1.0 n.s.

SHORT-TERM MEMORY
Digit span 0.0 0.8 0.3 0.9 n.s.

Corsi Block span −0.8 0.9 0.3 0.9 <0.001#
LEARNING

Rey Auditory Verbal Learning Test
Trial A1–A5—% errors 0.2 1.4 0.3 1.2 n.s.

Delayed Recall—% errors 0.8 1.5 0.3 1.2 n.s.
Paired Associate Visual learning—%

err 0.9 1.7 0.4 1.7 n.s.

OVERALL Z SCORE excluding IQ
mean 0.59 0.42 n.s.

SD 0.76 0.58

Diff. = Difference. # = comparison which remains significant after Bonferroni correction.
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Figure 1. Performance of the UK and Italian PKU groups and relative control groups on the visual search tasks. Dist: distractors, PKU: Phenylketonuria,
RT: reaction Times.
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4.3. Cognitive Outcomes in Relation to Metabolic Control

We ran Bivariate Pearson r correlations between metabolic measures taken at different times during
the life span and our adult cognitive measures. To reduce the number of variables per task, we only
run correlations for search tasks, with RT measures; for TMT, with the B–A condition; for the WCST,
with the total errors; and for the Rey, with total errors over 1–5 trials and with delay recall. Table 4
shows results for the Italian sample. Results for the larger sample of English AwPKU are reported
in Romani et al. [5]. We do not report correlations with the English matched sub-sample because
correlations with a small sample are notoriously unstable. Thus, results with a smaller sub-sample
may differ from the results obtained with a larger sample in potentially misleading ways. However,
to compare results for the two languages with samples of an equal size, we also report, with both PKU
samples, the % of positive correlations and the average correlation.

The Italian sample had widespread significant correlations with only a few tasks failing to show
any significant correlation with any metabolic measure (pegboard task, the semantic fluency task,
and the Rey test). Almost all correlation (91%) were positive (132/144; χ2 = 60.5; p <.001). The average
correlation across tasks was 0.29 (SD = 0.22), which was significantly different from 0 (one sample t-test
(142) = 17.0; p < 0.001). In the English matched sample (N = 19), 69% of correlations were positive
(99/144 = 69%; χ2 = 10.5; p < 0.001) and the average correlation was 0.12 (SD = 0.25; one sample t-test
(142) = 5.7; p < 0.001). Taken together, these results indicate that our tests are sensitive to the level of
metabolic control in both languages.

Considering the qualitative pattern of correlations in the Italian sample, a number of significant
features can be noted which replicate findings from the larger English sample [5]: 1. Adult cognitive
performance correlates with current Phe levels, but also with historical Phe records with significant
correlations across the life-span; 2. Cognitive performance correlates with metabolic measures in terms
of both average Phe levels and Phe fluctuations (average SD per year), this confirms the importance
of maintaining not only low average Phe levels, but also of being constant and of avoid Phe peaks;
3. There are interactions between type of function an age when metabolic control is measured: some
functions are more effected by childhood Phe measures than by current Phe levels (see visuo-attentional
speed). Other functions, instead, show as much of an association with current levels as with historical
measures (IQ, visuo-motor control, sustained attention, memory, and learning.
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Table 4. Correlations Between Phe Measures Across the Life-Span and Cognitive Performance in Different Domains for the Italian PKU Sample (N = 19).

VISUAL ATTENTION SPEED VISUO-MOTOR EF-MONITORING SUST. LEARNING AND MEMORY

ITALIAN
PKU

FSIQ Simple Detection Feature Conj. Peg-Board Digit WCST TMT Digit Corsi Sem ATTENT Rey Rey
Paired
Ass.

PHE RT
With

distractors
RT

Search
RT

Search
RT

Sec. Symbol
Total

err
b–a Span Span Fluency RVP %

Words
a1–a5

Words
Delayed

Visual
Learning

0–10 yrs

Average 0.38 0.43 0.42 0.15 0.30 0.05 0.28 0.19 0.55 * 0.57 * 0.37 0.03 0.43 0.17 0.08 0.30
SD 0.31 0.73 ** 0.73 ** 0.34 0.49 * 0.02 0.13 −0.10 0.55 * 0.66 ** 0.42 0.08 0.57 * 0.34 0.25 0.36

11–16 yrs

Average 0.53 * 0.08 0.30 0.41 0.35 0.18 0.38 0.28 0.44 0.32 0.29 0.41 0.63 ** 0.14 0.08 0.49 *

SD 0.02 0.29 0.32 0.37 0.20 −0.25 −0.10 −0.08 0.20 0.16 −0.04 0.38 0.37 −0.18 −0.29 0.30

17 yr to now

Average 0.58 ** 0.03 0.37 0.38 0.41 0.32 0.60 ** 0.59 ** 0.56 * 0.60 ** 0.60 ** 0.24 0.48 * 0.11 0.09 0.30

SD 0.52 * −0.06 0.06 0.16 0.22 0.29 0.43 0.46 * 0.52 * 0.38 0.28 0.21 0.33 0.05 −0.11 −0.20
Current 0.41 −0.10 0.05 0.03 0.01 0.12 0.61 ** 0.58 ** 0.54 * 0.60 ** 0.37 0.00 0.30 0.21 0.16 0.11
Lifetime

Average 0.55 * 0.23 0.42 0.29 0.39 0.03 0.37 0.31 0.55 * 0.58 ** 0.33 0.23 0.58 * 0.12 0.12 0.38

SD 0.47 * 0.45 0.54 * 0.40 0.45 0.05 0.24 0.16 0.60 * 0.55 * 0.35 0.28 0.58 * 0.13 0.00 0.26

Highlighted rows compare childhood Phe measures with current Phe. To facilitate interpretation, positive correlations always indicate that high Phe was associated with a worse
performance. Thus, for IQ, digit span, Corsi span, and semantic fluency correlations were reversed. Significant measures are in bold. * = significant < 0.05; ** significant < 0.01. Phe SD: Phe
fluctuations, FSIQ: full scale IQ, TMT: Trail Making Test, ATTENT: attention, PHE: Phenylalanine.
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5. Discussion

There is a lack of studies which have assessed the behavioural effects of metabolic control
in individuals with PKU across countries with the same testing materials, comparing sensitivity.
This, instead, is important for establishing common PKU testing batteries and to accrue results across
centers for a rare disease. In spite of tremendous advances in our knowledge of PKU, we lack a
complete and reliable picture of cognitive outcomes in relation to metabolic controls at different ages,
which is crucial to establish the efficacy of new therapeutic interventions and to track developmental
trends which may demonstrate either cognitive improvements (by bridging developmental gaps) or
cognitive deterioration with age (due to abandoning the diet and/or accelerated aging). Our study
tested cognitive outcomes in two samples of Italian and English AwPKU closely matched for gender,
age, and education, using the same or closely matched materials.

5.1. Metabolic Control

Our results showed better metabolic control in the English than the Italian PKU sample. This could
be due to differences in clinical practice (the English group is one of the better controlled groups
described in the literature so far, which is likely due to the strong clinical advice received) or to cultural
differences in approaches to food across countries. While in Italy, the diet may be less protein-based than
in England, the stronger centrality of food in Italian society may make following a separate diet more
difficult. Our matched samples are small, and we do not have corroborative information indicating
whether following a PKU diet may be easier in England than in Italy. Nonetheless, our results point to
variability in metabolic control across groups, suggesting the need to explore possible, modulating
socio-cultural factors which could affect clinical management.

5.2. Cognitive Impairments

Our results showed similar patterns of cognitive outcomes and associations with metabolic
measures across the Italian and English groups. The Italian PKU participants performed worse
than the matched English PKU participants in a few tasks, consistent with their worse metabolic
control, but the overall level of impairment and the pattern of spared and impaired functions were
similar across groups. The results with an Italian sample confirm patterns of impaired and spared
functions previously reported with English participants [15]. They confirm substantial impairments in
the following:

- Speed of processing, at least, with tasks tapping visual attention (no other RT tasks were used),
confirming previous results [11,27], but good performance in the same tasks in terms of accuracy,
confirming that AwPKU are slow, but accurate.

- Executive functions in terms of flexibility and planning (TMT B and B–A and verbal fluency),
but no impairment in the WCST (see also Moyle et al. [49] for impairments in fluency, but no
impairments in the TMT B; see also Brumm et al. [25]; Smith et al. [50], for impairments in the
WCST; see Ris et al. [51], and Channon et al. [52], for impairments in a test similar to the WCST).

- Sustained attention (Rapid Visual Information Processing task; see also Channon et al. [52];
Bik-Multanowski et al., [53]; Jahja et al. [27]; Schmidt at al. [47]; Weglage et al. [9]).

- Visuo-motor coordination (marginal impairment in the peg-board task; see also Griffiths et al. [54];
Pietz et al. [55], but also Brumm et al. [25], for no impairment).

The Italian sample showed no impairments in verbal and visual short-term memory. Performance
was in fact better than the controls in the Corsi task, confirming the lack of impairment found in
Palermo et al., [15]. We have previously found a marginal impairment in digit span. The present results
are also consistent with Moyle et al., [49], who found no impairment in the working memory index of
the WAIS, and with Brumm et al. [25], who found no impairment in the forward digit span, but an
impairment with the backwards span (see also Jahja et al. [27] for deficits with increasing working
memory load).
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Finally, our results confirm no or marginal impairments in verbal and visual learning (for no
impairments in adults see also Channon et al. [52]; Moyle et al. [49]; for a review in children showing
mixed results see Janzen and Nguyen, [14]). These results support the idea that AwPKU perform better
when they can rely on learning and stored knowledge (see good performance in word spelling; better
word than nonword reading speed; and better digit span than nonword repetition; [15,16]).

When we have analysed patterns in visual search tasks, the Italian and English PKU samples
also showed similar results. Both groups were slower in conjunction than in feature search tasks and
showed increased delays with a number of distractors, especially in conjoined search and target absent
conditions. Compared to matched control, both Italian and English PKU samples showed delays
across tasks and conditions. However, in conjunction search, the English PKU group showed increased
delays with a number of distractors (a fanning out pattern), while the Italian PKU group showed stable
differences. In Romani et al. [16], we argued that two different types of difficulties may contribute to a
speed reduction in AwPKU: 1. Some specific processing difficulties such as a difficulty in allocating
visual attention; this will result in increasing differences from the control with number of distractors;
and 2. A general tendency to be more cautious/tentative in returning an answer which will result
in a fixed delay across conditions (a flat profile across conditions; a pattern that we have seen with
language tasks, see Romani et al., [16]). The Italian PKU sample is relatively small, and it is possible
that noise may have obliterated a fanning-out pattern in conjunction search. With this caveat, a stable
difference from controls, which is not affected by task difficulty, is more consistent with a delay in
making decisions than with processing difficulties.

Taken together, our results highlight how PKU does not impact cognition homogeneously.
Some functions are spared while others—like visuo-attentional speed—are severely impaired, showing
average Z scores between 1.2 and 1.5 from the control mean (and Z score SDs between 1.2 and 2.3),
which indicate that some people with PKU are at the extreme margin of the normal distribution.
To consider this variability is important for an accurate evaluation of outcomes in relation to current
and future treatment options. Our results also confirm the extreme variability in performance across
individual participants. In the Italian sample, 5 participants (26% of sample) showed a completely
normal cognitive performance.

Concerning the relationship between cognitive and metabolic measures, our Italian results
confirm extensive correlations between current and historical Phe measures and performance in
cognitive tasks. Previous studies have also found correlations between current and life-time Phe
levels and cognitive functions (see Brumm et al. [25] for correlations with backwards span, fluency,
WCST; Smith et al. [50] for a correlation with WCST; Moyle et al. [49] for correlations with TMT
and visual memory; Jahja et al. [27] for correlation with visual search tasks with a memory load;
see Romani et al. [5], and Hofman et al. [56], for a more detailed review of the literature). Other studies
have found differences in cognitive abilities between AwPKU with better versus worse metabolic
control. For example, Nardecchia et al. [26] found that patients with a worse metabolic control
had a lower IQ and worse performance at the WCST and at the Elithorn’s Perceptual Maze Test;
Bik-Multanowski et al. [53] found that patients with a worse metabolic control performed worse
in RVP, Spatial Span (SSP), Spatial Working Memory (SWM) and Stop Signal Task (SST; see also
Brumm et al. [25] and Palermo et al. [15] for results on more comprehensive sets of cognitive tasks).

Our results also confirm that both measures in terms of average Phe and Phe fluctuations correlate
with performance [57] and that there are interactions between type of function and age of metabolic
control. Some functions are more affected by historical Phe and others by current Phe. Speed in visual
attentional tasks is associated mainly with childhood Phe (both average and SD), while tasks tapping
visuo-motor coordination (digit-symbol, TMT), sustained attention and memory and learning are also
affected by current Phe [5,11].

Our results highlight the importance of using the right cognitive and metabolic measures to
assess outcomes. For example, a recent study by Bartus et al. [58] found no correlations between
Phe levels (current and life-time) and performance on three tasks of the computerized Cambridge
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Cognition Test (CANTAB)—Motor screening test, Spatial Working Memory test, and The Stoking of
Cambridge—in 47 AwPKU, nor any difference between groups with high vs. low Phe levels. However,
we also found no correlations when we used similar tasks with our Italian/English samples (motor
speed tapped by simple RT, visual WM tapped by Corsi span) or with larger English sample (the Tower
of Hanoi was not tested here; see Romani et al., [5]). This example shows the importance of using
both a comprehensive and an ad hoc set of tasks when assessing outcomes and their relationship with
metabolic variables. Failing to do so runs the risk of reaching the wrong conclusions regarding the
effects of relaxing metabolic control.

6. Conclusions

It is important to track the cognitive performance of people with PKU across the lifespan. This is
the first generation of early-treated AwPKU to move towards middle-age and people with PKU show
a tendency to progressively relax the diet with age [55,59–61]. However, we do not know what effects
prolonged high-levels of Phe may have on aging brains. Our results suggest that the effect of Phe on
the brain is different in childhood to early adulthood [6], but further interactions may be seen later
in life. Knowing which functions and relative tasks are most affected and most sensitive to Phe in
young adults with PKU provides an important base-line to compare outcomes across the life-span and
evaluate the effectiveness of treatment. Our study has contributed to an identification of sensitive tasks
by showing consistency across Italian and English samples in the patterns of impaired and spared
functions and similar patterns of correlations with metabolic measures and by replicating previous
findings. This provides preliminary evidence that common PKU batteries can be used across countries
to detect impairments with similar sensitivity. The similarity of the results across the Italian and English
PKU samples justified combining results in a single database in a follow-up study, giving us more
power to assess the interactions between types of metabolic variable (Phe average vs. Phe fluctuation),
age of metabolic control (childhood, adulthood, current) and type of cognitive functions, and more
power to assess the relationships between cognitive scores and adherence to metabolic guidelines [6].

Limitations

The main limitation of our study lies in the small sample of AwPKU tested in Italian. Although
this small sample is still sufficient to establish that our tasks are sensitive to metabolic control, larger
samples are necessary to compare individual correlations and replicate our preliminary findings
that qualitive patterns are the same across languages and nationalities. There was variability in the
correlation patterns shown by the Italian and English PKU samples. This is not surprising. The two
PKU samples were not matched for metabolic controls. More importantly, correlations are notoriously
unstable and have small samples, and this is a major stumbling block for research trying to establish
the relationship between metabolic controls and cognitive outcomes in people with PKU. However,
it is precisely this limitation that makes it important to establish that tasks are equally sensitive across
different nationalities so that results can be accrued. We hope that that our study will be followed by
further research to assess the sensitivity of the same tasks across languages in people with PKU.
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Abstract: Manganese (Mn) is a trace nutrient necessary for life but becomes neurotoxic at high
concentrations in the brain. The brain is a “privileged” organ that is separated from systemic blood
circulation mainly by two barriers. Endothelial cells within the brain form tight junctions and
act as the blood–brain barrier (BBB), which physically separates circulating blood from the brain
parenchyma. Between the blood and the cerebrospinal fluid (CSF) is the choroid plexus (CP), which
is a tissue that acts as the blood–CSF barrier (BCB). Pharmaceuticals, proteins, and metals in the
systemic circulation are unable to reach the brain and spinal cord unless transported through either
of the two brain barriers. The BBB and the BCB consist of tightly connected cells that fulfill the critical
role of neuroprotection and control the exchange of materials between the brain environment and
blood circulation. Many recent publications provide insights into Mn transport in vivo or in cell
models. In this review, we will focus on the current research regarding Mn metabolism in the brain
and discuss the potential roles of the BBB and BCB in maintaining brain Mn homeostasis.

Keywords: manganese; blood–brain barrier; blood–cerebrospinal fluid barrier; choroid plexus

1. Manganese Dyshomeostasis and Neuropathological Consequences

Manganese (Mn) is essential for life as it is necessary for the normal function of several
enzymes, including the antioxidant enzyme Mn superoxide dismutase (MnSOD) [1] and the
neurotransmitter synthesis enzyme glutamine synthetase [2]. Since adequate Mn is easily
obtained through a healthy diet, Mn deficiency is uncommon. However, Mn overload
occurs more frequently and becomes a public health concern. Exposure to high levels of
Mn in occupational environments such as mining, welding, and dry cell battery production
can lead to manganism, which is a disorder characterized by serious and irreversible
neurological symptoms similar to those seen in Parkinson’s disease. Early symptoms of
manganism caused by occupational hazards include neurobehavioral changes such as
impulsiveness and irritability, followed by changes in gait and difficulty with speech as
the disease progresses [3]. High Mn levels in local drinking water, along with elevated Mn
in blood and hair samples, reveals a correlation between higher Mn levels and decreased
memory, verbal, and overall IQ scores [4]. Elevated environmental Mn exposure in children
is also correlated with poorer academic achievement [5], altered performance on visual
perception and memory tasks [6], and reduced Full Scale IQ [7].

In patients with mutations in Mn-transport proteins, excess Mn accumulates in the
blood and brain, causing neurological symptoms. Blood Mn levels in healthy individuals
is <320 nmol/L, while patients experiencing neurological symptoms of Mn overload have
levels exceeding 2500 nmol/L [8,9]. Additional data from patients with inherited disorders
of Mn homeostasis have been recently summarized [10]. Individuals can also receive excess
Mn from environmental sources. A group of people living in an area with high Mn in
drinking water (1.8–2.3 µg/mL) experienced many of the neurological symptoms related
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to manganism, such as tremors, gait disturbances, and memory dysfunction [11], thus
highlighting the dangers of excess Mn to neurological health.

Older adults are also at risk of the neurological effects of excess Mn in the brain.
Alzheimer’s disease (AD) and related dementias are a group of neurological disorders
that first present as cognitive impairment in aging individuals. There is no known cause
for late-onset AD, but environmental pollutants such as heavy metals are thought to be
a contributor [12]. In the brain, reactive oxygen and nitrogen species (ROS/NOS) are
normally produced at manageable levels during oxidative phosphorylation. MnSOD is
an antioxidant enzyme that requires Mn, but excess Mn reduces its antioxidant activity.
In the brain of a patient with AD, there is a decrease of MnSOD activity and increased
oxidative stress [13,14]. In non-human primates, chronic Mn exposure induced amyloid-
beta precursor-like protein 1 expression and increased the formation of amyloid plaques,
which is one of the main neuropathological hallmarks of AD [15,16]. A recent study used a
transgenic mouse model of AD and exposed subjects to additional Mn via drinking water
(0.36 mg/mL) over five months [17]. At the end of the study, mice consuming Mn-treated
water had more beta amyloid deposition in the cortex and hippocampus than untreated
transgenic mice. This result shows that Mn consumption may contribute to the severity of AD.
In another study, mice were administered daily MnCl2 doses of either 15 mg/kg or 60 mg/kg
intraperitoneally. The study concludes that increased Mn exposure is correlated with increased
amyloid-beta in the blood and decreased cognitive test scores in mice [18]. These results
suggest that brain Mn dyshomeostasis may be a factor in the development of AD.

2. Structure of the Brain Barriers

The brain has developed physiological barriers to selectively restrict the exchange
of ions and solutes between the blood and brain, allowing a tight regulation of the brain
microenvironment for proper neuronal function. In order to enter the brain microenviron-
ment, Mn from the systemic circulation has to cross either of the two strictly controlled
blood–brain interfaces: the blood–brain barrier (BBB) and the blood–cerebrospinal fluid
(CSF) barrier (BCB). Therefore, the BBB and BCB are the points of restriction for Mn en-
tering the brain from systemic circulation (Figure 1). The accumulation of Mn within the
brain and the export of excess Mn back into blood circulation occurs mainly across these
two barriers.

μ

Figure 1. Localizations of the brain barrier interfaces. The blood–brain barrier (BBB) is localized to
the microvasculature of the central nervous system and separates the lumen of cerebral blood vessels
and brain parenchyma. Neurons and glia are found in the CNS parenchyma and thus protected
from the periphery by the BBB. The blood–CSF barrier (BCB) is formed mainly by the choroid plexus
epithelium located between choroid plexus capillaries and the CSF. Materials transported through
the choroid plexus epithelium reach the CSF, where they can diffuse into the brain parenchyma.

The unique structures of the brain barriers provide insights into which cell types
might express metal transporters. Further, cell models of the BBB and BCB may reflect the
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physiological structure and features of each barrier. Brain vasculature delivers oxygen and
nutrients throughout the brain and shuttles toxins and unneeded materials away from the
central nervous system. Unlike other organs, the exchange of molecules between the blood
vessel and the brain environment is tightly regulated to prevent the infiltration of harmful
pathogens, toxins, and immune factors. The BCB also restricts the movement of molecules
between the blood and CSF. In essence, the brain environment beyond the blood vessel or
CP epithelium is separated from general blood circulation.

2.1. Structure of the BBB

Regulatory control of the BBB is provided by specialized barrier cells and their unique
structures and junction proteins. The BBB primarily consists of three unique cell types
(Figure 2A): endothelial cells of the brain blood vessels, astrocytic end feet encasing the
endothelium, and pericytes that form a basement membrane between the blood vessel and
astrocyte [19,20]. Endothelial cells of the BBB are polarized, with the abluminal surface
toward the brain environment, and the luminal surface facing the blood vessel lumen
(Figure 2A). These endothelial cells are linked by tight junctions and adherens junctions to
prevent the paracellular movement of water-soluble molecules.

Figure 2. Cellular structures of the brain barriers. (A) The BBB is composed of endothelial cells
(endo) of the brain blood vessel, and it is supported by pericytes, basement membrane proteins
(green dashed line), and astrocytic end feet. The luminal (LM) side of BBB endothelial cells faces
the inside of the blood vessel. It is also referred to as the apical side. The abluminal (AB) side faces
the brain parenchyma and can exchange between the endothelial cell and the astrocytic end foot
or brain extracellular space. It can be considered the basolateral side of BBB endothelium. (B) The
BCB is made up of choroid plexus epithelial (CPE) cells connected to each other by tight junctions
and attached to the blood vessel via basement membrane proteins (green dashed line). The apical
(AP), or CSF-facing side of the CPE expresses transporters necessary for the secretion of CSF. On
the basolateral (BL), or blood-facing side, CPE cells exchange materials with circulating blood, since
endothelial cells in the CP lack tight junctions and permit larger molecules to diffuse.

Tight junction proteins exist almost entirely on the interior, protoplasmic face of the
endothelial cell membrane. One group of these proteins are zonula occludens-1 and -2
(ZO-1, ZO-2). Both ZO proteins are required for the formation of tight junction strands
between endothelial cells in the BBB [21,22]. Junctional adhesion molecule (JAM) proteins
are another group of tight junction proteins [23]. Of the three JAM proteins found in the
BBB, no individuals appear to be necessary for BBB integrity [23]. However, JAM proteins
are highly enriched in BBB tight junctions and are responsible for the apical–basal polarity
of endothelial cells, and therefore contribute to BBB formation [24]. Other components
of BBB tight junctions are the claudins and occludin. Claudin-5 is the only protein of its
family that appears to be localized to the BBB and contributes to barrier integrity [23]. It is
also particularly enriched in the brain endothelium over other peripheral blood vessels,
indicating the importance of claudin-5 in the formation of the BBB. Similar to claudin,
occludin is an endothelial transmembrane protein. Mice with occludin deficiency had
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increased calcium precipitation in the brain despite normal serum calcium concentration,
suggesting that occludin may be necessary for BBB tight junction integrity [25].

Adherens junctions between endothelial cells of the BBB help maintain the integrity of
this barrier by regulating the adhesion between cells and controlling the flow of molecules
between the blood and brain [26]. Adherens junctions are primarily composed of vascular
endothelial cadherins, catenins, and nectins. Cadherins interact with catenins to facilitate
their linkage to the actin cytoskeleton, forming the cadherin-based adhesions between
the BBB endothelial cells [23], while nectins promote the establishment of endothelial
apical–basal polarity and contribute to adherens junction integrity [27].

Each of these junctions exist between endothelial cells of the BBB, but other cell types
are necessary for the barrier structure and function. Pericytes are found in the basement
membrane of capillaries and surround the vessel. Differences in pericyte population
sizes suggest that pericytes are directly involved in BBB permeability but do not alter
tight junction formation [28]. Contractile smooth muscle cells fully surround arterioles
to provide blood flow control [29]. Both pericytes and smooth muscle cells assist in
the structural development of the brain blood vessels [23]. Surrounding the majority
of the abluminal blood vessel are astrocytic end feet. Astrocytes associated with BBB
endothelial cells increase the integrity of the BBB by decreasing the permeability of tight
junctions [19,30]. Astrocytes function as an extensive network and interact with each
other via gap junctions to coordinate ion changes [31], while their end feet are specifically
responsible for the exchange of ions and molecules with the blood vessel in order to
maintain ion homeostasis [32]. A basement membrane layer fills the gap between the
endothelial cells and astrocytes, with pericytes and smooth muscle cells embedded within.
Pericytes and endothelial cells form a 3D structure of laminins, nidogens, collagens, and
heparan sulfate proteoglycans [33,34]. Communication and transport between the blood
and astrocytes occurs through this matrix.

In most other tissues, blood vessels have small gaps, or fenestrations, between en-
dothelial cells to allow larger molecules to cross from blood to tissue. The BBB is considered
a physical barrier due to its lack of fenestrations [20], presence of tight junctions, and lack
of permeability to large molecules [35]. Transport of hydrophilic molecules, such as glucose
and metal ions, requires specific transporters to cross the endothelial membrane, while
large molecules can cross via receptor-mediated endocytosis [20].

This highly selective barrier exists in all brain blood vessels, with the exception of the
vessels in the meninges and those near the circumventricular organs. The pituitary and
pineal glands, as well as the median eminence, paraphysis, and area postrema, possess a
less restrictive barrier in order to allow signaling molecules and hormones to reach specific
brain areas, without crossing the BBB into off-target areas [36].

2.2. Structure of the BCB

The other major brain barrier is the BCB, which is localized to the choroid plexus
(CP) within the four brain ventricles (Figure 2B). CP tissues in the left and right lateral,
and third ventricles are made up of epithelial cells surrounding the anterior choroidal and
posterior choroidal arteries, while the fourth ventricle epithelium receives blood flow from
the anterior and posterior inferior cerebellar arteries [37]. A thin endothelial basement
membrane lies on the abluminal side of the blood vessel [38]. In contrast to the blood
vessels forming the BBB, the capillaries of the CP are highly fenestrated and lack tight
junctions to connect the endothelial cells, allowing the movement of larger molecules
from the blood vessel to the CP tissue. These molecules first reach the stroma, which is a
layer of fibroblastic mesenchymal-like cells that surround the CP blood vessels [37,39,40].
Leukocytes, macrophage, and dendritic cells are known to migrate to this cell layer from
the blood vessel before being transported across the epithelial layer into the brain [40–42].
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The outermost layer consists of polarized CP epithelial cells that are connected to
the basement membrane and stromal layer on their basolateral side, allowing the cells to
interact with systemic blood circulation while the apical, CSF-facing side is responsible
for producing CSF and exchanging materials with the ventricles [40,43]. The presence of
microvilli on the apical brush border of the epithelial cells increases the surface area and
facilitates the transport of molecules into the ventricle [44].

CP epithelial cells are connected by tight junctions, thus restricting free passage of
large or hydrophilic molecules into and out of the brain. While knowledge of CP tight
junction proteins is less complete than that of the BBB, it is currently understood that
many tight junction proteins of the BBB are also expressed in CP epithelial cells. The
decreased occludin level induces epithelial permeability to larger molecules, suggesting
that occludin may be a necessary component for the formation of CP tight junctions to
block the transfer of large molecules across this barrier [45]. The expression of various
claudins in the CP epithelium may be specific to developmental stages and species [46,47];
however, consistent reports of human and murine tight junctions show that claudin-1, -2,
and -3 can be detected in CP epithelial tight junctions [48,49]. As in the BBB, the epithelial
cells of the BCB express intracellular accessory protein ZO-1 [50] that seems to be required
for tight junction integrity, since decreases in ZO-1 expression by inflammation cause an
increase in the BCB permeability [51]. Lining all other surfaces of the ventricular walls are
ependymal cells—cuboidal epithelial cells that lack tight junctions and are permeable to
macromolecules [52]. Since the only structure between the CSF and brain parenchyma is
this permeable ependymal cell barrier, molecules in the CSF could enter brain parenchyma
by diffusion. Thus, the BCB function is carried out mainly by the single layer of CP
epithelial cells and the tight junctions that link them [53,54].

3. Mn Homeostasis at the Brain Barriers: Evidence of Involved Metal Transporters

3.1. Potential Roles of Iron Transport Pathway Proteins in Mediating Mn Delivery at the Brain Barriers

3.1.1. Transferrin (Tf)

Many divalent metals share the same set of transporters. Studies of iron transport and
absorption led to the first understandings of Mn homeostasis, particularly in studies of
transferrin/transferrin receptor 1 (Tf/TfR1) and divalent metal transporter-1 (DMT1). The
Tf cycle is the primary pathway for cells to take up iron. In this pathway, the circulating
Tf carries Fe3+, followed by binding to the cell surface TfR1 and subsequent invagination
into intracellular vesicles. The acidic pH inside the vesicles causes the release of Fe3+ from
Tf. Then, Fe3+ is reduced to Fe2+ and transported into the cytoplasm via DMT1 [55,56]. In
addition to Fe3+, Tf can bind to trivalent Mn (Mn3+) [57,58] because Mn3+ is very similar in
structure to Fe3+ [59]. Moreover, Mn and Fe accumulate in many of the same brain areas
during overload conditions [60]. Therefore, the transport of Mn is presumably tied to the
proteins involved in iron transport, including Tf. However, it has been shown that mice
with Tf deficiency had similar levels of Mn in the brain compared to the wild-type animals,
indicating that Tf is not necessary for the delivery of Mn to the brain [58].

3.1.2. DMT1

As mentioned above, DMT1 is a metal transporter that mediates the efflux of divalent
metals from a vesicle to the cytoplasm. DMT1 functions optimally at pH 5.5, but its func-
tionality in cells at pH 7.4 has also been observed [61]. DMT1 can localize to the plasma
membranes of enterocytes or hepatocytes in high- or low-Fe conditions, respectively;
whereas in regular dietary conditions, DMT1 remained primarily in the cytoplasm [62].
While DMT1 can adapt to changing substrate availability and subcellularly localize accord-
ingly, its expression in the brain barriers is low. DMT1 mRNA expression is very low in
isolated rat brain capillaries [63] and brain endothelial cells in culture [55]. In addition,
protein expression is not detectable in brain endothelial cells of adult or early postnatal
mice [64]. In a developmental study carried out in rats, the expression of DMT1 was
detected by immunohistochemistry in the choroid plexus during early postnatal days, with
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increased expression at postnatal day 15. DMT1 was detected when staining cerebral blood
vessels, but it aligned very closely with astrocyte localization; therefore, the transporter
could be present on either the endothelial or glial cells [65]. In contrast, adult rats appear
to express DMT1 protein in the CP epithelial cells, but not in microvascular endothelial
cells [66], and the expression of DMT1 in CP epithelial cells was observed primarily in
the cytoplasm.

A study of brain microvascular endothelial cells of human origin (hBMVEC) pro-
vides an analysis of time-dependent uptake of 54Mn2+ that increased in the presence of a
clathrin-dependent endocytosis inhibitor [67], demonstrating that the receptor-mediated
endocytosis in the Tf/TfR1 and DMT1 pathway is not involved in Mn transport in this
BBB cell model. Moreover, in Belgrade rats that lack functional DMT1, brain Mn levels
remained normal in the olfactory bulb, cortex, striatum, hippocampus, and cerebellum,
while Fe levels decreased in all brain areas tested [68], suggesting that DMT1 is not required
for Mn delivery into the brain.

3.2. ZIP- and ZnT-Family Transporters

3.2.1. ZIP8 and ZIP14

ZIP14 and ZIP8 are two recently identified members of the Zrt- and Irt-like protein
family of metal transporters. Both proteins have been investigated for their roles in brain
Mn homeostasis [10,69–72].

In polarized HIBCPP cells, a cell model for the BCB epithelium, ZIP14, was enriched
on the basolateral membrane, while ZIP8 was enriched on the apical membrane [73]. The
knockdown of ZIP14 or ZIP8 using siRNA-mediated technology led to a decrease in 54Mn
accumulation in HIBCPP cells, although the decrease in 54Mn accumulation was much
greater with ZIP14 knockdown [73]. These results suggest that both ZIP14 and ZIP8 are
involved in Mn uptake in this CP epithelial cell model, which is consistent with previous
studies on epithelial cell models of intestine [70], lung [74], and liver [75].

In human primary brain microvessel endothelial cells (hBMVEC), a cell model for
the BBB endothelium, the expression of both ZIP14 and ZIP8 were identified [67]. The
uptake of 54Mn was dependent on both ZIP8 or ZIP14, with significantly decreased 54Mn
accumulation when one or both proteins were knocked down. In contrast to the expression
pattern observed in HIBCPP cells, ZIP14 and ZIP8 were localized to both sides of the
polarized hBMVEC cells, where both proteins seem to be involved in apical-to-basolateral
and basolateral-to-apical transport of Mn. Flux in the basolateral-to-apical direction was
more prominent, modeling the movement of Mn from the brain to the blood through
the BBB.

These studies using cell models of the BCB and BBB may provide insights into how
Mn is transported within these two barriers. By identifying the polarized localization of
ZIP14 and ZIP8 in CP-derived cells, we can begin to understand how Mn is transported at
the BCB. Apical ZIP8 expression in HIBCPP cells suggests that Mn could be transported
from the CSF into the epithelial cells to facilitate apical-to-basolateral movement of Mn out
of the brain. In the same way, basolateral ZIP14 expression in CP-derived epithelial cells
indicates that ZIP14 could be involved in the blood-to-brain movement of Mn via import
of Mn from the blood to the epithelial cell of the BCB. The uptake experiments in hBMVEC
endothelial cells suggest that both ZIP8 and ZIP14 play a significant role in Mn uptake into
endothelial cells of the BBB. The basolateral-to-apical flux of Mn in these cells translates to
a brain-to-blood movement of Mn in vivo. Thus, the BBB could have a considerable role in
Mn clearance from the brain, dependent on coordinated transport by ZIP8 and ZIP14. A
future study in the CP-derived HIBCPP cells could be useful to indicate the direction of
Mn transport in cells with polarized expression of Mn transporters.
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3.2.2. ZnT10

ZnT10 is a member of the Zinc Transporter family proteins. Patients with an inherited
homozygous ZnT10 mutation resulting in a non-functional ZnT10 protein exhibit high
Mn levels in the blood and brain, as well as Mn toxicity-induced dystonia [76–78]. In cell
culture studies, ZnT10 appears to be a Mn efflux transporter [79] expressed on the surfaces
of enterocytes [78] and neuronal cells [80]. In both humans and mice, ZnT10 was highly
expressed in the brain, liver, and intestine [78,80,81].

There is evidence showing that ZnT10 mRNA is expressed in the CP in rats [82], but
there is no evidence to show that ZnT10 is expressed in the brain microvessels at either
the gene or protein level. A recent study used pan-neuronal/glial Znt10 knockout mice
and detected no difference in brain Mn levels with standard dietary conditions [78]. In this
study, Znt10 knockout mice lack the protein in the vast majority of brain cells, including all
neurons, astrocytes, and oligodendrocytes. As an efflux transporter, ZnT10 would likely
protect neurons and glia from high Mn levels when overloaded, but a lack of increased Mn
in the knockout mice indicates that these brain cells are not accumulating Mn, at least in
normal conditions. Thus, a normal amount of Mn was circulating in the interstitial fluid
and CSF, regardless of ZnT10 expression. This finding provides key information about
Mn balance within the brain parenchyma, but the brain environment is controlled by the
BCB and BBB. Therefore, Mn levels within the brain may not change without a change in
transporter expression in either of the brain barriers. Interestingly, Znt10 neuronal/glial
knockout mice exposed to high dietary Mn experienced a greater increase of Mn in specific
brain areas compared to exposed wild-type littermates. This result suggests that there is
less Mn transported out of the brains lacking ZnT10, which could indicate that the efflux
transporter is normally localized to either the brain endothelium or CP epithelium.

The expression pattern of ZnT10 in the BBB or BCB is unknown. As an efflux trans-
porter, cell type localization of ZnT10 is necessary to understand which barrier is respon-
sible for Mn efflux. Additionally, ZnT10 is likely polarized to either the basolateral or
apical surfaces of the epithelial or endothelial cells. If polarized, its location would indicate
whether ZnT10 is responsible for brain Mn accumulation or clearance. In addition, cell
culture models of BBB and BCB are ideal to elucidate Mn transport mechanisms at the
cellular level. Uptake and transport studies, such as those completed in previous studies
of ZIP8 and ZIP14, would indicate if ZnT10 is necessary for normal Mn accumulation or
efflux. Additionally, transport studies in polarized epithelial or endothelial monolayers
would confirm the direction of Mn transport to which ZnT10 contributes.

3.3. ATP13A2

Another transporter associated with brain Mn homeostasis is ATP13A2. Mice with
Atp13a2 knockout accumulated more Mn in the brain compared to wild-type mice after
intraperitoneal administration of MnCl2 [83]. Since brain Mn levels tend to rise when the
blood levels of Mn increase, a future investigation should report blood or serum levels in
order to further understand the location of accumulated Mn in Atp13a2 knockout mice.
While knockout of Atp13a2 causes brain Mn accumulation, overexpression of ATP13A2
in HeLa cells and nematode dopamine neurons had a protective effect against high Mn
exposure [84]. Taken together, ATP13A2 appears to have a role in Mn homeostasis within
the brain, but it is unclear how it could act as a Mn transporter at the BBB or BCB. To
date, there are no publications showing evidence of ATP13A2 in human or mouse brain
endothelium or choroid plexus tissue. Future studies of ATP13A2 should identify the
transporter’s tissue and membrane localization within the brain barriers to determine if the
protective effect of this transporter against high Mn exposure is applicable to CP epithelial
cells and brain endothelial cells. Major evidence of the metal transporters’ involvement in
Mn homeostasis at the BBB and BCB is summarized in Table 1.
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Table 1. Evidence of metal transporters involved in Mn homeostasis at the brain barriers.

Protein Experimental Model Major Results and Conclusions Reference

Transferrin (Tf)
Hypotransferrinemic (Hpx)

mice as a model for Tf
deficiency

� Hpx mice had normal brain Mn accumulation.
� Suggests that Tf is not required for brain Mn loading.

[58]

DMT1

Human brain endothelial cells
(hBMVEC) as a model for the

BBB

� Increased Mn uptake despite inhibition of
clathrin-mediated endocytosis.

� Suggests that DMT1 and Tf/TfR1 pathway is not
necessary for Mn uptake in brain endothelial cells.

[67]

Belgrade rats as a model for
DMT1 deficiency

� Belgrade rats have normal brain Mn levels.
� Indicates that DMT1 is not necessary for brain Mn

accumulation.

[68]

ZIP8

Choroid plexus epithelial cells
(HIBCPP) as a model for the

BCB

� ZIP8 knockdown reduces Mn uptake.
� ZIP8 is primarily localized to the apical membrane
� Suggests that ZIP8 may mediate apical Mn uptake

into CP epithelial cells.

[73]

hBMVEC cell model of BBB
� ZIP8 is expressed on both apical and basolateral

membrane.
� ZIP8 is involved in both apical-to-basolateral and

basolateral-to-apical Mn transport.

[67]

ZIP14

HIBCPP cell model of BCB
� ZIP14 knockdown reduces Mn uptake.
� ZIP14 is expressed on the basolateral membrane.
� Suggests that ZIP14 may mediate basolateral Mn

transport into CP epithelial cells.

[73]

hBMVEC cell model of BBB
� ZIP14 is expressed at both apical and basolateral

membrane.
� ZIP14 is involved in both apical-to-basolateral and

basolateral-to-apical Mn transport.

[67]

ZnT10

Pan-neuronal/glial Znt10
knockout (KO) mice as a
model for brain ZnT10

deficiency

� Pan-neuronal/glial Znt10 KO mice have increased Mn
accumulation in certain brain areas under Mn
overload conditions induced by subcutaneous Mn
injection.

� Suggests reduced Mn efflux from the brain with
ZnT10 deficiency when body Mn levels increase.

[78]

ATP13A2

Atp13a2−/− mice as a model
for ATP13A2 deficiency

� Atp13a2−/− mice accumulate more Mn in the brain
compared to the control mice after intraperitoneal
administration of MnCl2.

[83]

HeLa cells and C. elegans with
ATP13A2 overexpression

� Overexpression of ATP13A2 protects HeLa cells from
Mn-induced cytotoxicity.

� C. elegans overexpressing ATP13A2 in dopamine
neurons are more resistant to Mn-induced
neurotoxicity.

� Suggests that ATP13A2 may have a role in
maintaining brain Mn homeostasis.

[84]

4. Brain Mn Accumulation Is Likely to Occur via the BCB

The BBB and BCB are required to maintain the normal physiological conditions of
the central nervous system. These two barriers have distinct but overlapping roles in
the exchange of material from the blood to brain, as demonstrated by the difference in
transporter expression and transport activity in each barrier. For example, both the CP
and the brain endothelium express glucose transporters that deliver energy to the brain
via facilitated diffusion [85]. Glucose is transported into the brain through both barriers,

166



Nutrients 2021, 13, 1833

although it is estimated that the BCB imports only about 1/100th of the glucose that the
BBB transports [86,87]. This pattern of uneven transport may also be applicable to Mn
distribution into the brain.

A cell culture study of Mn transport across porcine BCB and BBB models indicated
that the BCB is likely the primary route for brain Mn uptake. First, uptake studies indicated
that CP epithelial cells accumulate nearly three times more Mn than endothelial cells when
exposed to the same amount of MnCl2 in media. Second, in a Transwell model of polarized
cells with MnCl2 added to each side, it was found that epithelial cells accumulated signifi-
cantly more Mn in the apical chamber, suggesting that CP epithelial cells predominantly
transport Mn in the basolateral-to-apical direction. In the BBB model, endothelial cells did
not accumulate more Mn in one chamber than the other, indicating that the BBB transports
Mn in both directions equally [88]. A future study might compare these findings with
lower Mn concentrations that could be more relevant to physiological or Mn-overload
conditions. Nevertheless, the results from this study provide valuable information about
the activity of Mn transport across the brain barriers. Importantly, if these results reflect the
in vivo behavior of the BCB, increased blood Mn would cause higher basolateral-to-apical
Mn transport through the CP epithelium.

In vivo studies also provide evidence for the primary role of the BCB in brain Mn
uptake. Brain Mn-mapping studies carried out in animals using peripheral Mn2+ adminis-
tration followed by enhanced magnetic resonance imaging suggest that the entry of Mn into
the CNS occurs predominantly through BCB. First, in mice, 2 h after intraperitoneal MnCl2
injection, the Mn signal was first enhanced in the CSF-containing ventricles. This ventricu-
lar signal cleared over the next 24 h accompanied by a gradual increase of parenchymal Mn
intensity. A close examination of different brain regions revealed that the Mn signal was
highest in areas immediately adjacent to the CSF-containing ventricles, while the signal
intensity steadily decreased with increasing distance from the ventricles [89]. Second, in
rats, within 5 min of MnCl2 injection through the tail vein, the Mn signal was first enhanced
in the choroid plexus. At 10 min, the signal diffused to the entire CSF-containing ventricles,
and by 100 min post injection, the Mn signal spread into the periventricular tissues that are
in contact with the CSF [90]. Third, in marmosets, 1.5 h after the start of MnCl2 infusion
through the tail vein, the Mn signal was initially enhanced in the CP, and at the 2.5 h time
point, the signal was detected in the parenchyma surrounding the ventricles. In contrast,
throughout the entire 6 h infusion course, no Mn signal was detected in brain regions that
are not adjacent to the ventricles [91].

These findings in cell models and animals suggest that a main route for Mn uptake
into the brain is from the CP, through the CSF, and then to the brain parenchyma. The
cell culture studies suggest that the BBB has a role in Mn transport, but it does not cause
the accumulation of Mn in the brain from the blood. Meanwhile, the BCB preferentially
transports Mn from the blood into the brain, potentially contributing to brain Mn overload.
Since the brain endothelial cells appear to transport Mn in both directions, and CP epithelial
cells transport more Mn into the brain than into the blood, future studies in cell models or
in vivo could investigate transporters involved in unidirectional or bidirectional transport
of manganese across endothelial or epithelial cells.

5. Future Directions

To further understand Mn homeostasis across the brain barriers, more in vitro models
of the BBB and BCB that reflect the barrier qualities of each cell layer need to be developed.
Cells modeling the BBB or BCB must polarize, form tight junctions, and prevent the
diffusion of large or hydrophilic molecules. Such models are necessary to identify the efflux
and influx of Mn through the cells of the brain barriers at different Mn concentrations. For
example, Mn accumulation studies in animals indicated that Mn crosses the choroid plexus
and quickly travels into the CSF, suggesting a major role for the BCB in Mn uptake. Cellular
transport experiments in CP epithelial cells could distinguish how Mn is transported across
the basolateral and apical membranes and would bolster the conclusion that the BCB is
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the primary site of Mn absorption into the brain. Due to the growing knowledge of Mn
metabolism, modulators of Mn transport may be developed in the near future, but no
such technology exists at this time. Fundamental research of brain Mn homeostasis may
eventually facilitate the development of methods to control the balance of metals in the
brain to limit the negative effects of excess Mn.

In vivo research is a necessary step to establish Mn transport mechanisms, but there
are a few limitations of animal research in this area. To study Mn transport, there is
the difficulty of identifying where Mn is concentrated within the brain parenchyma. In
Mn overload conditions, it is unknown whether Mn accumulates in neurons and glia of
specific brain regions or within the interstitial fluid and CSF. Most publications report
brain Mn levels as the level of Mn in the whole brain homogenate, making it difficult to
distinguish between Mn accumulating in brain cells or CSF and interstitial fluid. Future
studies are needed to understand this important distinction. To function and fire quickly,
neurons rely on steep ionic gradients between their intracellular environment and the
surrounding interstitial fluid. Since the concentrations of Ca2+, Na+, K+, and Cl− would
be vastly different when sampling either neurons or the extracellular fluid, we could
logically understand that levels of other charged ions such as Mn2+ would be different
within the neuron or out in the interstitial fluid. Additionally, astrocytes are known to
release and take up ions and nutrients, while the brain has changing demands for these
materials. Astrocytes may sequester Mn intracellularly or release it back into the interstitial
fluid, leaving the total brain Mn concentration unchanged. When using a whole brain
homogenate to measure metal levels, the extracellular environment around the BCB cannot
be sampled separately. To accurately reflect the Mn concentrations on each side of the
BCB, Mn levels in both CSF and blood can be measured. In addition, knowledge of Mn
accumulation in separate brain compartments, as well as improved understanding of
transporter expression in human and animal tissues, will help make significant advances
in the field of Mn homeostasis within the brain barriers.
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Abstract: Over the last few years, research indicated that Human Milk Oligosaccharides (HMOs)
may serve to enhance cognition during development. HMOs hereby provide an exciting avenue in
the understanding of the molecular mechanisms that contribute to cognitive development. Therefore,
this review aims to summarize the reported observations regarding the effects of HMOs on memory
and cognition in rats, mice and piglets. Our main findings illustrate that the administration of
fucosylated (single or combined with Lacto-N-neoTetraose (LNnT) and other oligosaccharides) and
sialylated HMOs results in marked improvements in spatial memory and an accelerated learning
rate in operant tasks. Such beneficial effects of HMOs on cognition already become apparent during
infancy, especially when the behavioural tasks are cognitively more demanding. When animals age,
its effects become increasingly more apparent in simpler tasks as well. Furthermore, the combination
of HMOs with other oligosaccharides yields different effects on memory performance as opposed to
single HMO administration. In addition, an enhanced hippocampal long-term potentiation (LTP)
response both at a young and at a mature age are reported as well. These results point towards
the possibility that HMOs administered either in singular or combination forms have long-lasting,
beneficial effects on memory and cognition in mammals.

Keywords: human milk oligosaccharides; cognition; brain development; animal behaviour;
fucosyllactose; sialyllactose; long term potentiation

1. Introduction

The natural composition of breast milk is well recognized as the golden standard of infant
nutrition [1] and is associated with long-term health benefits [2–10]. Studies have shown that
exclusive breastfeeding is accompanied by a reduced risk for developing medical conditions during
childhood such as gastrointestinal infections (e.g., necrotizing enterocolitis) [5,6]. Indications that
breastfeeding confers protective effects in the onset and course of allergic diseases such as atopic
dermatitis, food allergy and asthma have also emerged over the recent years [7–9]. Such protective
effects of breastfeeding have been attributed to multiple factors related to the gut, as it is found that
breastfeeding can improve immune functioning, promoting a healthy gut microflora [11]. Apart from
the gut, bioactive components within breast milk such as the adipokines (e.g., leptin, ghrelin) help
regulate appetite control and energy intake. Breast milk also contains growth factors, such as neuronal
growth factors (NGF) and epidermal growth factors (EGF), which exert trophic effects on the neonatal
nervous system and enhance gastrointestinal mucosal maturation respectively [11–13]. In recent
years, the mental health benefits that breastfeeding provides have garnered much more attention in
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neuroscientific research. Notably, breastfeeding is associated with improved cognitive development, as
demonstrated by improved IQ scores [14] and a reduced risk of childhood behavioural disorders [15,16].
These findings also coincide with studies showing enhanced brain development parameters, such as
white matter development in frontal and temporal regions [17] and maturation of the basal ganglia and
thalamus [18]. On the whole, these studies indicate that there are clear developmental and cognitive
benefits related to breastfeeding and breast milk, which raises the question: which breast milk factors
facilitate cognitive development?

Breast milk is a complex liquid which contains many different lipids (such as the Milk Fat Globule
rich in phospholipids and long chain fatty acids), an assortment of vitamins (Vitamin A, B, C, D
K), sialic acid (both in free form and bound to oligosaccharides, glycoproteins and glycolipids) and
other biologically active components, some of which affect neurodevelopment [19–22]. Of particular
interest to infant nutrition and development are the Human Milk Oligosaccharides (HMOs). These
non-digestible carbohydrates are the third most abundant class of breast milk components, and over
200 HMOs, comprised out of 5 monosaccharides (glucose, galactose, N-Acetyl-Glucosamine, fucose
and sialic acid) have thus far been identified [23]. HMOs have recently moved into the spotlight of
cognitive research due to its widespread effects on infant development and cognition [4,11,20]. There
are three main families of HMOs; the non-fucosylated neutral HMOs, (e.g., Lacto-N-neoTetraose
(LNnT)), the fucosylated HMOs (e.g., 2′Fucosyllactose (2′-FL)) and the sialylated (SL) HMOs (e.g.,
3′Sialyllactose (3-SL) and 6′-Sialyllactose (6-SL)) [23,24]. Oligosaccharides are present in all mammalian
milk [25]. However, what makes human milk unique compared to other mammalian milk is that it
contains the largest diversity of complex oligosaccharides [25,26] and high concentrations of 2′-FL. It
should be noted that the presence of 2′-FL is subject to large inter individual variation depending on
the Lewis antigen blood group system of the mother, which encompasses two genes; the Lewis gene
(Le gene or FUT-3 gene) and the Secretor gene (Se gene or FUT-2 gene) [27]. Depending on genetic
expression, women are either defined as “secretors” (Se+), or “non secretors” (Se-), and Lewis positive
(Le+) or Lewis negative (Le-) [23,27]. Both Secretor and Lewis genes are responsible for yielding
fucosyltransferase-2 (FUT-2) and fucosyltransferase-3 (FUT-2) respectively, which append fucose to the
core oligosaccharides. Depending on which of these FUT enzymes are active, different oligosaccharides
will be created; as FUT2 expression results in the synthesis of 2′-FL, while FUT3 expression has been
associated with the formation of LNFP-II instead [28–30]. These polymorphisms essentially give rise
to four major milk groups within the human population, as both genes can be active, inactive or either
one of the two is active, hereby resulting in a variable HMO content in breast milk [29]. Around 60–72%
of the maternal population are secretors, and the milk of these “secretor mothers” contains an overall
higher concentration of HMOs in breastmilk as compared to non-secretors [23,27,31,32]. All in all,
a large variability exists within the human population concerning the exact proportions of different
HMOs [28]. Moreover, HMOs are also subject to dynamic changes within the same breastfeeding
female, depending on factors such as circadian rhythm, lactation stage, maternal diet, and maternal
genetic background [4,11,20,28–34].

Supplementation of infant formula with HMOs renders the composition and downstream effects
of infant formula to become closer to those of breastmilk. One of the well-documented advantages
of HMOs is its prebiotic role and the capacity to regulate the immune system in the periphery.
HMOs can exert antimicrobial and antiviral effects by binding to pathogens which reach the mucosal
surfaces in the gut or by directly binding to the gut epithelial receptors, effectively blocking the
access of pathogens [11,20]. Experimental studies in infants showed enhancing effects on the immune
response of additional 2′-FL supplementation. Goehring and colleagues [35] observed that infants who
were fed breastmilk or a 2′-FL enriched formula had lower concentrations of plasma inflammatory
cytokines (IL-1α, IL-1ß, IL-6, TNF-α) when compared to children fed the ordinary (non-enriched)
infant formula [35]. Furthermore, ex vivo stimulation of peripheral blood mononuclear cells (PBMCs)
yielded lower levels of TNF-α and IL-6 when infants were breastfed or were on a 2-‘FL enriched diet.
Enriching infant formula with 2′-FL and LNnT also renders the gut microbiome composition and
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its metabolites (propionate, butyrate and lactate) of formula-fed infants closer to that of breastfed
infants [36]. It stands to reason that, if the supplementation of HMOs to infant formula produces
immunological and health responses similar to those of breastfed infants, this may also partly account
for cognitive outcomes [14]. Indeed, apart from HMOs involvement in immune functioning, a recent
study by Berger and colleagues [37] reported that the amount of 2′-FL, measured in mother’s breast
milk one month after birth, predicted improved cognitive outcomes in two-year-old children. Since it
is known that alterations in the immune system impacts brain development and later life cognitive
functioning [38], it is possible that the HMO mediated immune response provides a route via which
HMOs could contribute to cognition. Thus, investigating how HMOs impact underlying neural
mechanisms of their associated cognitive outcomes will provide valuable insight in HMOs’ role in
brain development and functioning.

While there have been correlational studies exploring the role of HMOs on development in
humans, no direct human study has thus far investigated both immune and cognitive outcomes with
HMO analysis in breast milk or upon HMO supplementation in infant formula. However, direct
studies on the effects of HMOs and cognition have been undertaken in murine models and piglets.
While there are obvious differences between species, several animal models have been used extensively
in behavioural research due to their translational value in brain development and behaviour. The
behavioural tasks used in animal models in probing various cognitive functions are well validated [39].
Moreover, since the life span of rodents in particular is relatively short, animal models allow the
investigation of the most sensitive developmental period to HMO supplementation. In addition,
behavioural studies in animals can be corroborated by more invasive measures in vivo, granting a live
view on the underlying neurobiological processes. One method commonly used in rodent memory
studies is electrophysiology. Long Term Potentiation (LTP) involves the strengthening of synapses in
response to prior stimulation during memory formation and retrieval. This produces a long-lasting
shift in synaptic strength and is therefore an important underlying mechanism of synaptic plasticity
and memory [40]. Findings derived from preclinical work could prove to be informative and may
serve as input to future longitudinal studies on the contribution of HMOs to the cognitive development
of humans.

This review’s aim is twofold. Firstly, it aims to summarize the effects of HMOs in animal research
and their subsequent cognitive and electrophysiological outcomes. Special consideration is given to
the type of HMO used (e.g., fucosylated (2′-FL), neutral (LNnT) and sialylated (3′-SL, 6′-SL)), the
age of the animals upon HMO administration, the used cognitive task complexity and the age of the
animals during testing. Its second purpose is to provide additional interesting avenues for future
research to explore. The search for relevant articles was conducted in Pubmed in the period of 1979
until August 2020, using a specialized search string comprised of both Mesh terms and key words in
the title and abstract (Appendix A). This resulted in the inclusion of nine articles that contained (1) an
animal model, (2) HMOs and (3) cognitive behavioural tests.

2. Assessing the Effects of HMOs on Cognitive Measures in Animal Models

Rodents and piglets are naturally curious and intelligent animals, which results in their frequent
use as animal models for the assessment of cognition in a wide variety of behavioural tasks [41–45].
Behavioural tests are considered to be a valid, minimally invasive way to expose underlying cognitive
processes, under the condition that the animal is capable of, and facilitated in, expressing such processes
externally. In the context of HMO research, the focus has mainly been on memory and learning
behaviour as cognitive capabilities. In the following sections, we will first graphically present an
overview of the animal tests which investigated the consequences of HMOs on cognition. Subsequently,
we present the main findings of the selected nine articles, grouped by the type of HMO (fucosylated
or sialylated), in Table 1. Thereafter, the main results will be described, which is then followed by a
discussion about the implications of the findings reported in the investigations.
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The type of behavioural tests used to study the effects of HMOs on cognition make use of either the
intrinsic rewarding value of an animal’s natural curiosity in new exposures (Figure 1A,B,E) [41,42], the
aversion to uncontrolled swimming without a platform to rest on (Figure 1D) [43] or the willingness to
obtain an extrinsic reward like food or water (Figure 1C,F,G) [44,45]. Since animals prefer to be exposed
to new items or environments to explore, the time spent to explore this new item or environment can be
used as a measure for spatial or recognition memory. The willingness to obtain a food or water reward
is commonly measured in operant conditioning tasks in either a skinner box or an Intellicage [44,45].
Operant conditioning tasks encompass associative learning paradigms, in which certain behaviour is
reinforced via a reward or a punishment. In operant conditioning, different reinforcement schedules
exist, such as the Fixed Ratio (FR) schedule, in which animals have to reach a certain criterion before
they receive a reward. For example, an FR(4) schedule requires 4 correct responses from the animal in
order for it to obtain a reward.

 

 

Figure 1. Summary of the behavioural tests used in the HMO studies. The type of animal placed inside
the test (rodent or piglet) corresponds to the animal model used in the behavioural paradigms included
in this review.

Overall, these cognitive tasks can be grouped by the level of complexity, as tasks that require a few
trials are considered to be easier to perform than a task that requires weeks of training. In light of this,
we have grouped the Y maze, T maze, Morris Water Maze (MWM) and the Novel Object Recognition
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Test (NORT) as simple cognitive tests and the 8-arm radial maze and the operant tasks (Skinner box
and Intellicage) as the complex cognitive tasks.

3. Effects of HMOs on Cognition in Mammals

3.1. Main Behavioural Findings

Supplementing mammals with additional HMOs leads to beneficial cognitive outcomes under
certain specific circumstances (Table 1, Figure 2). In general, both fucosylated and sialylated HMOs
contribute to an improved memory performance and faster learning speed (tests described in
Figure 1A–G) when tested in mature adulthood, irrespective of the age of administration of these
HMOs (e.g., during infancy or adulthood) [46–54].

 

Figure 2. Graphical summary of behavioural tests results. The results have been grouped based on
the type of HMO (Fucosylated versus Sialylated), animal model (rodents versus piglets) and the age
of when the behavioural test has been performed. Infancy–young adulthood has been defined as the
period ranging from PND1–6 months of age, while mature adulthood encompasses animals of 1 year
old. Red crosses indicate that no significant differences were observed between the HMO and the
control group, while green check marks indicate that positive effects due to HMO supplementation
were reported. Details on the nature of such effects are summarized in Table 1.

3.1.1. Simple Cognitive Tasks

When rodents performed spatial and recognition memory tests during adolescence and early
adulthood, no effects of either fucosylated or sialylated HMOs, as assessed by the NORT (when tested
24 h after the acquisition phase), MWM and the Y maze, were reported. Contrary to the rodent studies,
three piglet studies showed that supplementing HMOs during the lactation period resulted in improved
spatial memory (T maze) in infancy [51] and object recognition (NORT) [52,53]. Supplementing only
oligofructose or the combination of 2′FL and LNnT increased object recognition when piglets were
tested one hour after the acquisition phase. When tested 48 h later, only the piglets who received a
combination of either Bovine Milk Oligosaccharides (mostly neutral non fucosylated oligosaccharides)
and 2′FL and LNnT [52] or Oligofructose and 2′-FL [53] displayed long-term recognition memory. In
mature adulthood (older than 1 year), rodent studies also found significant differences in both the Y
maze and the NORT for both sialylated and fucosylated HMOs. However, the sialyllactose piglet study
performed by Fleming and colleagues [54] yielded no results. In this study, they found no differences
between the sialyllactose group and control group on the NORT performed during infancy.
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Table 1. Summary behavioural studies.

Study Species
HMO Component

and Dose
Age and Duration

Administration
Age Test Tests Key Results

Fucosylated HMOs

Oliveros et al., 2016 [46]

Lister Hooded Rats 2′-FL
(1 g/KG/BW) From PND 3–weaning

Long Term study:
(1) 4–6 weeks
(2) 1 year old

NORT
Y maze
MWM

LTP (only at 1 year)

At 6 weeks of age no differences in
behaviour (n = 12) were found. At

1 year of age, 2′-FL rats showed
improved performance in the NORT

and Y- maze paradigms. No effect
was observed in the MWM. LTP was
more intense and long lasting in the
2′-FL supplemented groups (n = 10)

Sprague Dawley Rats 2′-FL
(1 g/ KG/BW)

From PND3 until
week 6

Short Term study:
6 weeks LTP

LTP was more intense and long
lasting in the 2′-FL supplemented

groups (n = 10).

Vazquez et al., 2016 [48] Sprague Dawley Rats

2′FL (350 mg/kg/BW
via AIN-93M diet)

L-Fucose (Fuc)
(equimolar amounts
of fuc and 2′-FL via

AIN-93M diet)

3–4.5 months old for
5 weeks

Started at
2.5–4 months old

Operant conditioning
(FR1)
LTP

2′-FL but not fuc displayed enhanced
LTP. Vagotomy inhibited the effects

of oral 2′-FL on LTP (n = 10) and
operant learning paradigms (n = 10).

Fleming et al., 2020a [52] Pigs (1050 Cambro
genetics)

Three groups:
Oligofructose (OF)

5 g/L
OF + 2′-FL

5 g/L OF + 1 g/L 2′-FL
Control.
Nothing

PND 2–33 PND 22 NORT

Pigs (n = 12) who received
Oligofructose (OF) displayed

enhanced object recognition when
tested 1 h after being habituated to

the two objects. When pigs
consumed both 2′-FL and OF, they

showed improved recognition
memory after a 48-h delay.

Fleming et al., 2020b [53] Pigs (1050 Cambro
genetics)

Four groups:
HMOs (2′FL + LNnT)
1 g/L 2′-FL + 0.5 g/L

LNnT
BMOs

12.4 g/L
HMOs + BMOs

1 g/L 2′-FL + 0.5 g/L
LNnT + 12.4 g/L

BMOs
Control. Nothing

PND 2–33 PND 22 NORT

Pigs (n = 12) who received only
HMOs displayed enhanced object
recognition when tested 1 h after

being habituated to the two objects.
When pigs consumed both HMOs
and BMOs, they showed improved

recognition memory after a 48-h
delay.
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Table 1. Cont.

Study Species HMO Component and Dose
Age and Duration

Administration
Age Test Tests Key Results

Fucosylated HMOs

Vazquez et al., 2015 [46]

Sprague Dawley Rats

2′FL (1 g/kg/BW) via oral
gavage during acute

administration
and 2′-FL (350 mg/Kg/BW) via

AIN-93G diet, during short
time feeding

Acute administration:
when rats were 3 months

old
Short-time feeding from

2.5–4 months, for 5 weeks

Operant tests started when
administration started.

LTP was performed after
administration period.

Operant conditioning
(FR1)
LTP

2′-FL groups performed better in operant learning paradigms (rats n = 10, mice n
= 28) and showed an enhanced LTP response (rats and mice n = 8). The long-time
supplementation of 2′FL also increased the expression of molecules involved in
storage newly acquired memories (BDNF, PSD-95 phosphorylated CamKII, etc.)

C57BL/6 mice 2′FL (350 mg/Kg/BW via
AIN-93G diet)

Long-time feeding from
2–3.5 months old, for 12

weeks

Intellicage (FR1, FR4,
FR8)
LTP

Sialylated HMOs

Oliveros et al., 2018 [47] Sprague Dawley Rats

Neu5Ac
6′-SL

(Dose ranged from 400
mg/Kg/BW to 2600 mg/Kg/BW

based on theoretical model)

From PND 3 until weaning

After weaning NORT
Y maze

No effects detected after weaning (n = 10). At 1 year old, sia (Neu5Ac and 6′-SL)
exposed rats (n = 8♀) showed improved performance on all the behavioural tests
(NORT, Y-maze, Intellicage) and showed enhanced LTP (n = 10) when compared

to the control group. Of the SL supplemented animals, the 6′-SL group
performed better than the Neu5AC group1 year old

NORT
Y maze

Intellicage
LTP

Wang et al., 2007 [50]
Piglets

Landrace/Large
White cross

Sialic Acid (ingredient of
Casein glycomacropeptide

cGMP))
(4 groups of animals with their

own dose each; 0 mg/L
(control), 140 mg/L; 300 mg/L;

635 mg/L and 830 mg/L)

From PND 3 until end of
experiment PND 21–PND 35 8-arm Radial maze Supplemented groups (n = 12–14 per group) required less trials to learn the

required response, with a dose–response correlation for the difficult task.

Obelitz-Ryom et al., 2019
[51]

Pre-term delivered
(experimental groups)

Piglets Landrace x
Yorkshire x Duroc

Sialyllactose
(6′-SL + 3′-SL)

(380 mg/L)
Lactose (control)

(6000 mg/L)
PND1–PND19 PND13–PND18 Spatial T-maze

Four experimental groups were included in the study; PRE-SAL (n = 10 ♀, 10 ♂),
PRE-CON (n = 9 ♀, 11 ♂), TERM-CON (n = 9 ♀, 5 ♂) and TERM-SAL (n = 6 ♀, 6 ♂).

TERM CON piglets reached learning criteria of 80% correct choices on day 3,
PRE-SAL on day 4 and PRE-CON on day 5. More PRE-SAL piglets reached the T

maze learning criteria compared to PRE-CON piglets.
Upregulation of genes for sialic acid metabolism, myelination and ganglioside

biosynthesis were present in the hippocampus of SL supplemented preterm
piglets.

Term delivered
piglets (reference

groups)
Landrace x Yorkshire x

Duroc

Lactose (control) (6000 mg/L)
Pig’s milk (under natural

rearing conditions)

Fleming et al., 2018 [54] Piglets
(no breed specified) Sialyllactose (380 mg/L) PND2–PND22 PND15–PND22 NORT No effects (n = 17) were observed.

NORT: Novel Object Recognition Test, MWM: Morris Water Maze, LTP: Long-Term Potentiation. BMO: Bovine Milk Oligosaccharide. When provided, strains of species have been
included in the table. In all studies presented here, the HMOs were administered orally. All animals used in the studies were male, unless otherwise specified. When the experimental
groups have not been detailed in the key results column, the reported n indicates the number of animals per experimental group of that study.
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3.1.2. Complex Cognitive Tasks

When considering the tasks that probe conditioning and learning capabilities and in which the
cognitive difficulty could be varied, such as the 8-arm radial maze [50] and operant tasks [47–49],
beneficial effects of HMO already surface at a young age in rats, mice and piglets alike. These effects
also persist throughout adulthood. Perhaps the beneficial effects of HMOs become especially apparent
upon increments on the cognitive load to meet the task demands.

3.2. Effects of HMOs on Long Term Potentiation (LTP)

The method of in vivo LTP induction in the studies listed here involved the implanting of
stimulating electrodes on the Schaffer’s collateral of the dorsal hippocampus and 2 to 4 recording
electrodes in the stratum radiatum underneath CA1 [46–49]. A high frequency stimulation (200-Hz
trains of pulses, 100 ms each and presented repeatedly with 1-min intervals) was delivered to the
Schaffer’s collateral and 30 min later the field excitatory post-synaptic potentials (fEPSPs) were recorded.
Enhanced LTP responses are reported in all these studies [46–49], both after weaning and during
adulthood, when animals were supplemented with fucosylated or sialylated HMOs.

4. Discussion

To the best of our knowledge, this review is the first to summarise the effects of fucosylated and
sialylated HMOs on cognition and electrophysiological brain recordings in rodents and piglets. The
effects of both types of HMOs uncovered in the reported investigations unequivocally point towards
long lasting beneficial effects on cognition and memory, which is further supported by changes in the
underlying physiological mechanisms as measured by LTP [46–49].

The majority of the reported animal studies, included in Table 1, revealed that HMOs enhance
learning and memory. For the simple cognitive tasks, the effects of HMOs are not unequivocal, as
differences are observed between the animal model used, task parameters, the dosage used and age of
administration and testing. It should be noted that in the majority of the studies, the HMO dosage was
comparable to concentrations found in human milk [28–31,33], and effects of HMO supplementation
were already visible at these physiological relevant dosages.

In rodents, no significant effects on spatial memory or long-term recognition memory are reported
when the animals’ age ranges from juvenile to young adulthood. In piglets, HMOs are found to affect
spatial memory and intermediate recognition memory but not long-term recognition memory when
they were fed only HMOs during infancy. Inter species differences between rodents and piglets may
help to explain why effects of HMO administration are visible in piglets but not in rodents when tested
at a very young age. The third trimester in human gestation coincides with the first ten postnatal days
of rat pups, while the neurodevelopmental trajectory and morphological properties of piglet brains are
much more comparable to humans [41,55–57]. This complicates the comparison of the effects of oral
delivery of HMOs between piglets and rodents. Differences reside in the immediate environment upon
birth and the extent to which the brain and body have developed at that point, as neonatal rat pups
would be more comparable to prenatal piglets in the final days before parturition, and there are no
studies performed on the cognitive effects of HMOs on piglets in young adulthood. This interspecies
difference in developmental stage upon birth and subsequent postnatal period might contribute to the
heterogeneity in the findings between species on simple behavioural tests such as the NORT and the
T maze.

Nevertheless, one cannot exclude the possibility that other factors than mere species differences
may be at play, for example, the test parameters used in the studies. In the NORT of the rodent studies,
the retention interval (time between acquisition phase and test phase) was 24 h, which is considered to
be fairly long and is considered to be a measure of long-term recognition memory [42]. In the piglet
studies, different retention intervals, ranging from 1 h (intermediate) to 48 h (long-term), were used.
It is possible that similar enhancing effects of HMO administration on recognition memory (NORT)
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reported by Fleming and colleagues [52,53] would have been found in juvenile rodents if the retention
interval was 1 h instead of 24 h and if the rodents had been fed a similar combination of oligosaccharides
as the piglets received. However, when probing such a long-term recognition memory of one-year old
rodents, an improved recognition memory is observed in the HMO supplemented animals, together
with improved spatial memory as measured by the Y maze. As long-term recognition memory was not
observed in juvenile piglets and rodents when supplied with only one HMO but was observed in piglets
when they were given a combination of oligosaccharides, this may not be a simple matter of species
differences. Another explanation could be that within the developing brain, there are different processes
at play when retrieving a newly consolidated memory (one hour later) versus an older memory (24–48 h
later), which may require more resources, such as the combination of various types of oligosaccharides.
Interestingly, when piglets were supplemented with a complex mixture of oligosaccharides (HMOs
and BMOs or Oligofructose), they displayed an improved long-term recognition memory. Perhaps the
effects when HMOs form combinations or are provided with other oligosaccharides are more potent
and thus easier to discern than the effects of singular HMOs on memory.

Other factors such as gender and sample size could also contribute to the heterogeneity of the
simple behavioural test findings, but it is uncertain to what extent these factors may have influenced
the results. Only two sialyllactose studies (and no fucosyllactose study) used both males and
females, one rodent study by Oliveros and colleagues [47] and one piglet study by Obelitz-Ryom and
colleagues [51]. However, no separation based on gender was performed in the analysis. As studies
on postnatal administration of compounds, such as the study by Shumake and colleagues [58] have
demonstrated gender specific effects in rats, it stands to reason that early life HMO supplementation
could produce gender specific outcomes. Nonetheless, when comparing the findings generated by
Oliveros et al. [47] and Obelitz-Ryom et al. [51] with the exclusively male studies of the same species
and HMO administered, the behavioural results remained very similar. Furthermore, the majority
of the studies employed comparable sample sizes (n = 10–12 on average), and effects of HMOs on
cognition were already reported in studies with the lower sample sizes. While potential effects of
variation in sample size cannot be completely excluded, HMO supplementation already produces
beneficial results in experiments with lower sample sizes. Therefore, the heterogeneity in findings
between studies is more likely due to a combination of factors such as species and task parameters, as
previously discussed.

When both piglets and rodents were tested on complex cognitive tasks from a young age onwards,
HMOs exerted a beneficial effect on learning and memory. Therefore, it is possible that the HMOs
effects become more apparent when cognitive load is increased, either due to task difficulty or due
to aging. This may explain why the beneficial effects of HMOs are especially visible when the tasks
are cognitively more strenuous, such is the case with the 8-arm radial maze or the operant tests, as
increases in cognitive load make brain limitations more discernible.

While behavioural tests on learning and memory at a young age in general yielded mixed results,
HMO supplementation did significantly improve LTP from a young age onwards. Interestingly, while
in both young adult (2.5 months old) and mature adult (1 year old) just one HFS application was
sufficient to induce LTP, very young rodents (6 weeks old) required a second high-frequency stimulation
(HFS) to induce LTP. Nonetheless, HMO administration resulted in an enhanced LTP response in
both younger and older rodents alike. It is possible that LTP might be a more sensitive measure to
investigate the beneficial effects of HMOs on cognitive outcomes at a young age. Furthermore, under
normal circumstances, the LTP response is reduced in older rats as a natural result of aging [46]. This
natural reduction in LTP response was not encountered when the animals were supplemented with
HMOs. On the contrary, supplementation with HMOs facilitated an enhanced LTP response. Because
LTP is a measure of synaptic plasticity, it stands to reason that synaptic plasticity benefits from HMOs
both in the short-term as in the long-term. Therefore, supplementation of HMOs, both sialylated and
fucosylated, in infancy could have long-lasting protective effects on the molecular underpinnings of
learning and memory.
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It should be noted that these results have been gathered from only nine articles, which is the main
limitation of the present review. Nevertheless, while there are a limited number of studies on the
cognitive effects of HMO supplementation, the studies currently available show promising results
of how HMOs could contribute to cognitive development. These findings call for further in-depth
research on the cognitive effects of HMOs and to delineate their underlying mechanisms.

Potential Underlying Mechanisms

There are a few possible factors which could account for the cognition enhancing effects of HMOs
in mammals.

In the case of sialylated HMOs, Polysialylated Neural Cell Adhesion Molecules (PSA-NCAM)
could be upregulated. The PSA-NCAM complex is upregulated in newborn, immature neurons and
growing fibre tracts during embryogenesis and has been linked to increased synaptic plasticity [59–62].
Within the adult brain, PSA-NCAM is expressed in brain regions with high rates of neural plasticity
and neurogenesis, such as the olfactory bulb and the hippocampus [61]. Improved neural plasticity
and the survival of newborn neurons contribute to cognition and memory [62]. Therefore, it is possible
that sialylated HMOs are capable of influencing neurogenesis via upregulation of PSA-NCAM, which
in turn contributes to the reported improvement in cognition. This suggestion is further supported by
Oliveros and colleagues [47]. These authors found an increase in PSA-NCAM in 6-SL supplemented
animals. However, the role of fucosylated HMOs in plasticity and neurogenesis is currently not well
understood and requires further investigation.

A second possible factor is the improved immune functioning due to the supplementation of HMOs
and their well-established role in the immune system. As mentioned in the introduction, immune
factors also contribute to cognitive functioning [38], though there are multiple hypotheses on how this
may occur. One hypothesis states that perinatal immune activation directly affects neurodevelopmental
pathways necessary for learning and memory, which leads to reduced neurotransmitter function, a
reduction in hippocampal presynaptic proteins and impaired LTP [38]. A second hypothesis postulates
that early life immune activation indirectly determines the adult response to an infection with a
pathogen, either via exaggerated pro-inflammatory cytokines or via a decrease in anti-inflammatory
cytokines. This in turn could lead to downstream changes in cognition and neural function [38]. As
HMOs are capable of regulating the neonatal cytokine response in the periphery [11,33,35,63], it is
possible that they also exert their enhancing effects on cognition via the immune system.

A last possible factor through which HMOs may improve cognition involves the microbiome.
HMOs contribute to the microbiome composition within the gut and therefore could interact with the
brain via the resulting bacterial metabolites such as the Short Chain Fatty Acids [64]. As certain gut
bacteria are specific for the utilization of sialylated HMOs and other bacteria for the fucosylated HMOs,
a larger variety of HMOs may go hand in hand with a larger yield of specific gut bacteria capable
of metabolizing these HMOs, and thus determining their subsequent metabolites [65]. Interactions
between single HMOs and the microbiome have been previously reported by Tarr and colleagues [66].
They demonstrated that the administration of sialylated HMOs changed the microbial composition
in the gut of mice, which in turn led to a reduction in anxiety-related behaviour and a maintenance
of neurogenesis. The influence of the gut–brain axis has also been touched upon by Vazquez and
colleagues [48], as they found that ablating the vagal nerve, which is part of the gut–brain axis,
diminished the beneficial effects of orally supplied 2′-FL on LTP. Similar to these results, Kuntz and
colleagues examined the metabolic fate of 2′-FL and found that 2′-FL was not directly incorporated in
the brain but required an intact gut microbiome for the generation of fucose metabolites, which are
subsequently taken up into the systemic circulation and organs [67]. In addition, it is possible that
combinational HMOs may generate better effects than alone. This idea has already been demonstrated
at the level of the growth and function of gut bacteria [68,69]. Different HMOs are processed by different
bacteria, which contain either sialidases or fucosidases to cleave sia and fuc of the carbohydrates [65].
In turn, another group of bacteria can feed on the HMOs once the fuc and sia moieties are removed.
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These bacterial interactions, which depend on the HMOs present in the gut, may exert downstream
effects on memory and cognition via the gut–brain axis. In light of potential downstream effects
of the microbiome on behaviour, environmental housing conditions which affect the microbiome
should also be considered [70] in this context, although it is uncertain to what extent the microbiotic
variations due to husbandry may have influenced the effects of HMO supplementation on subsequent
behaviour. Finally, another important factor to consider in the context of the microbiome is gender
specific effects. While infant sex is reported to be largely unrelated to the HMO composition within
human breastmilk [31], another study by Moossavi and colleagues [71] found that the milk microbiota
vary depending on infant sex. This could potentially be attributed to cross interactions with the gut
microbiome of the infant, as gender differences have been reported there [71]. As HMOs interact with
both the milk and the gut microbiome [72,73], it is therefore possible that sex-dependent variations
could lead to differential cognitive outcomes of HMO supplementation.

5. Conclusions

The observation that HMOs are capable of enhancing cognition has initiated the search for a
better mechanistic understanding of its functioning. Nonetheless, there are still several outstanding
questions on the relationship between HMO and neonatal brain development, which warrant further
investigation. An important aspect that needs to be addressed is the apparent age-related differences
when assessing various cognitive tests. This point illustrates one of the current issues on HMO research
in animals, as the tools currently used may not be sensitive enough to fully explore the range to which
HMOs may affect brain development and cognition. Thus, one of the more complex tools could be
the use of challenging operant tasks, such as the Trial Unique Delayed Non-Matching to Location
(TUNL) measuring spatial memory and pattern separation [74], the 5-Choice Serial Reaction Time Task
measuring attention and motor impulsivity [75], or delayed reinforcement tasks measuring choice
impulsivity [76], ideally performed in the animal’s home cage. The difficulty of such tasks can be
varied and may thus be more suited to test cognitive functioning in young animals, as at a young age,
only effects of HMOs were found in difficult tasks.

Another important issue is that due to the large variability between the experimental design
and methods used across studies, comparing the effects of different HMOs between studies is
difficult. Such variability includes the age of testing, the tests and experimental parameters, the HMO
components used, the gender of the animals, variation in sample sizes, the environmental conditions
and the variation in (neuro)developmental stage during which the animals were supplemented the
HMOs. These limitations call for a larger, unified study in which the effects of different HMOs on
complex cognitive functioning are systematically compared, when administered both independently
and as in conjunction. In such a unified study, all these factors can be accounted for, enabling a
systematic comparison.

A last important issue is that most HMO studies so far have focused on singular HMOs, with
the exception of the two most recent studies performed by Fleming in 2020. The focus on singular
HMOs is a limitation because it does not reflect a naturalistic situation where maternal milk provides
a combination of different HMOs [77]. Therefore, considering the interactions of HMOs when
supplemented in combination would provide valuable insights on the influence of the gut microbiome
and its downstream effects on cognition and development.

While research on the cognitive implications of HMOs is still in its infancy, the early findings
reporting its long-lasting beneficial effects on memory and cognition are promising. Further studies
on the exact molecular mechanisms, ranging from immune functioning to neuroplasticity and the
microbiome will prove to be useful in deepening our understanding of how HMOs and their interactions
contribute to cognition and development.
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Appendix A

The following search string, comprised of both Mesh terms and key words in the title and abstract
was composed and entered in Pubmed:

(Oligosaccharides[MeSH Terms] AND milk, human[MeSH Terms] OR oligosaccharide*[Title/
Abstract] OR HMO*[Title/Abstract]) AND (learning[MeSH Terms] OR cognition[MeSH Terms] OR
memory[Title/Abstract] OR cognition[Title/Abstract] OR behavior[Title/Abstract] OR behaviour[Title
/Abstract]) AND (“sialic acids” [MeSH Terms] OR sialyl*[Title/Abstract] OR fucosyl*[Title/Abstract]
OR fucose[MeSH Terms] OR lacto-N-*[Title/Abstract] OR LNnT[Title/Abstract])

This search string enables the detection of articles that contain information regarding HMOs,
their cognitive outcomes and specific HMO components. Using the above search strategy, 108 articles
were found. Further exclusion criteria were articles that did not pertain to cognition or its associated
processes (learning and memory) and that did not make use of administered HMOs. This finally
resulted in 9 articles.
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Abstract: A growing number of studies in rodents indicate a connection between the intestinal
microbiota and the brain, but comprehensive human data is scarce. Here, we systematically reviewed
human studies examining the connection between the intestinal microbiota and major depressive
and bipolar disorder. In this review we discuss various changes in bacterial abundance, particularly
on low taxonomic levels, in terms of a connection with the pathophysiology of major depressive
and bipolar disorder, their use as a diagnostic and treatment response parameter, their health-
promoting potential, as well as novel adjunctive treatment options. The diversity of the intestinal
microbiota is mostly decreased in depressed subjects. A consistent elevation of phylum Actinobacteria,
family Bifidobacteriaceae, and genus Bacteroides, and a reduction of family Ruminococcaceae, genus
Faecalibacterium, and genus Roseburia was reported. Probiotics containing Bifidobacterium and/or
Lactobacillus spp. seemed to improve depressive symptoms, and novel approaches with different
probiotics and synbiotics showed promising results. Comparing twin studies, we report here that
already with an elevated risk of developing depression, microbial changes towards a “depression-like”
microbiota were found. Overall, these findings highlight the importance of the microbiota and the
necessity for a better understanding of its changes contributing to depressive symptoms, potentially
leading to new approaches to alleviate depressive symptoms via alterations of the gut microbiota.

Keywords: depression; affective disorder; gut-brain-axis; bacteria; probiotics; therapy; treatment

1. Introduction

Psychiatric disorders belong to the world’s most disabling diseases, particularly major
depressive disorder (MDD, unipolar disorder) and bipolar disorder (BD). Approximately
4.4% of the world’s population is affected by depression. According to the World Health
Organization, depression is the largest contributor to global disability and “non-fatal health
loss”, as well as the major contributor to suicide deaths [1]. Patients with MDD show
typical symptoms of sadness, loss of interest and pleasure, feelings of low self-worth, guilt
and tiredness, disturbed sleep, and poor concentration. BD is characterized by episodes of
depression and mania, separated by episodes of normal mood. Mania includes elevated
mood, increased energy and activity, pressure to speech, and decreased need to sleep [1].

In twin and family studies, heritability rates, defined as genetic factors contributing to
the occurrence of a certain disease, were found to be moderate in MDD [2], and high in
BD [3,4]. Despite significant advances, the pathogenesis of MDD and BD is still not fully
understood. The diagnosis is based only on clinical symptoms, and a high rate of treatment
resistance is observed [5]. Poverty, unemployment, severe life events, physical illness,
and the consumption of alcohol and drugs are risk factors, but anyone can be affected by
depression [1]. Especially functional gastrointestinal disorders (FGID) like irritable bowel
syndrome (IBS) are often associated with depression, with the co-occurrence estimated
at 30% [6]. Altered neurotransmission, changes in the hypothalamic-pituitary-adrenal
axis (HPA axis), chronic low-grade inflammation, reduced neuroplasticity, and neuronal
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network dysfunction probably contribute to the pathogenesis of depression [7]. IBS patho-
genesis shares several of these changes, indicating a multifactorial association between both
diseases [8]. Additional evidence suggests a connection between depression, increased gut
wall permeability, and bacterial translocation, resulting in increased immune activation
and inflammation, with the intestinal microbiota being an important contributor [9,10].

The human gut microbiota consists of an estimated number of 3.8 × 1013 (38 trillion)
bacteria, containing slightly more bacteria than cells of the human body (approximately
3.0 × 1013), and by far more genes than its human host [11]. In addition, after the brain, the
human gut contains the second greatest number of neurons. Heritability rates of the gut
microbiota in humans were estimated between 1.9% and 8.1% [12]. A disturbed intestinal
microbiota, often associated with reduced diversity, was found in a variety of diseases,
including hypertension [13], obesity [14], gastrointestinal disorders (such as inflammatory
bowel disease (IBD) [15,16], and IBS [17]), brain disorders (such as Alzheimer’s disease [18],
Parkinson’s disease [19], autism spectrum disorder [20], and attention-deficit/hyperactivity
disorder [21]), autoimmune diseases [22], as well as some types of cancer (for example colorectal
cancer [23]). It was even suggested that a disturbed intestinal microbiota in obese patients may
be a further reason for increased coronavirus disease 2019 (COVID-19) severity [24].

The intestinal microbiota can interfere with the HPA axis. Stress-induced stimulation
of the HPA axis leads to elevated adrenocorticotrophin (ACTH) release and therefore results
in a higher glucocorticoid excretion. In restraint-stressed germ-free mice, elevated ACTH
and corticosterone (a glucocorticoid) levels were found, compared to specific pathogen-free
mice [25], showing a direct connection between the HPA axis and the microbiota. The HPA
axis can also be influenced through metabolites produced by the intestinal bacteria, like
cytokines and prostaglandins, leading to exaggerated or attenuated stress response [26].
The gut microbiota can break down otherwise indigestible food substances and produce
micronutrients [27], short-chain fatty acids (SCFAs) [28], neurotransmitters such as gamma-
aminobutyric acid (GABA) [29], and brain active non-SCFA metabolites [18]. Acetate,
propionate, and butyrate are the most abundant SCFAs in the human intestine [30]. They
can influence emotion, cognition, and the immune system. In particular, a correlation
between higher depression scores and lower levels of acetate and propionate was found in
women, while sodium butyrate reversed depressive and manic symptoms in mice and was
suggested as a mood stabilizer in humans [31,32]. Bacterial metabolites can translocate out
of the gut and interact with the HPA axis, with the immune system, and with vagal afferents,
leading to an exaggerated (or attenuated) HPA response and consequently to a modulation
of the immune system [26,33,34]. Further research reported a systemic chronic low-grade
inflammation in mice models, as well as in a significant proportion of depressed subjects,
suggesting the presence of a mucosal dysfunction in depressed individuals, leading to an
elevated translocation of intestinal bacteria into the circulation [35–37]. Consequently, an
increased antibody response against lipopolysaccharides (LPS) from gram-negative bacteria
is induced in diseased individuals [9]. In mice, intraperitoneally injected LPS caused a
depressive-like behavior, and a following treatment with sodium butyrate ameliorated
these changes, underlining the negative influence of translocated bacteria and LPS, as well
as the positive influence of butyrate on the depression pathophysiology [35].

Several possible connections between the intestinal microbiota and depression are
currently being discussed. The gut microbiota is considered to be under-explored, and its
detailed investigation is needed for revealing specific associations. Most studies examining
a possible connection between the gut microbiota and depression are conducted in rodents,
while human research is still lagging. Hence, we systematically reviewed the connection
between the human intestinal microbiota and major depressive and bipolar disorder,
intending to analyze which bacteria could possibly influence depression or vice versa, and
which bacteria future studies should primarily focus on.
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2. Materials and Methods

The main question of this review was whether there is a connection between the
intestinal microbiota and major depressive and bipolar disorder in human subjects. Does
the intestinal microbiota influence the development, severity, and remission of affective
disorder? The databases Scopus and PubMed were searched until 1 May 2020, with the fol-
lowing MeSH and search terms: “microbiota”, “microbiome”, “depression”, “depressive”,
“bipolar disorder”.

Additional inclusion criteria were as follows:

- Studies were written in English
- Studies were conducted with human subjects
- Studies at least partly focused on depression or depressive symptoms, and their

correlation with the intestinal microbiota
- Diseased and healthy subjects were analyzed in the study

We focused on bacterial taxa and therefore excluded results regarding fungi, archaea,
and viruses. Studies investigating microbiomes other than the intestinal microbiota were
also excluded. We included all studies related to MDD, BD, and the intestinal microbiota,
leading to the high heterogeneity of the reports, but providing a comprehensive overview
of published data on this topic.

Twelve articles were excluded after full-text assessment due to not focusing on depres-
sion, depressive symptoms (n = 9) or the intestinal microbiota (n = 3).

A total of 57 studies were included in this review (Figure 1), most of which were
published between 2016 and 2020, demonstrating a rapidly growing interest in this topic in
recent years.

⁻ 
⁻ 
⁻ 

⁻ 

 

Figure 1. Methodical approach of our review due to PRISMA criteria [38].

3. Results

3.1. Diversity

Microbial diversity can be specified as alpha-diversity and beta-diversity. Alpha-
diversity describes the species richness and evenness (inequality of the relative abundance)
within a sample. In the reviewed studies it was most often determined by using the Shan-
non index, but several measures are common for richness and evenness estimation, as the
ACE-, Chao1-, and Simpson index, phylogenetic diversity, and the number of observed
species [39]. Beta-diversity describes the difference between multiple samples and is mostly
analyzed by using unweighted/weighted UniFrac distances and Bray-Curtis dissimilar-
ity [40]. Additionally, PLS-DA (partial least squares discriminant analysis) was used to
detect microbial patterns that separate depressed subjects from healthy controls (HC) [41].
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Apart from Jiang et al. [42] who reported an increased alpha-diversity in active-
MDD subjects, all alpha-diversity indices, and other measures were consistently reported
to be equal or reduced in depressed subjects among the other studies. For example,
four studies reported a negative correlation between the Shannon index and depression,
while 13 reported no correlation. Similar results were found concerning the other above-
mentioned indices and measures for “within-sample” alpha-diversity (Table 1).

Regarding “between-samples” beta-diversity changes, a correlation with depression
could be found in most studies. Both studies comparing MDD and BD subjects to HC using Bray-
Curtis dissimilarity found a significant difference [43,44]. Regarding unweighted and weighted
UniFrac distances, studies reported contradictory results, and no final statement can be made as
to whether depressed subjects show different UniFrac distances compared to HC (Table 1).

Using PLS-DA, all four studies found significant differences between the depressed
and the HC group. In addition, with a PLS-DA model, Li et al. found significant correlations
between microbial and mood changes in healthy adults over time [45].
Table 1. A selection of the most used diversity indices and measures, showing an unchanged or
lower microbial diversity in depressed individuals.

Source Shannon Ace Chao1 Nr. OTUs UniFrac PLS-DA

[41] D = D sign.

[42] aMDD ↑, rMDD = MDD = MDD = MDD =

[43] MDD =

[44] MDD = MDD =

[46] BD ↓, MDD = BD ↓, MDD = BD, MDD, C sign.

[47] P = P =

[48] P ↓ P ↓

[49] MDD = MDD = MDD sign.

[50] MDD =, BD = MDD ↓, BD =

[51] MDD = MDD = MDD = MDD sign.

[52] BD = BD = BD = BD =

[53] D = D ↓ D =

[54] BD ↓ * BD ↓ * BD sign.

[55] D = IBS D = IBS D, IBS sign.

[56] IBS ↓ IBS sign.

[57] MDD = MDD = MDD sign.

[58] MDD ↓ MDD ↓ MDD ↓ MDD sign.

[59] pm =

[60] D ↓, IBS ↓

[61] D ↓ D ↓

[62] MDD sign.

[63] MDD = MDD sign.

[64] BD = BD = BD sign.

[65] BD = BD sign.

“UniFrac” includes weighted and/or unweighted UniFrac distances. “↓” shows a significantly reduced diversity in
diseased subjects compared to controls or an inverse correlation with more severe symptoms, while “↑” indicates
a significantly increased diversity or a positive correlation with more severe symptoms. “=” demonstrates no
significant difference, while “sign.” shows a significant difference. Empty cells symbolize that no results were
reported. Abbreviations: MDD, major depressive disorder; BD, bipolar disorder; C, control group; P, psychiatric
subjects; D, depression in general; IBS, irritable bowel syndrome; a, active disease group; r, response group;
pm, psychiatric measures; OTU, operational taxonomic unit; *, only showing a trend, due to small sample size.
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Overall, the microbial diversity of depressed individuals was reported unchanged or
reduced, compared to the general population. These findings support the hypothesis that
the intestinal microbiota is connected with the development, preservation, and remission of
depression. With a better understanding of this link, depressive symptoms could potentially
be positively influenced by specific alterations of the microbiota. Our analysis also shows
that a reduced diversity is not present in all depressed subjects, and therefore cannot be
used as a reliable diagnosis parameter. However, using the diversity change over time
as a treatment response and prognosis parameter could be possible, but whether this is
clinically feasible remains to be proven.

3.2. Phylum

On the phylum level, Bacteroidetes phylum was reported to be reduced in depressed
subjects in multiple studies, but other studies reported opposite results (Table 2). Important
to mention is that Chen et al. reported an elevation of Bacteroidetes in young MDD
individuals, while in middle-aged MDD individuals Bacteroidetes were reduced, compared
to age-matched controls [49]. On the one hand, comparing the studies which reported an
elevation of Bacteroidetes in depressed patients, Liu et al. [44] only included MDD subjects
between age 18 and 25, Hu et al. [66] used a young BD group (mean age 24 years), with an
older, not age-matched control group, and Jiang et al. [42] only included MDD patients aged
40 or younger. On the other hand, studies reporting a reduction of Bacteroidetes correlating
with depression were mostly conducted with older subjects. For example, in the study
by Lai et al. [43], MDD individuals were between 32 and 52 years old, in Rong et al. [50]
the mean age of all groups was between 38 and 42 years, and in Chen et al. [67] MDD
subjects were 44 years old on average. Summarized, strong evidence was found that in
young patients suffering from affective disorder, phylum Bacteroidetes is elevated, while in
middle-aged patients these bacteria are reduced, compared to age-matched HC. This could
point towards different causes of depression or a different manifestation of depressive
behavior with age, leading to a different microbiota in depressed subjects.

The phylum Firmicutes was reported to alter in both directions (Table 2). However,
most studies reporting an increase of Firmicutes also found a reduction of Bacteroidetes, or
vice versa. Above mentioned changes due to different age ranges can also be applied to
the phylum Firmicutes. Chen et al. [49] found lower Firmicutes mainly in the young MDD
group, and Jiang et al. [42], Liu et al. [44], and Hu et al. [66] all studied young MDD or BD
subjects and reported a reduced abundance of Firmicutes in the depressed group. Studies with
older (middle-aged) subjects rather reported an elevation of Firmicutes abundance (Table 2).

Concerning the phylum Proteobacteria, results were highly controversial. Zheng et al. [46]
and Rong et al. [50] both reported an elevation in BD, but not in MDD subjects, suggesting
a potential difference between BD and MDD. In contrast, Hu et al. [66] found reduced
Proteobacteria in untreated, compared to treated BD subjects, but not compared to HC. A
recent review reported a lower abundance of phylum Proteobacteria in healthy subjects,
while an elevated abundance was associated with a variety of diseases, including IBD,
metabolic disorder, or malnutrition [68]. However, a link between phylum Proteobacteria
and depression could not be shown, and neither age-dependent changes nor a difference
between BD and MDD subjects could be further supported in this review.

The phylum Actinobacteria was consistently found to be elevated in MDD or BD
individuals. Nine studies reported an elevation, while none found a decrease of Actinobac-
teria in patients with affective disorder (Table 2). Therefore, strong evidence for a close
connection between an elevation of phylum Actinobacteria and depression was found,
and more attention should be paid towards this phylum, looking for possible causes and
consequences of an increase in Actinobacteria abundance.

Summarized, age seemed to firmly influence bacterial abundance. While in young-
aged patients Bacteroidetes were elevated and Firmicutes reduced, in middle-aged subjects
a reduction of Bacteroidetes and an elevation of Firmicutes was reported, compared to age-
matched HC, whereas Actinobacteria was consistently elevated regardless of age. However,
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on lower taxonomic levels correlations could show opposite directions even for closely
related bacteria, suggesting that the abundance of a specific phylum is not as decisive as the
abundance of certain bacteria on lower taxonomic levels, i.e., on the genus or species level.

Table 2. Different abundance on phylum level, with the studies sorted by age of the diseased subjects.

Source Mean Age (Years) Bacteroidetes Firmicutes Proteobacteria Actinobacteria

[44] MDD 21.9; C 22.1 MDD ↑ MDD ↓

[49] MDD 24.0; C 25.0 MDD ↑ MDD ↓

[66] BD 24.2; C 36.3 BD ↑ BD ↓ BD ↓ *
[42] aMDD 25.3; rMDD 27.1; C 26.8 MDD ↑ MDD ↓ MDD ↑ MDD ↑

[46] MDD 26.5; BD 25.6; C 26.9 MDD ↑ BD ↓ BD ↑

[69] non-D 33.4 ↓

[48] P 35.7 ↓

[62] MDD 36.2; C 38.1 MDD ↓ M ↑ MDD ↑ *
[63] MDD 40.6; C 41.8 MDD ↓ MDD ↑

[52] BD 41.3; C 31.4 BD ↑

[57] MDD 41.5; C 44.0 MDD ↓ MDD ↑

[50] MDD 41.6; BD 38.4; C 39.5 MDD ↓; BD ↓ MDD ↑; BD ↑ BD ↑ MDD ↑; BD ↑

[43] MDD 43.7, C 39.4 MDD ↓ MDD ↑

[67] MDD 43.9; C 39.6 MDD ↓ M ↑ MDD ↓ MDD ↑

[60] D 44.8; IBS 38.5; D + IBS 39.0; C 43.9 D ↑ D ↓

[55] IBS + Di 45.0; IBS (non-Di) 33.0 ↑

[49] MDD 45.0; C 47.2 MDD ↓ MDD ↑

[51] MDD 45.8; C 41.2 MDD ↓ MDD ↑ MDD ↓ MDD ↑

[58] MDD 48.7; C 42.3 MDD ↓

[41] D 49.2; C 46.1 D ↓

Elevated Bacteroidetes and reduced Firmicutes were found in young-aged, depressed subjects, while in middle-
aged those phyla showed opposite correlations. Actinobacteria was consistently increased. “↓” and green
symbolizes a significant reduction in diseased subjects or inverse correlation with more severe symptoms, while
“↑” and orange shows a significant elevation or positive correlation with more severe symptoms. Grey symbolizes
only a trend, while empty cells symbolize that no significant results were reported. Abbreviations: MDD, major
depressive disorder; BD, bipolar disorder; C, control group; D, depression in general; non-D, non-depressed
subjects; Di, distressed subjects; IBS, irritable bowel syndrome; P, psychiatric subjects; a, active disorder group;
r, response group; *, only showing an insignificant trend.

3.3. Bacteroidetes

The phylum Bacteroidetes is the most dominant in the human gut [70]. It con-
tains four important families, namely Bacteroidaceae, Tannerellaceae, Prevotellaceae, and
Rikenellaceae.

Most studies reported a correlation between depressive symptoms and the family
Bacteroidaceae or genus Bacteroides, the most abundant family and genus of the intestinal
microbiota [70]. Especially genus Bacteroides was repeatedly associated with affective
disorder, high anhedonia, and negative mood (Table 3). In general, Bacteroides were found
to be negatively associated with inflammation [50,71], to contribute to the gut colonization
resistance (the resistance against colonization of enteric pathogens), and to produce SCFAs,
mostly acetate and propionate, which are important for gut homeostasis [72,73]. Bacteroides
are known as starch degraders and they potentially cross-feed other species, like Eubacterium
ramulus, which in turn can produce beneficial molecules like butyrate, and therefore
reduce gut hyperpermeability by increased expression of tight-junctions [72]. Even though
genus Bacteroides was found to provide beneficial effects on the human host, the family
Bacteroidaceae and genus Bacteroides were repeatedly found to be elevated in depressed
subjects. While some of the reviewed studies were conducted only with few individuals,
Cheng et al. included thousands of subjects, strongly supporting this correlation [74]. These
findings may hint at a compensatory mechanism and suggest that the alteration in the
abundance of a certain bacteria may not necessarily have negative health effects. A higher
taxonomic resolution could lead to more precise information about these correlations.
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Table 3. Different abundance of genus Bacteroides.

Source Genus Bacteroides

[42] aMDD ↓ rMDD ↑

[45] negative mood ↑

[46]
BD ↑ (1 OTU)

MDD ↑/↓ (OTUs)

[47]
anhedonia ↑

anxiety ↓

[50] MDD ↓, BD ↓

[55] anxiety ↑

[57] MDD ↑ (m)
[60] D ↑; IBS ↑; D + IBS ↑

[66] BD ↑

[74] MDD ↑

[75] BD ↑ (B-P group)
Most studies reported an elevation correlating with affective disorder and depressive symptoms. “↓” and
green symbolizes a significant reduction in diseased subjects or inverse correlation with more severe symptoms,
while “↑” and orange shows a significant elevation or positive correlation with more severe symptoms, and
grey symbolizes alterations in both directions or not evaluable. Brackets include additional information about
the reported correlation (which bacteria showed a correlation or in which subgroup of subjects a correlation
was found). Abbreviations: MDD, major depressive disorder; BD, bipolar disorder; D, depression in general;
IBS, irritable bowel syndrome; B-P group, Bacteroides-Prevotella group; m, a correlation only in male subjects; a,
active disease group; r, response group; OTU, operational taxonomic unit within genus Bacteroides.

Genus Parabacteroides of the Tannerellaceae family tended to be elevated in depressed
subjects, but two studies reported contrary results [60,69]. These two studies used a small
sample size of depressed subjects (n = 15), and reported a reduction in non-depressed partic-
ipants to correlate with anxiety and DASS-42 (depression anxiety and stress scales) scores,
but not directly with depression, respectively [60,69]. Investigating the three studies which
compared MDD or BD subjects with HC, all three reported an elevation of Parabacteroides
correlating with depression [42,51,66]. Parabacteroides produce SCFAs, especially acetate,
and can reduce neutrophils in the blood [76]. Even though they have health-promoting
effects, they tended to be more abundant in individuals with affective disorders. Therefore,
as with the family Bacteroidaceae, an elevation of Parabacteroides could be a compensatory
mechanism, rather than unfavorably influencing the host’s mood.

The abundance of the Prevotellaceae family altered in both directions in depressed
subjects, with no tendency overall. Worth mentioning is that Chen et al. found a reduc-
tion of Prevotellaceae in middle-aged MDD, compared to young-aged MDD individu-
als [49]. This goes in line with our general findings, with two studies reporting a reduced
Prevotellaceae abundance in middle-aged MDD subjects (mean age 45.8 and 43.9 years,
respectively) [51,67]. On genus level, Prevotella inversely correlated with depression, lower
mood, or lower quality of life in four studies [42,45,51,77], while others reported a positive
correlation [60,62]. Therefore, the suggestion of Lin et al. [62], to use changes of Prevotella
and Klebsiella for laboratory diagnosis and treatment evaluation in MDD, could not be fur-
ther supported regarding Prevotella changes, because the results showed no clear tendency
and additional studies even found an opposite correlation. Concerning Klebsiella changes,
more research is needed to be able to draw a conclusion (further information in the para-
graph “Proteobacteria”). Interestingly, two studies conducted with IBS subjects reported
an elevation of Prevotellaceae, as well as an elevation of Prevotella and Paraprevotella to
correlate with depressive symptoms, indicating a potential correlation with IBS and comorbid
depression [55,60]. However, due to small sample sizes and different study designs of these
two studies, additional research focusing on bacterial alterations in IBS subjects is required.

Within the family Rikenellaceae, results showed an elevation of genus Alistipes or op-
erational taxonomic units (OTUs) within this genus to correlate with depression [41,42,63].
While Alistipes seemed to attenuate the severity of colitis via attenuating the expression of
anti-inflammatory cytokines in mice, this genus was found to be increased in stressed mice,
as well as in patients suffering from chronic fatigue syndrome. It is proposed to decrease
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serotonin concentration and therefore negatively influence the gut-brain axis, which is in
line with our conclusion that an elevated Alistipes abundance is associated with unfavorable
health effects and potentially promotes the pathogenesis of depression [78]. More studies
are needed to further investigate the influence of the Rikenellaceae family on depression.

3.4. Firmicutes

The phylum Firmicutes is the second most abundant phylum in the human intestinal
microbiome [70]. It was also the most changed, as well as the most discussed phylum
within the reviewed studies.

Class Bacilli includes two important families, the families of Lactobacillaceae and
Streptococcaceae. Lactobacillus bacteria are widely known for their beneficial health effects
and their use as probiotics. Despite several studies reporting a higher abundance of Lacto-
bacillus to be associated with diverse positive factors like sleep and self-judgment, no direct
correlation of Lactobacillus abundance and affective disorder could be identified [79,80].
Family Streptococcaceae and genus Streptococcus showed a positive correlation with de-
pression and lower quality of life scores. For example, beta-hemolytic Streptococcus Group
A infections are known to potentially cause Pediatric Autoimmune Neuropsychiatric Dis-
orders (Associated with Streptococcal Infections, “PANDAS”), which are associated with
alterations in the gut microbiome and the nervous system [81]. Although not fully under-
stood, it demonstrates that Streptococcus infections can lead to an autoimmune response,
severe brain alterations, disturbed neurotransmitters, and can cause psychiatric symptoms
like obsessive-compulsive disorder, tics, anxiety, and sometimes even depression [82]. Of
the included studies, four reported an elevation of Streptococcaceae (or OTUs within this
family) and Streptococcus in MDD and BD [50,51,62,63]. Additionally, investigating a large
cohort, Valles-Colomer et al. found a negative association between Streptococcus and body
pain, but no direct association with depression, maybe due to the cohort representing the
general population and not being limited to specifically MDD or BD subjects [77]. Hence,
there is a need for more studies on the Streptococcaceae family and Streptococcus genus
regarding their influence on mental health, with potential for novel therapeutic approaches.

Concerning the class Clostridia, a reduction of class Clostridia or order Clostridiales
seemed to correlate with worse health and depressive symptoms. However, on lower
taxonomic levels, probably due to the diversity of the family Clostridiaceae [83] and an
insufficient number of well-controlled studies, no clear association could be identified
between Clostridiaceae or Clostridium and depression, and studies reported ambiguous
findings. There is a need for in-depth studies at high taxonomic resolution to further
investigate a potential connection between certain genera or species within the family
Clostridiaceae and affective disorder. In addition, an antidepressant therapy with ad-
junctive probiotic Clostridium butyricum MIYAIRI 588 showed a high response rate with
significant improvement of depressive symptoms in treatment-resistant MDD subjects (fur-
ther information in the paragraph “human interventional trials in depression”) [84]. Family
Christensenellaceae and Christensenellaceae R-7 group were reported to be less abundant
in subjects with affective disorder and to inversely correlate with more severe symptoms
and higher anhedonia in three studies, while none reported opposite results [44,47,53].
Family Christensenellaceae has been shown to produce acetate and butyrate, and was nega-
tively associated with visceral fat mass [85,86]. Even though, to our knowledge, not much is
known about this family so far, a higher abundance of family Christensenellaceae is related
to beneficial health effects, while depression correlates with a reduction of this family.

Family Peptostreptococcaceae or genus Peptostreptococcus were associated with de-
pression [51,58] and anxiety [69] in three studies. In general, while some studies found a
connection between Peptostreptococcus species and colorectal cancer [87], others proposed
a beneficial effect via the production of indoleacrylic acid (a metabolite of tryptophan),
improving the intestinal epithelial barrier function, as well as suppressing inflammatory
response [88]. Despite these potentially beneficial effects, a rather negative correlation
between Peptostreptococcus and depression was reported in the reviewed studies. But with
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only two studies finding a significantly altered abundance in small cohorts of depressed
individuals, while none of the studies with more subjects reported similar results, an
important association with depression is unlikely.

Family Eubacteriaceae and especially species E. rectale tended to be more abun-
dant in healthy subjects and increased after antipsychotic BD treatment with quetiap-
ine [44,47,57,75]. Eubacterium spp. can produce propionate and butyrate, and therefore sup-
press inflammation, enhance the intestinal barrier integrity, and thereby benefit the host’s
health [89]. This is in line with our findings, where Eubacteriaceae correlated with better general
health. But the evidence in terms of an association with depression remains scarce.

Family Lachnospiraceae is the second most abundant family in the human gut [70].
On the family level, studies did not show a clear connection between Lachnospiraceae and
depression, with Lachnospiraceae being altered in both directions in depressed individuals.
However, on the genus level, several inverse correlations with depression were found.
Genus Coprococcus and OTUs within this genus were found to be less abundant in depressed
subjects and to correlate with higher quality of life [46,48,58,60,63,66,77]. One study found
specifically C. catus to be less abundant in subjects with more severe depressive symptoms
and to positively correlate with remission [48]. Genus Coprococcus is known for its butyrate
production [90], and previous research found a reduced Coprococcus abundance in several
diseases, like inflammatory bowel disease [16], colorectal cancer [91], and preeclampsia [90].
According to Zhang et al., Coprococcus abundance can be increased by omega-3 polyunsatu-
rated fatty acids (PUFAs), while lower levels of omega-3 PUFAs were found in depressed
subjects [92,93]. Therefore, a connection between genus Coprococcus, PUFAs (especially
omega-3 PUFAs), and depression is imaginable, emphasizing the importance of a healthy
diet and its influence on the intestinal microbiota and depression. The abundance of genus
Fusicatenibacter or unclassified species within this genus were reduced in depressed subjects
and associated with a higher quality of life in three studies, indicating a slightly beneficial
effect of these bacteria [44,55,77]. Due to contradictory results concerning genus Blautia, no
final statement could be made regarding a link of genus Blautia with depression. Genus
Roseburia or OTUs within this genus were mostly reported to be reduced in subjects with
depressive symptoms and correlated with remission and positive mood (Table 4). Research
showed that R. intestinalis suppressed inflammation and promoted anti-inflammatory cy-
tokines in a colitis mouse model, and found Roseburia, together with Faecalibacterium, to be
one of the most abundant known butyrate-producing bacteria in the human gut [94,95].
This is in line with our findings of Roseburia being reduced in depressed individuals. There-
fore, an increase of bacteria belonging to the genera Roseburia or Coprococcus may provide
beneficial physical and mental health effects, and further investigation is needed as to
whether this effect can be used in the treatment of affective disorder.

Concerning the family Ruminococcaceae, most studies found a higher abundance
in healthier subjects (Table 5). Interestingly, the abundance of family Ruminococcaceae
was associated with remission, but several taxa within Ruminococcaceae positively cor-
related with symptom severity of psychiatric subjects [48]. Additionally, both increased
and decreased OTUs within this family were found in MDD patients, underlining the
differences of bacterial abundance on low taxonomic levels [49,57]. On genus and species
level, on the one hand, multiple studies reported a higher abundance of genus Oscillibacter
in depressed subjects [41–43,50]. Genus Oscillibacter is suggested to be elevated rather as
a result of depression, due to its potential to metabolize proteins [96]. Underlining this,
in MDD subjects, disturbed bacterial proteins were found, which are involved especially
in metabolic pathways related to amino acid metabolism [67]. On the other hand, genus
Ruminococcus, Gemmiger, and especially Faecalibacterium were more abundant in health-
ier subjects in the majority of the reviewed studies (Table 5). Faecalibacterium is known
for its butyrate production, anti-inflammatory potential, and intestinal barrier function
improvement, and was suggested as a probiotic for IBD, gut dysfunction, and low-grade
inflammation treatment [95,97,98]. In the reviewed studies, a negative correlation with
depressive symptoms and a positive correlation with remission and higher quality of life
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was reported, highlighting the potential of probiotic Faecalibacterium as a novel treatment
option, and their abundance as a parameter for diagnosis or treatment response. Even
though several studies reported opposite correlations, contradictory results can mostly be
explained by very small sample sizes, age and sex differences, and by not unexceptionally
used false discovery rate. In conclusion, the family Ruminococcaceae is a perfect example
that even closely related bacteria can show an altered abundance in opposite directions.
Even though on the family level, most of the studies reported a higher abundance in health-
ier subjects, on lower taxonomic levels bacterial alterations were found in both directions.
Similar to other families, a higher taxonomic resolution of this family and its genera is
needed for a more specific examination of these bacteria and their interaction with the host,
with especially genus Faecalibacterium showing a close negative association with depression.

Table 4. Different abundance of genus Roseburia.

Source Genus Roseburia

[42] aMDD ↑

[45] ↓ positive mood
[46] BD ↓ (1 OTU)
[47] anhedonia ↓

[48] P ↓ remission (R. inuliniforans)
[52] BD ↓ *
[55] D ↓ (unclassified species)
[57] MDD ↑ (f)
[60] D ↓

[63] MDD ↓ (OTUs)
[66] BD ↓

Most studies reported a reduction correlating with affective disorder and negative mood. “↓” and green symbolizes
a significant reduction in diseased subjects or inverse correlation with more severe symptoms, while “↑” and
orange shows a significant elevation or positive correlation with more severe symptoms, and grey symbolizes
only a trend. Brackets include additional information about the reported correlation (which bacteria showed a
correlation or in which subgroup of patients a correlation was found). Abbreviations: MDD, major depressive
disorder; BD, bipolar disorder; D, depression in general; f, a correlation only in female subjects; a, active disorder;
OTU, operational taxonomic unit within genus Roseburia; *, only negatively correlating with symptom severity,
but not significantly correlating with BD compared to healthy controls.

Table 5. Different abundance of family Ruminococcaceae and two of its members, genus Ruminococ-
cus and Faecalibacterium.

Source Family Ruminococcaceae Genus Ruminococcus Genus Faecalibacterium

[42] MDD ↓ aMDD ↓ MDD ↓

[44] MDD ↓ MDD ↓ (Ruminococcus 1) MDD ↓

[45] negative mood ↑

[46]
MDD ↓ (OTUs)
BD ↑/↓ (OTUs)

[47] anhedonia ↓

[48] P ↓ remission P ↑ (Ruminococcus 1) P ↓ remission (F. prausnitzii)
[49] MDD ↑/↓ (OTUs)
[51] MDD ↑

[52] BD ↓ BD ↓

[54] BD ↓ BD ↓

[55] D ↑ (unclassified species)
[57] MDD ↑/↓ (OTUs) MDD ↑ (f)
[58] MDD ↓

[60] D ↓

[63] MDD ↑ (OTUs) MDD ↓ (OTUs)
[66] BD ↓ BD ↓

[67] MDD ↑ MDD ↓

[75] BD ↑ (F. prausnitzii)
[77] lower QoL ↓
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Table 5. Cont.

Source Family Ruminococcaceae Genus Ruminococcus Genus Faecalibacterium

[99] DASS ↑ (R. gnavus)
[100] BD ↓ (1 OTU) BD ↓

Most studies reported an elevation of these bacteria correlating with better health. “↓” and green symbolizes a
significant reduction in diseased subjects or inverse correlation with more severe symptoms, while “↑” and orange
shows a significant elevation or positive correlation with more severe symptoms, and grey symbolizes alterations
in both directions. Brackets include additional information about the reported correlation (which bacteria showed
a correlation or in which subgroup of patients a correlation was found). Empty cells symbolize that no significant
results were reported. Abbreviations: MDD, major depressive disorder; BD, bipolar disorder; D, depression in
general; P, psychiatric subjects; DASS, depression anxiety stress scales; QoL, quality of life; f, a correlation only in
female subjects; a, active disorder; OTU, operational taxonomic unit.

Additionally, an elevation of genus Flavonifractor was associated with depression, symptom
severity, or worse physical functioning, with no contradictory results [42,44,48,64,77]. Even
though Flavonifractor plautii was recently found to suppress the immune response in mice
in multiple studies conducted by the same research group [101–103], it was repeatedly
associated with several diseases, including ulcerative colitis, autoimmune diseases, obesity,
and even with a poor diet [104,105]. Our findings of elevated Flavonifractor, with no
study finding opposite results, strongly support its negative influence on the host’s health,
including affective disorder.

3.5. Proteobacteria

Within the phylum Proteobacteria, most differences between depressed individuals
and HC were found within order Burkholderiales of class Betaproteobacteria. Five studies
reported a reduction of family Sutterellaceae, OTUs within this family, or genus Sutterella
in depressed subjects [51,57,60,63,67]. Additionally, Peter et al. [55] reported an association
between order Burkholderiales abundance and perceived stress, which is inconsistent with
the other results on lower taxonomic levels, demonstrating that a high taxonomic resolution
should be striven for. No study found elevated Sutterellaceae or Sutterella in patients with
affective disorder. Hence, a negative association with depression is conceivable on these
taxonomic levels. Even though not very much is known about this family, it seems to
be associated with diseases like autism spectrum disorder, down syndrome, and IBD.
Furthermore, a mild pro-inflammatory capacity of certain species within genus Sutterella
was proposed [106]. Therefore, the origin and consequence of reduced Sutterellaceae and
Sutterella in depressed individuals remain unclear.

Within class Gammaproteobacteria, family Enterobacteriaceae tended to be elevated
in subjects with affective disorder, but with controversial results. At the genus level, few
studies reported a higher abundance of Enterobacter and Klebsiella to correlate with worse
health [54,62,75]. The family Enterobacteriaceae, with its well-known genera Enterobacter,
Escherichia, Klebsiella, Salmonella, and Shigella, is associated with many different clinical syn-
dromes and diseases, including foodborne infectious diarrhea, enteritis, colitis, hemolytic
uremic syndrome, as well as extraintestinal diseases [107]. Maes et al. found increased
serum immune globulin M (IgM) against LPS of Gammaproteobacteria in depressed indi-
viduals, highlighting the link between intestinal mucosal dysfunction, increased bacterial
translocation, immune response, and depression [9]. Family Pseudomonadaceae and
genus Pseudomonas were elevated in depressed subjects in two studies, but with contro-
versial results regarding only MDD subjects [46,58]. Maes et al. also found increased
IgM against Pseudomonas in MDD subjects, compared to HC [33]. Here too, as concluded
for other families, more detailed information on lower taxonomic levels is needed for a
clear-cut statement.

Genus Desulfovibrio of class Deltaproteobacteria seemed to positively correlate with
MDD and BD, but only three of all reviewed studies found a different abundance [44,57,74].
Cheng et al. analyzed published genome-wide association study data sets with high
numbers of cases and controls [74]. They reported an association of genus Desulfovibrio
with MDD, BD, and other mental disorders, suggesting a crucial role of this genus in mental
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disorders. However, these findings are not consistent with the results of the other two
studies, which found Desulfovibrio to be elevated only in female but not in male MDD
subjects, and even reported an inverse correlation with MDD, respectively [44,57]. Age
could be an important confounding factor, due to young participants in Liu et al. [44]
and middle-aged in Chen et al. [57]. Therefore, genus Desulfovibrio could be reduced in
young-aged, depressed subjects, while in middle-aged these bacteria could be elevated, but
further investigation is needed.

3.6. Actinobacteria

Within the phylum Actinobacteria, study results tended towards an increase of class
Coriobacteria, order Coriobacteriales, family Coriobacteriaceae, or OTUs within this family
correlating with depression, but with inconsistent results [47,49,52,57,63]. However, on the
genus level, a higher abundance of genus Collinsella was associated with lower anhedonia,
BD treatment, and remission [47,48,66]. Only one study reported an association of elevated
Collinsella with depression scores, suggesting that there is little evidence for a positive
correlation with depression [57]. Other research found a stress-induced increase of an
unspecified genus of Coriobacteriaceae in mice, a reduction of genus Collinsella after weight
loss in obese type 2 diabetics, and a positive correlation of Collinsella with circulating insulin
levels and low dietary fiber intake, while a high fiber intake supports SCFA-promoting
gut bacteria [108–110]. Therefore, Collinsella is generally associated with worse health, and
consequently, it remains unclear why especially genus Collinsella tended to be associated
with ameliorated depressive symptoms. Even though closely related, genus Eggerthella
was shown to be associated with MDD and higher depression and perceived stress scores
in the reviewed research [43,51,57]. An elevated Eggerthella abundance was also found in
immune-mediated inflammatory diseases like Crohn’s disease and ulcerative colitis [111].
In conclusion, while on a higher taxonomic level an increase of these bacteria was found in
depressed subjects, on lower taxonomic levels this consistent increase could not be seen,
due to a reduction of genus Collinsella correlating with depression.

Within the order Bifidobacteriales, genus Bifidobacterium is known for its beneficial
effects on the host’s health and a lower abundance is associated with several diseases [112].
Counterintuitively, most studies found a positive association with depression and negative
mood, while only three studies reported an elevation correlating with better health or
depression treatment (Table 6). While in depressed subjects Bifidobacterium abundance
seemed to be elevated, most studies reported a significant improvement in depressive
symptoms with probiotics containing Bifidobacterium spp. (Table 7). The reason for those
seemingly contradicting results remains unclear and needs further research.

Table 6. Different abundances of family Bifidobacteriaceae and genus Bifidobacterium.

Source Family Bifidobacteriaceae Genus Bifidobacterium

[43] MDD ↑

[45] negative mood ↑

[46] MDD ↑ BD =
[47] anhedonia ↓ anhedonia ↓

[50] MDD ↑, BD ↑

[51] MDD ↑ MDD ↑

[56] HDRS ↑ (B. longum)
[57] MDD ↑ (f)
[67] MDD ↑

[79] BD =
[113] MDD ↓

Results tended to show a negative effect of an elevation of these bacteria. “↓” and green symbolizes a significant
reduction in diseased subjects or inverse correlation with more severe symptoms, while “↑” and orange shows
a significant elevation or positive correlation with more severe symptoms, and “=” and grey symbolizes no
correlation. Brackets include additional information about the reported correlation (which bacteria showed a
correlation or in which subgroup of patients a correlation was found). Empty cells symbolize that no significant
results were reported. Abbreviations: MDD, major depressive disorder; BD, bipolar disorder; HDRS, Hamilton
depression rating scale; f, a correlation only in female subjects.
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In general, most of the investigated bacteria belonging to phylum Actinobacteria
tended to correlate with worse health and depression, which is again contrary to the general
finding of Actinobacteria having a positive influence on human health and its beneficial
effects as probiotics [112]. Microbial bacteria are firmly influenced by diet [112], but only few
studies included dietary data. Therefore, different eating habits could be a possible factor
leading to elevated Actinobacteria in depressed individuals, but a satisfactory explanation
is not possible to date.

3.7. Human Interventional Trials in Depression

A total 13 studies investigated the influence of probiotic Lactobacillus and/or Bifidobac-
terium on depression. While six studies found no significant improvement in depressive
scores, seven reported a significant amelioration of depression (Table 7). Three of them were
conducted by the same research group, focusing specifically on the species Lactobacillus
gasseri [114–116]. These three studies reported the most positive and most diverse results.
According to them, L. gasseri ameliorated depression and anxiety, shortened sleep latency
and awake time, lightened fatigue, improved global sleep quality, but also lowered salivary
cortisol levels, and even suppressed unfavorable intestinal bacteria. However, to our knowl-
edge, no other studies investigated the effect of L. gasseri supplementation on depressive
symptoms to date. It might be essential to verify these highly encouraging results with
L. gasseri probiotics by additional independent research groups. Supporting these benefi-
cial findings of Lactobacillus and Bifidobacterium probiotics, Heym et al. reported a strong
correlation between Lactobacillus spp. abundance and positive self-judgment, but only
an indirect relationship between Lactobacillus spp. and depression, while Bifidobacterium
spp. showed no association with any psychometric measures [80]. However, all but one
of the compared studies reported a beneficial effect of these probiotics, and despite often
not reaching significance level, depression scores mostly showed a slight reduction. This
indicates that probiotic Lactobacillus and Bifidobacterium have a modest beneficial effect on
depressive symptoms. Whether the effect size is large enough to be of clinical importance
needs further investigation, but with none of these 13 studies reporting a worsening of
depression or other serious side effects in the probiotic groups, probiotic Lactobacillus and
Bifidobacterium should be considered as an adjunctive treatment in the therapy of affective
disorder and depressive symptoms.

Additional studies investigated the use of prebiotics, synbiotics, and different probi-
otics on depression (Table 7). While in the probiotic group depressive scores only tended to
ameliorate, in the synbiotic group a significant difference was found by Haghighat et al. [117].
Therefore, an additional supplementation containing fructo-oligosaccharides, galacto-
oligosaccharides, and inulin could further support the beneficial effects of probiotic Lac-
tobacillus and Bifidobacterium. In treatment-resistant MDD subjects, probiotic Clostridium
butyricum MIYAIRI 588, a butyrate, acetate, and propionate producing bacteria, showed in
combination with antidepressant medication not only an improvement of depressive symp-
toms but also a response rate as high as 70%, with 35% reaching complete remission [84].
These results are very promising and as mentioned before, further studies may pave the
way for the use of probiotic C. butyricum MIYAIRI 588 in depressive patients. The use of
no probiotic food or supplementation was associated with higher odds of depression in
a large cross-sectional study. However, individuals consuming probiotics were wealthier
and showed a healthier lifestyle on average, resulting in a lower risk of developing de-
pression [118]. These data indicate only an indirect link of probiotics and depression and
emphasize that not all probiotic bacteria result in lower rates of depression.

3.8. Studies Involving Twins and Their Relatives

As genetics and environmental factors have a huge influence not only on the devel-
opment of depression but also on the microbiome, three studies examined whether there
is a correlation between the intestinal microbiota and depression in twins and relatives.
Two studies investigated the difference of the microbiota in twins [53,54], and one study
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examined the difference between the microbiota of patients with newly diagnosed BD and
their first-degree relatives [64].

Table 7. Effect of prebiotics, probiotics, and synbiotics on depression.

Source Subjects; Pre-/Syn-/Probiotics Influence on Depression/Depressive Symptoms

[84] MDD; C. butyricum +(treatment response, remission)

[99] D; Lactobacilli, Bifidobacteria =(BDI, BAI, DASS)

[114] H; L. gasseri +(depression, anxiety, sleep)

[115] H; L. gasseri +(HADS, fatigue, mental state)

[116] H; L. gasseri +(depressive mood, anxiety, sleep, stress)

[118] C; any probiotics/supplementation =(PHQ-9)

[117] Dialysis; L. acidophilus, Bifidobacteria; fiber +with synbiotics (HADS, BDNF)=with probiotics (HADS, BDNF)

[119] MDD; galacto-oligosaccaride; L. helveticus, B. longum =with prebiotics (BDI)+with probiotics (BDI)

[120] MDD; L. plantarum =(HDRS, PSS)+(attention, perceptivity, verbal learning)

[121] D; L. helveticus, B. longum =(MADRS, DASS)

[122] H; L. rhamnosus +(depression, anxiety)

[123] IBS with anx. or depr.; B. longum +(HADS, QoL, brain activity)

[124] H; Lactobacilli, Bifidobacteria =(BDI, BAI)+(cognitive reactivity to sad mood)

[125] MDD; Lactobacilli, B. bifidum +(BDI, serum hs-CPR)

[126] BD; L. acidophilus, Bifidobacteria =(YMRS, HDRS)

Results mostly showed positive effects, but several studies could not find significant differences. “+” symbolizes
a significantly positive health effect, while “=” indicates no significant difference. In brackets a selection of
the investigated measures is given. Abbreviations: MDD, major depressive disorder; BD, bipolar disorder;
D, participants with depressive symptoms; H, healthy participants; C, cross-sectional study; IBS, irritable bowel
syndrome; BDI, Beck depression inventory; BAI, Beck anxiety inventory; DASS, depression anxiety stress scales;
HADS, hospital anxiety and depression scale; PHQ-9, patient health questionnaire; HDRS, Hamilton depression
rating scale; PSS, perceived stress scale; MADRS, Montgomery-Åsberg depression rating scale; BDNF, brain-
derived neurotrophic factor; QoL, quality of life; hs-CPR, high-sensitivity C-reactive protein; YMRS, young mania
rating scale.

The two twin studies investigated 128 monozygotic twins and one pair of monozygotic
twins, respectively [53,54]. Vinberg et al. distinguished between affected twins (with a
diagnosis of MDD or BD in remission), unaffected high-risk twins (with a co-twin history
of depression), and low-risk twins (without any histories of depression in the family) [53].
They found a lower diversity and richness of the microbiota of affected twins, while
high-risk twins showed the same pattern, but with the lower diversity only being a trend.
Affected and high-risk twins also showed an absence of an OTU belonging to the family
Christensenellaceae. However, no correlation of the microbiota with illness severity was
found. Jiang et al. reported a less similar microbiota between the pair of discordant
twins (one twin with a history of depression and one without) than the microbiota of two
healthy spouses [54]. Moreover, the similarity of the microbiota reached its maximum
after achieving full remission of the affected twin, with the level of Ruminococcaceae
and Faecalibacterium increasing and Enterobacter decreasing during the responsive and
remission periods. Several SCFA-producing genera, mainly belonging to the families
Lachnospiraceae and Ruminococcaceae, were reduced in the active-BD state compared to
the healthy spouses [54]. Further, an over-representation of LPS biosynthesis genes in the
gut microbiota during the active depressive period was found, whereas in the remissive
state these genes decreased, indicating a potential recovery of the microbiota during the
responsive and remissive period. But with only one pair of monozygotic twins, these
results must be taken with caution.

According to Coello et al., newly diagnosed BD subjects had a different microbiota,
while the microbiota of unaffected first-degree relatives did not differ significantly from
the microbiota of HC [64]. Especially the presence of Flavonifractor was associated with an
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increased odds ratio for having BD. After adjusting for smoking, this association attenuated,
indicating an additional correlation of Flavonifractor with smoking, as well as with the
female gender. It is hypothesized that the microbiota of BD patients is characterized by
the different presence or absence of bacteria, especially of Flavonifractor, rather than the
difference of bacterial abundance.

In summary, these studies support the hypothesis of a close connection between
the intestinal microbiota and depression, and significant differences in the microbiota
composition of depressed subjects were found. They even showed that a higher risk of
developing depression is already associated with minor changes of the microbiota, and
that with remission of depression, the intestinal bacteria change back towards a more
“normal” composition. Comparing the reported bacterial alterations with our general
findings, a beneficial effect of Christensenellaceae, Ruminococcaceae, and Faecalibacterium,
and a negative effect of Flavonifractor show most experimental evidence.

4. Discussion

Our data show that the intestinal microbiota is closely linked with major depressive
and bipolar disorder. The complexity of the microbiota makes it challenging to find clear
causative associations, and a higher taxonomic resolution for determining the intestinal
bacteria would be of importance for a more accurate analysis. Further studies with more
participants are needed to verify specific bacterial alterations since the reviewed studies
were mostly conducted with small sample sizes of up to 150 participants (with few excep-
tions). Study designs, inclusion criteria, analysis methods, and confounding factors varied
widely, making a comparison difficult and may explain the contradicting results for certain
bacteria. Therefore, a review of such heterogeneous studies is also associated with major
limitations, and more standardized studies would facilitate a comparison.

Despite these limitations, this review demonstrated that certain bacteria consistently
correlate with depression. The strongest and most consistent correlations are demonstrated
in Table 8.

Table 8. Bacteria (with taxonomic level) that correlated most with depression.

More Abundant in Depressive Subjects Less Abundant in Depressive Subjects

Actinobacteria (phylum) Christensenellaceae and Christensenella
(family and genus)

Alistipes (genus) Coprococcus (genus)

Bacteroides (genus) Eubacterium and E. rectale (genus and species)

Bifidobacteriaceae and Bifidobacterium
(family and genus)

Faecalibacterium and F. prausnitzii
(genus and species)

Flavonifractor (genus) Roseburia (genus)

Parabacteroides (genus) Ruminococcaceae (family)

Streptococcus (genus) Sutterellaceae and Sutterella
(family and genus)

Additionally, phylum Bacteroidetes consistently positively correlated with depression
in young individuals, whereas in middle-aged individuals a strong inverse correlation with
depression was found, while phylum Firmicutes showed opposite correlations.

Noticeably, apart from phylum Bacteroidetes, Firmicutes, and Actinobacteria, the
strongest correlations with depression were found on low taxonomic levels (particularly
on genus level), underlining the importance of high taxonomic resolution to identify
bacterial alterations in depressed subjects. Further studies specifically focusing on these
altered bacteria and their interactions with the host could provide a better insight into the
connection between depression and the human gut microbiota. SCFA-producing bacteria
were mostly found to be reduced in depressed individuals, emphasizing the beneficial
influence on their host. With a better understanding of the intestinal microbiota, new
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therapeutic strategies for the treatment of affective disorder could be found, which is
crucial considering the high therapy resistance and relapse rates [5]. However, considering
the complexity of the intestinal microbiota and the diversity of the bacterial changes found
in this review, it is conceivable that bacterial clusters would show better correlations
with depression. Consequently, studies with more participants are needed to identify
depression-like bacterial clusters, as well as novel potential treatment approaches.

Changing the intestinal microbiota (for instance through specific diets, supplementa-
tions, probiotics, synbiotics, or fecal microbiota transplantation (FMT)) could potentially
support the host’s health and mitigate depressive symptoms. While multiple clinical
studies found probiotics and synbiotics to have a positive impact on mood and behavior,
clinical FMT studies in depressed subjects remain scarce. FMT has repeatedly been shown
to ameliorate depression [127]. After receiving fecal transplants of depressive patients, a
depression-like behavior of germ-free mice was observed, compared to mice receiving fecal
transplants of healthy individuals [63,128]. In a clinical study, patients with gastrointestinal
complaints reported an improvement in depression scores after FMT, and in a case report,
a treatment-resistant BD patient achieved full remission after FMT [56,129]. Further studies
exploring the effect of probiotics, synbiotics and FMT with more individuals are required
to strengthen these positive findings. In addition, since diet significantly influences the in-
testinal microtioba composition [112] and only few studies included dietary questionnaires,
it is essential to adjust for dietary changes between depressed subjects and HC. Thereby
bacterial alterations only due to different eating habits could be excluded in future studies.

Stevens et al. were able to differentiate depressed and non-depressed subjects using
a machine learning approach [130]. Additional similar studies could offer the potential
of finding specific bacterial clusters and changes in metabolic pathways associated with
affective disorder. Moreover, it is suggested by these authors that this novel approach
may be used as a reliable diagnostic tool to identify different depression phenotypes in the
future, potentially even leading to personalized treatment of depression [130]. Even though
reliably distinguishing between depressed and non-depressed individuals, it remains
doubtful whether similar approaches would be of clinical importance as a diagnostic tool.

Another key question is how depressed subjects develop different abundances of
certain intestinal bacteria. Does it depend on the diet, with depressed individuals showing
different eating habits, do they have a special intestinal milieu that secondarily favors
the colonization of certain bacteria, or are there other factors influencing the intestinal
microbiota towards a depressive-like composition? Answering this question, which is the
scope of another dedicated report, would help to prevent unfavorable microbiota changes
and would provide further information about the bidirectional connection of the microbiota
and depression.

While most of the studies only investigated MDD subjects, research with BD subjects is
lagging, but an increasing number of studies including BD individuals in recent years shows
a growing interest. In this review, we could not identify unequivocal differences between
the microbiota abundance of MDD and BD subjects. Three studies juxtaposed MDD and
BD individuals and found a distinct microbiota, but the results were controversial and
inconsistent with the other studies including only MDD or BD subjects [46,50,74]. Therefore,
a distinguishable microbiota is conceivable, but major differences could not be found.

In conclusion, strong correlations between the intestinal microbiota and affective disor-
der were found. Specifically investigating only MDD or BD individuals would decrease the
heterogeneity of the disease manifestation, but other factors such as the analysis methods,
subject heterogeneity, medication, nutrition, and lifestyle factors essentially confound the
results. Additional standardized research is needed to elucidate the connection between
the intestinal microbiota and depression and to further examine their interdependencies to
eventually find novel therapeutic approaches and lower the rates of treatment-resistant
affective disorder.

204



Nutrients 2022, 14, 37

Author Contributions: Conceptualization, T.K. and M.H.M.; methodology, T.K. and M.H.M.; valida-
tion, M.H.M.; formal analysis, T.K. and M.H.M.; investigation, T.K.; resources, T.K.; data curation,
T.K.; writing—original draft preparation, T.K.; writing—review and editing, T.K. and M.H.M.; visual-
ization, T.K.; supervision, M.H.M.; project administration, M.H.M. and T.K. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We would like to thank David Wolfer for useful comments and the review of
this paper.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ACTH Adrenocorticotrophin
BAI Beck anxiety inventory
BD Bipolar disorder
BDI Beck depression inventory
BDNF Brain-derived neurotrophic factor
BMI Body mass index
COVID-19 Coronavirus disease 2019
CRP C-reactive protein
DASS Depression anxiety stress scales
FMT Fecal microbiota transplantation
FGID Functional gastrointestinal disorders
GABA Gamma-aminobutyric acid
HADS Hospital anxiety and depression scale
HC Healthy controls
HDRS Hamilton depression rating scale
HPA axis Hypothalamic-pituitary-adrenal axis
IBD Inflammatory bowel disease
IBS Irritable bowel syndrome
IgM Immune globulin M
LPS Lipopolysaccarides
MADRS Montgomery-Åsberg depression rating scale
MDD Major depressive disorder
OTU Operational taxonomic unit
PANDAS Pediatric autoimmune neuropsychiatric disorders associated with

streptococcal infections
PHQ-9 Patient health questionnaire
PLS-DA Partial least squares discriminant analysis
PSS Perceived stress scale
PUFA Polyunsaturated fatty acids
QoL Quality of life
SCFA Short-chain fatty acids
spp. Species
YMRS Young mania rating scale
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Abstract: In the last decade, emerging evidence has reported correlations between the gut microbiome
and human health and disease, including those affecting the brain. We performed a systematic
assessment of the available literature focusing on gut bacterial metabolites and their associations
with diseases of the central nervous system (CNS). The bacterial metabolites short-chain fatty acids
(SCFAs) as well as non-SCFAs like amino acid metabolites (AAMs) and bacterial amyloids are
described in particular. We found significantly altered SCFA levels in patients with autism spectrum
disorder (ASD), affective disorders, multiple sclerosis (MS) and Parkinson’s disease (PD). Non-
SCFAs yielded less significantly distinct changes in faecal levels of patients and healthy controls,
with the majority of findings were derived from urinary and blood samples. Preclinical studies
have implicated different bacterial metabolites with potentially beneficial as well as detrimental
mechanisms in brain diseases. Examples include immunomodulation and changes in catecholamine
production by histone deacetylase inhibition, anti-inflammatory effects through activity on the aryl
hydrocarbon receptor and involvement in protein misfolding. Overall, our findings highlight the
existence of altered bacterial metabolites in patients across various brain diseases, as well as potential
neuroactive effects by which gut-derived SCFAs, p-cresol, indole derivatives and bacterial amyloids
could impact disease development and progression. The findings summarized in this review could
lead to further insights into the gut–brain–axis and thus into potential diagnostic, therapeutic or
preventive strategies in brain diseases.

Keywords: gut–brain–axis; gut microbiome; short-chain fatty acids; bacterial metabolites; SCFA

1. Introduction

We are exposed to bacterial organisms from the beginning of our existence to the end
of it. Even before birth, bacteria have been detected in the meconium of newborns, thus
discrediting the pre-existing idea of a sterile foetal stage [1]. Later on, the early postnatal
exposure to either the mother’s vaginal flora or microbes from the environment, depending
on delivery, impacts microbial colonization patterns, overall health and the neurodevel-
opment of the individual [2]. Although the microbial residents in our gastrointestinal
tract (GIT) have already been known to impact the state of human health, the theory of
a bidirectional gut–brain–axis (GBA) has taken the spotlight of global researchers mostly
after the turn of the millennium.

Individuals are globally affected by increasing morbidity and mortality of psychiatric,
neurodegenerative and neurodevelopmental disorders. The aetiology and pathophysiology
of these brain diseases remain to this day to be fully elucidated and treatment options are
largely of symptomatic nature. Therefore, researchers have unsurprisingly been looking
at novel perspectives of disease, such as the GBA. Emerging findings on gut microbial
influence on our nervous system were reported, involving bacterial-derived toxins, vita-
mins and neurotransmitters, yet the precise mechanisms, the “language of the GBA” [3],
remain to be fully elucidated. Some newly examined neuroactive bacterial metabolites
have nevertheless shown potential to play a role in this communication (Figure 1).
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terms “bacterial metabolites” combined with “brain develop-
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erative”, “neuroprotective”, “gut brain axis” and “gut axis” delivered 216 hits after 

Figure 1. Non-exhaustive overview of neuroactive gut bacterial metabolites. SCFAs = short-chain
fatty acids; BA = butyric acid; PA = propionic acid; AA = acetic acid; VA = valeric acid; iBA = isobutyric
acid; iVA = isovaleric acid; iCA = isocaproic acid; TMAO = trimethylamine N-oxide; 3-HBA = 3-
hydroxybenzoic acid; 3,4-diHBA = 3,4-dihydroxybenzoic acid; DHCA = dihydrocaffeic acid; IS = in-
doxyl sulphate; 4EPS = 4-ethylphenylsulfate.

This systematic review intends to summarize the research on various families of
neuroactive bacterial metabolites as probable key players in the GBA. The focus is their
effects on disorders of the brain, ranging from neurodevelopmental stages in childhood to
neurodegenerative diseases in advanced age. Although intriguing evidence has emerged
about the GBA’s role in brain tumorigenesis via the modulation of the immune system, we
refer the reader to a recent extensive study [4], as a detailed examination of this subject is
beyond the scope of this review. Considering the magnitude of various influences from
bacterial metabolites on the human organism, we will focus mostly on direct neuroactive
effects on the brain. Most papers have largely emphasized taxonomic shifts in gut micro-
biota in specific diseases, or short-chain fatty acids (SCFAs) to date. One of our objectives is
to provide a summary of findings between SCFAs and brain diseases, while in the second
part of this review, reports of less explored non-SCFAs will take centre stage.

2. Materials and Methods

This systematic review was conducted according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines [5]. The main objective was
to explore and summarize the available data on influences of gut bacterial metabolites on
the brain, with a focus on neurodevelopmental, autoimmune-mediated neuroinflammatory,
and neurodegenerative diseases.

The first PubMed and SCOPUS databank searches were conducted on 20 November
2019. A second search was performed on the 8 July 2020 with the objective to include
additional recently published data. The following search parameters and MeSH (Medical
Subject Headings) terms “bacterial metabolites” combined with “brain development”,
“brain aging”, “brain ageing”, “brain disorders”, “brain diseases”, “neurodegenerative”,
“neuroprotective”, “gut brain axis” and “gut-brain-axis” delivered 216 hits after removing
duplicates (Figure 2). The second search with the same search parameters delivered 76 new
hits. One hundred and forty-seven additional records with relevant information were
individually selected from the list of references of the initially identified papers. Our focus
on gut bacterial metabolites warranted the exclusion of data on viruses, archaea, and fungi

212



Nutrients 2021, 13, 732

as well as data on bacteria not related to the gut microbiome. Original papers as well as
reviews were included, while no restriction on publication year was applied. The inclusion
criteria were the following:

• Published in a peer-reviewed article;
• Paper available in full-text PDF;
• Paper available in English;
• Paper discussing metabolites from bacteria found in gastrointestinal tracts of animals.

•
•
•
•

Figure 2. Methodical approach of our systematic review adhering to Preferred Reporting Items for Systematic Reviews 

–

Figure 2. Methodical approach of our systematic review adhering to Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) criteria (PRISMA criteria [5]).

Most of the papers were dated from 2013 to 2019. Three papers lacking full texts,
as well as two non-English publications, were excluded (Figure 2). Two hundred and
seven papers were further excluded based on the lack of relevance to the topic. Finally,
227 studies were inspected for the qualitative synthesis. As to our knowledge, no other
review to date has undertaken an analysis to this extent of links between several categories
of gut bacterial metabolites and brain diseases.

3. Short-Chain Fatty Acids

Short-chain fatty acids (SCFAs) are saturated fatty acids produced by the bacterial
fermentation of dietary fibre [6]. The majority of SCFAs consist of acetic (AA), propionic
(PA) and butyric acid (BA), which are mostly deprotonated in the intestine (acetate, propi-
onate, butyrate) [7]. Some gut bacterial species capable of generating SCFAs are Bacteroides,
Bifidobacterium, Propionibacterium, Eubacterium, Lactobacillus, Clostridium, Roseburia and Pre-
votella. Among them, Roseburia, Eubacterium and Lachnospiraceae (Firmicutes phylum,
Clostridia class) are strong BA producers, while AA producers belong to the Bifidobacteria
spp. [8]. Considering their production site, the initial point of contact with the human
organism are colonocytes and other intestinal cells. This naturally leads to discussions of
local impacts from SCFAs on overall gut health, predominantly in the context of diseases
like irritable bowel syndrome (IBS) [9–11] and the inflammatory bowel diseases Morbus
Crohn and Colitis Ulcerosa [12,13]. Local effects facilitated by SCFAs have previously been
discussed in detail and will not be further elaborated in this review [12,14,15].

It is known that SCFAs are able to modulate gut permeability by upregulating tight
junction proteins [16,17], which are also part of the blood–brain barrier (BBB). This conceiv-
ably raises the idea that barrier integrity of gut and brain could be similarly affected by
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SCFAs [18]. Indeed, studies in germ-free (GF) mice demonstrated that SCFAs are capable of
modulating BBB permeability, which consequently impacts the extent to which beneficial or
harmful molecules in circulation can reach brain tissue [19,20]. For example, physiological
amounts of PA have been recently shown to protect the BBB from oxidative stress [21] and
to decrease paracellular permeability [22]. Similarly, BA and BA-producing Clostridium
butyricum can lower BBB permeability through enhancing tight-junction expression in
mice [22]. In addition to directly affecting the BBB, SCFAs might actually reduce systemic
inflammation by decreasing gut permeability, thereby decreasing circulating gut-derived
bacterial components that trigger neuroinflammation by injuring the BBB or by affecting
immune cells and cytokines in the brain [15]. SCFAs also act upon various gut–brain–
pathways including immune, endocrine, vagal and direct humoral pathways (extensively
reviewed by Dalile et al. [15]) and some effects in cellular systems, namely:

1. Histone deacetylase inhibition (HDACI) through BA, PA and AA, resulting in up-
regulated gene transcriptions in the context of epigenetic modulation [23,24]. As
extensively reviewed by Stilling et al. [24] with a focus on BA, studies on this subject
are mainly conducted in animal models and in supraphysiological concentrations,
thus the validity of any conclusions drawn from the current evidence is promising,
yet limited for human application as of now.

2. Agonistic effects on G-protein-coupled receptors (GPCRs), namely free fatty acid
receptors FFAR2 (GPR43), FFAR3 (GPR41) and the niacin receptor 1 (NIACR1, also
known as hydroxycarboxylic acid receptor 2 (HCAR2) or GPR109A) [15,25]. Whether
these effects are relevant in humans is to be determined, since current findings on these
GPCRs are mostly based on rodent or cell models. FFAR3 for example, was found
in the CNS and sympathetic ganglia of rats, and in the peripheral nervous system
of mice [15]. Moreover, results linking these GPCRs with microglia cell morphology
and growth hormone secretion in pituitary cells [25,26] call for further research with
a focus on SCFAs as potential bacterial mediators of brain function.

3. Modifications of cellular metabolism and activity in immune cells [27,28]. Similar to
points 1 and 2, findings on these SCFA-mediated mechanisms are currently derived
from animal and cell-based models. Nevertheless, studies have demonstrated striking
results on BA promoting cell metabolism and differentiation in memory T cells [27,28],
which underlines the importance of this mechanism.

4. Regulatory effects on transcription factors like peroxisome proliferator-activated
receptor γ (PPAR-y) and hypoxia inducible factor-1 (HIF-1) [23,25,29] involved in
inflammatory processes were also registered, though studies beyond rodents and cell
models are currently lacking.

These studies have demonstrated SCFAs to be capable of regulating neuroinflamma-
tory processes involving immune cell recruitment and cytokine secretion [29]. Microglia,
immune cells residing in the CNS, were observed to be dysregulated in various psychiatric
disorders like depression, schizophrenia, autism spectrum disorder (ASD) and obsessive–
compulsive disorder [15] as well as in germ-free animals [28]. Interestingly, Toll-like
receptors (TLRs) known to recognize bacterial compounds and to regulate inflammatory re-
sponses in our gastrointestinal tract (GIT) were found on various cell-types of the CNS, thus
further supporting a link between gut and brain immune processes [30]. SCFAs also seem
to directly impact neuronal function, as reported by studies showing PA and BA affecting
intracellular potassium concentrations [31] and findings on influences on neurotransmit-
ter metabolism [15]. Furthermore, beneficial effects on preserving memory function in
experimental meningitis and protection from ouabain-induced hyperlocomotion were
reported through a modulatory effect on the expression and activity of neurotrophic factors
like brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF) and glial cell
line-derived neurotrophic factor (GDNF) in rats [32,33]. Interesting to note are the effects
on synaptic plasticity by HDACI, since this process involves protein synthesis and there-
fore, gut-derived SCFAs might be potential epigenetic modulators of learning, memory
formation and storage [34,35]. In light of these findings, altered SCFA production in the
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presence of gut microbiome disturbances, also known as dysbiosis, has been postulated as
a potential risk for brain developmental and neurodegenerative diseases. Currently, CNS
pathologies are often associated with changes in taxonomical gut microbiome and bacterial
metabolites, as will be elaborated on in the following chapters.

3.1. SCFA and Autism Spectrum Disorder

Autism spectrum disorder (ASD), a neurodevelopmental disorder characterized by
behavioural abnormalities including repetitive behaviour, communication deficits and
sensitivity to environmental changes, is often linked to gastrointestinal problems and
alterations in the gut microbial community [36–39]. This was shown in a cohort of human
infants, that distinct gut bacterial composition variations, at times called enterotypes,
might correlate with cognitive performance [40]. Recent studies indeed reported the
gut microbiome compositions of children with ASD to be significantly distinct from their
neurotypical (NT) developing peers, and furthermore detected overall lower alpha diversity
in ASD gut microbiomes [41].

Only a handful of human studies have measured faecal metabolites in ASD, with some
of them reporting elevated [42] and others decreased total SCFA levels [39,43] in children
with ASD (Table 1). Contrarily, Kang et al. [41] reported no significant differences in SCFAs
levels between ASD and NT control group. Adams et al. [43] reported lower faecal levels
across all SCFAs (AA, BA, PA, valeric acid (VA)) in children with ASD. Others observed
lower levels of AA and BA, but no significant alterations in PA-levels [44]. Conversely,
significantly increased faecal levels across all SCFAs (AA, BA, PA, VA, isobutyric and
isovaleric acid) in one study [42], and significantly elevated AA and PA in another study
were detected in ASD faecal samples [39,43]. In support of the findings on decreased BA in
two of the studies mentioned, a metagenomic analysis on faecal samples resulted in a lower
abundance of microbial genes involved in the production of BA [38], which also parallels a
prior reported decrease in BA-producing Faecalium prausnitzii in autistic patients [41].

Supporting the idea of gut microbial influence on ASD development, Sharon et al. [45]
demonstrated that faecal microbiome transplants (FMT) from human ASD donors were
able to invoke ASD-like behavioural traits in mice. Moreover, El-Ansary et al. [46] reported
neuronal DNA damage induced by PA oral administration in a hamster model. These
suggested that PA could play a role in neurotoxicity by damaging mitochondrial DNA by
ATP-depletion, thus leading to mitochondrial dysfunction and oxidative stress in neurons.
This postulated pathway in autism has been underscored by earlier findings in rat pups
exposed to PA, exhibiting various immune, mitochondrial and ASD-like behaviour changes
similar to ASD in humans [46–49]. PA-induced ASD in rodents is a validated model for
ASD research that has presented with abnormal neural cell organization and hippocampal
histology, increased microglia activity, neurotoxic cytokine secretion, and typical ASD-like
behaviour traits [50]. Moreover, perturbed microbiota with increased PA-producers and
decreased BA producers correlated with the severity of disease burden in ASD [26,43],
even if studies of PA faecal levels in children with ASD compared to healthy controls (HCs)
have produced conflicting data [39,41].

Contrarily to PA, BA has shown overall beneficial effects in ASD. BA administration
alleviated ASD-like behaviour and normalized changes in gene transcription related to
inhibitory/excitatory balance in the frontal cortex of the T+tf/J strain of the black and
tan brachyury (BTBR) mouse autism model [51]. Nankova et al. [23] reported that SCFA
as epigenetic regulators might affect genes assumed to be involved in ASD. BA and PA
were able to increase catecholamine production as HDACI by regulating the tyrosine
hydroxylase (TH) gene in an in vitro neuronal cell line (PC12 cells). PA and BA also
modulated lipid homeostasis and inflammatory processes [23]. Moreover, SCFAs’ influence
on various genes of the dopaminergic pathway were detected, specifically on dopamine
beta-hydroxylase (DBH) which, when dysregulated, shows associations with ASD in
humans [23]. Interestingly, the serotonin system has been shown to only be affected by the
administration of PA [52]. Furthermore, the study presented downregulating effects by PA
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or BA in the expression of fragile X mental retardation 1 (FMR1), neurexin and neuroligin,
genes previously reported to relate to ASD [53–56]. BA, among all SCFAs, is the most
important HDACI to modulate brain function through epigenetic processes [57] and thus,
altered BA levels might potentially modify neuronal function.

In addition to the potential role of BA and PA in ASD, it is worth noting that the
structurally related valproic acid (VPA), a branched SCFA, effectively creates a frequently
used ASD mouse model that mimics both behavioural as well as gut microbiome traits
in ASD patients [58]. In addition, prenatal exposure to VPA significantly increases the
risk of ASD and showed epigenetic effects on neurotransmitter homeostasis via HDACI,
similarly to BA and PA [59–62]. Additionally, VPA invokes dysfunctions in glutamate
and GABA-neurotransmission and is thus likely to produce an altered balance between
excitation and inhibition in the cerebral cortex [63].

These studies have shown that alterations of SCFAs can intricately influence neurode-
velopmental processes via epigenetic modulation as HDACI. In support of a connection
to ASD, Stilling et al. [64] detected upregulated cAMP response element-binding protein
(CREB)-dependent gene expression in amygdala of GF mice, a limbic structure involved in
emotion, memory and behaviour. It is thus understandable that a dysfunctional amygdala
has been associated with neuropsychiatric disorders like anxiety disorder, post-traumatic
stress disorder (PTSD) and ASD [65].

In contradiction with the above data, no significant changes in SCFA production
were found in GF mice inoculated with microbiota from poor growth and good growth
preterm infants, even though the administered microbiota was associated with pathologic
developmental changes in neurons and oligodendrocytes of the receiving mice [66]. This
might point to a different and/or additional pathway than SCFA, by which gut microbiota
may affect early neurodevelopment.

Overall, support for SCFAs as putative influencers on ASD are present in a handful of
clinical and mainly preclinical studies, though the research is still in its infancy. Therefore,
further investigation to bring light into this emerging theory is strongly recommended.

3.2. SCFAs and Affective Disorders

Pathophysiological factors in affective disorders are multifaceted and gut microbial
involvement has gradually become a potential contributing factor. Faecal SCFA levels from
humans [67,68] and primates [67,68] with major depressive disorder (MDD) showed an
overall decrease and altered composition compared to HCs (Table 1). AA, PA and isovaleric
acid significantly decreased while only isocaproic acid increased in faecal samples of de-
pressed individuals [67,68]. In contrast, one study reported no significant changes in faecal
SCFAs in depressed patients [69]. Nevertheless, researchers previously showed distinct
differences between faecal microbial compositions of HCs and MDD through taxonomic
association studies [70]. Further links between affective disorders and a disturbed gut
environment might be provided through observations in functional gut disorders like
irritable bowel syndrome (IBS), exemplified by the results of a recent meta-analysis with
significantly increased anxiety and depression in IBS patients [71].

A mentionable study by Kelly et al. [69] presented that depressive behaviour can be
transferred from humans to germ-free rats by FMT, suggesting a strong connection between
gut bacteria and affective disorders like major depressive disorder (MDD). Interestingly,
there were discrepant findings regarding the role of SCFAs: faecal AA and total SCFA
levels were higher in rats receiving FMT from patients than from HCs. However, depressed
and healthy human donors showed no significant differences in their faecal SCFA levels.
This calls for further investigations in clinical studies since interspecies differences might
be a contributing factor in this case. Recently, rats bred for high anxiety-like behaviour
(HAB), an animal model for anxiety and depression, displayed lower microglia numbers in
distinct brain regions (infralimbic and prelimbic prefrontal cortex) and gut microbial shifts
toward decreased counts of the BA-producing Lachnospiraceae family [72]. Treatment with
antibiotic minocycline alleviated male HAB rats of depressive symptoms, further decreased
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circulating inflammatory cytokines and microglial count, as well as enriched their micro-
biota with known BA and 3-OH-butyrate producers Lachnospiraceae and Clostridiales
family XIII. In fact, Clostridia are considered as the main BA-producing class of the human
gut microbiome [73] (Table 2). These findings, together with previous propositions for im-
munomodulatory effects of BA and 3-OH-butyrate on inflammation, T-cell and microglial
activity [13,28,29,74,75] point towards an intricate relationship between microbial derived
SCFAs and affective disorders, that might benefit from their anti-inflammatory effects.
In support of this theory, increased markers of inflammation such as pro-inflammatory
cytokines in circulation and the brain are correlated with MDD [76]. Moreover, studies have
successfully demonstrated SCFA-mediated anxiolytic and antidepressant effects in mice
undergoing induced psychosocial stress [77]. In particular, the administration of sodium
butyrate (NaB, the sodium salt of BA) has been reported to alleviate pathologic affective
behaviours in rat models, including hyperactivity, depressive and manic symptoms [26].
Future work on this subject, especially through metabolomic studies in humans, might
enlighten the intricate gut bacterial metabolite–brain axis interplay in affective disorders,
as the current state of research provides only few clinical studies on this particular subject.

3.3. SCFAs and Autoimmune Diseases of the Brain: Multiple Sclerosis (MS)

Multiple sclerosis (MS) is an autoimmune disease of the CNS that mainly damages
the myelin sheaths of motor neurons. An imbalance between anti-inflammatory Treg cells
and proinflammatory Th1 and Th17 cells are widely understood to take part in the MS
pathophysiology [78].

Individuals with MS have been reported to harbour microbiomes that are significantly
different from HCs [79,80]. Indeed, one recent study reported increased Streptococcus,
decreased Prevotella_9 and overall decreased faecal SCFAs (AA, PA and BA) in a Chi-
nese cohort of MS patients [81]. Streptococcus is known to produce all SCFAs [44,82] and
Prevotella_9 is able to generate AA and PA [81] (Table 2). MS patients displayed higher
abundance of inflammatory Th17 cells, as anti-inflammatory Treg cells were decreased.
Interestingly, faecal SCFA concentrations positively correlated with levels of circulating
Treg cells in this study, thus suggesting that SCFAs exert anti-inflammatory effects due to
elevated Treg/Th17–cell ratios. Similarly, significantly decreased SCFAs—were detected in
blood samples of patients with active secondary progressive MS [29]. These two human
studies might suggest an overall decrease in faecal and consecutively depleted circulat-
ing SCFA levels in MS patients (Table 1), that might shift the immune system towards
proinflammatory processes due to lower Treg/Th17 cell ratios.

Autoimmune processes in the CNS were affected by the gut through SCFAs and long-
chain fatty acids (LCFAs) in the experimental autoimmune encephalomyelitis (EAE) mouse
model of MS. The differentiation of pro-inflammatory Th1 and Th17 cells were increased by
LCFAs, while anti-inflammatory Treg cell differentiation was boosted by SCFAs through the
downregulation of the JNK1 and p38 pathway. Therefore, LCFAs exacerbated, while SCFAs
alleviated disease and subdued axonal damage. Additionally, PA demonstrated the most
stimulating effect on Treg cell differentiation, which improved histopathological outcomes
of the spinal cord in EAE mice [13]. Melbye et al. [83] reviewed two other studies in EAE
mice, who supported the ameliorating role of SCFAs in disease activity by modulating an
increase in anti-inflammatory Treg cells and a decrease in pro-inflammatory Th1 and Th17
cells. BA too, was able to ameliorate demyelination in rats and importantly, exposing an
organotypic slice culture to BA resulted in suppressed lysolecithin-induced demyelination
and enhanced remyelination, represented by higher counts of mature oligodendrocytes [84].
In congruence with these studies, a recent review concluded that PA and BA ameliorated
the clinical symptoms of EAE by inducing immune tolerance epigenetically as HDACIs.
The proposed mechanism involves an upregulation of the transcription factor Foxp3
leading to increased Foxp3+ T regulatory lymphocytes, also known as Treg cells that inhibit
proinflammatory Th1 and Th17 cells [85]. In addition to these findings that support an
overall anti-inflammatory effect through SCFAs, Park et al. [29] recently demonstrated
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that SCFA administration to EAE mice models increased anti-inflammatory IL10+Tcells
and IL-10, as well as pro-inflammatory Th1, Th17 and Tc cells. Moreover, SCFA receptors
GPR41 and GPR43 have demonstrated proinflammatory effects in EAE pathogenesis [29].
These results underline the importance of SCFAs to protect from inflammatory processes in
the CNS. Their uncovered pro-inflammatory effects, however, indicate a complex system
in immunomodulation, which calls for further work in this subject in order to evaluate
potential interventions involving SCFAs in neuroinflammatory diseases.

3.4. SCFAs and Neurodegenerative Diseases of the Brain

Neurodegenerative diseases are becoming increasingly prevalent as the population
gradually grows older. Researchers are trying to elucidate the pathomechanisms of the
various brain diseases including Alzheimer’s disease (AD), Parkinson’s disease (PD), de-
mentia with Lewy bodies (DLB), multiple system atrophy (MSA) and Huntington’s disease
(HD) [86]. This chapter will first briefly list some findings on SCFAs and neurodegenerative
processes in general before focusing on AD and PD.

3.4.1. General Findings on Neurodegenerative Processes

A recent in vitro study investigated the direct influences of the SCFAs NaB, sodium
valerate and hexanoic acid on neuroinflammation and found that high concentrations
of NaB were able to decrease the basal levels of the proinflammatory cytokine IL-6 in
human glioblastoma–astrocytoma U373 cells [87]. However, further findings showed no
neuroprotection from induced oxidative stress in differentiated SH-SY5Y cells (human-
derived neuroblastoma cells) by any SCFAs. Interestingly, exposure to BA and valerate was
able to induce neuronal maturation through MAP2-gene expression in undifferentiated
neuroblastoma cells, thus hinting towards a beneficial effect on neurogenesis [87]. BA’s
effects in animal models include the potential to alleviate impaired cognition, enhancing
neuronal plasticity, improve learning and memory performance, as well as neuroprotection,
all beneficial processes regarding neurodegenerative diseases [57].

Overall, direct impacts on brain cells by SCFAs seem to be complex as well as dose-
dependent, which supports a hypothesis that anti-inflammatory processes in the brain,
neuroplasticity and neurogenesis could be positively modulated through the manipulation
of gut bacterial production and/or external supplementation of SCFAs. Recent research
further provided evidence for an ameliorating role of SCFAs in inflammatory hippocam-
pal neurodegeneration in mice through the reduced impairment of the intestinal barrier,
which was induced by a high-fructose diet. It was suggested that SCFAs could amend the
faulty colonic NLRP6 inflammasome responsible for epithelial impairment to alleviate hip-
pocampal neuroinflammation, thus possibly reducing the likelihood of neurodegenerative
processes associated with a typically high-fructose Western-style diet [88]. This might be
an indirect mechanism by which SCFAs could exert neuroprotective effects.

3.4.2. SCFAs and Alzheimer’s Disease

Gut microbiome of Alzheimer’s disease (AD) patients were observed to be altered,
with decreased overall richness and diversity as well as some shifts within taxonomical
compositions [89,90]. Some studies presented AD progression to associate with dysbiosis
and that a healthy gut microbiome provides beneficial effects in AD patients and rodent
models [90,91]. Recent studies further showed significant changes in gut microbiome
compositions between AD patients and HCs at the genetic level, suggesting some bacterial
AD-associated PCR products to be a potential marker of AD risk [92]. As Franceschi et al.
described in their review in 2019, disturbances in the gut microbiome might influence
processes involved in AD pathogenesis, such as chronic inflammation, molecular mimicry
and Aβ accumulation. Furthermore, the presence of microbiome enterotype III (low
Bacteroides and Prevotella) and the absence of enterotype I (>30% Bacteroides) were reported
with stronger associations to the presence of dementia than classic markers (Table 3) [93].
This highlights the potential of the GBA to impact pathogenesis in dementia, though
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unfortunately, no human studies that measured SCFA faecal levels have been reported as
to our literature search.

The GF condition in transgenic AD mice models were observed to slow the progres-
sion of disease symptoms [94], underlining an important role for the presence of the gut
microbiome, including bacteria and their metabolites in AD pathogenesis. A study with the
APP/PS1 mouse model of AD reported disturbed microbiota composition and diversity,
as well as overall lower SCFAs levels compared to wild-type (WT) controls. Additionally,
over 30 metabolic pathways possibly related to amyloid deposition and ultrastructural
anomalies were detected in intestine samples of the AD group [95]. Zheng et al. [96] have
introduced a method of stable isotope labelling and liquid chromatography–tandem mass
spectrometry to sensitively detect 21 SCFAs in mice faecal samples of AD and WT mice. In
an AD mouse model, decreased levels of PA, isobutyric acid, 3-hydroxybutyric acid, and 3-
hydroxyisovaleric acid were detected while increased levels of lactic acid, 2-hydroxybutyric
acid, 2-hydroxyisobutyric acid, levulinic acid and valproic acid were found. In contrast
to these findings, faecal PA was enriched in mice receiving FMT from an AD donor in
comparison to a healthy one [97]. However, two faecal donor samples selected out of
groups of 14 healthy and 13 AD volunteers might limit that study’s evidential impact due
to putative inter-individual variations.

The prevention of Aβ accumulation and the removal of accumulated amyloid plaque
have been at the core of anti-AD therapeutic undertakings for more than two decades [98].
It is important to highlight an in vitro study reporting that valeric acid (VA), BA and PA, but
not isobutyric acid, isovaleric acid and AA, to be capable of stopping the misfolding of Aβ40
peptides to neurotoxic Aβ40 aggregates in a dose-dependent manner [99]. Additionally, the
same experiment on Aβ42 aggregation showed that only VA could inhibit the process dose-
dependently. A third experiment determined that VA and BA successfully halted Aβ fibril
formation in a dose-dependent manner. These results demonstrate a mechanism by which
gut microbial-derived SCFAs may benefit AD patients and that a gut microbiome depleted
of SCFA producers might promote neurotoxic amyloid build up in the CNS. In support of
this theory, Sun et al. [100] reported that FMT from WT-mice to the APP/PS1 mice model
of AD resulted in the alleviated brain deposition of Aβ as well as levels of neurotoxic Aβ40
and Aβ42, tau protein phosphorylation, synaptic dysfunction, neuroinflammation and
cognitive deficits, accompanied with restored alterations in gut microbiota and faecal SCFA
levels. The AD mice harboured a perturbed microbiome enriched with Proteobacteria,
Verrucomicrobio (phylum level), and Akkermansia, Desulfovibrio (genus level), with depleted
Bacteroidetes phyla. All these conditions were reversed through FMT treatment. However,
these microbial changes were lacking consistency in the relative abundance of bacterial
species, for example a relative increase in Bacteroidetes or BA-producing Firmicutes has
been previously observed in animal and human studies of AD [91]. Therefore, definite
conclusions about distinct AD gut microbiome compositions and their capacity of SCFA
production cannot be made at this point in time, which further warrants our focus on
disease correlations with bacterial metabolites instead.

Impaired epigenetic gene expression has been discussed as a key factor in AD patho-
genesis [101], which conceivably led to a study of BA’s role as HDACI in an AD mouse
model. Treatment with BA was able to improve associative memory function at an ad-
vanced stage of disease [102]. Other studies mentioned the neuroprotective capacity of BA
to manipulate regulatory regions of the Forkhead box gene locus as HDACI. This provides
a preventative and/or therapeutic potential to affect the balance between life-promoting
and apoptotic cell processes critical in neurodegenerative diseases [8]. BA as NaB has
shown neuroprotective benefits as HDACI in studies of PD, AD and HD, particularly
leading to improved learning and memory in dementia, the prevention of oxidative stress
and neuronal cell death in HD and PD, as well as overall upregulated transcription of
neurotrophic factors involved in plasticity, survival and regeneration [103]. These results
might indicate that decreased or overall altered gut microbial SCFAs and thus, dysregu-
lated histone-acetylation, might indeed be connected to AD and related brain diseases. We
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therefore suggest future studies to look for putative impacts of altered SCFA-producing
gut microbiota on AD-related epigenetic processes in the brain. SCFAs might also impact
AD indirectly through additional pathways via the regulation of intestinal gluconeogenesis
by FFAR3 signalling, which affects the activity of the dorsal motor nucleus of the vagus, a
structure with altered activity in PD and AD [8]. BA especially has also been hypothesized
to positively impact cognition in AD patients via the stimulation of vagal afferents [8].

In a study with rats fed a high-fat diet, it was shown that the administration of
two valeric acid esters (monovalerin and trivalerin) led to higher levels of AA in the
brain, serum and liver, while caecal levels decreased. These data suggest that AA can
actually be increased in the brain by oral supplementation and uptake in the gut [104].
This might be of interest, since AA administration to lipopolysaccharide (LPS)-stimulated
astrocyte cultures was successful in producing anti-inflammatory effects [105]. BA ex-
posure invoked anti-inflammatory effects as well, as shown by the reduced microglial
activation and decreased secretion of inflammatory cytokines. BA inhibits the secretion
of HDAC gut microbe-derived circulating inflammatory cytokines and thus limits their
effects on neuroinflammatory processes that have been postulated to be involved in AD
pathology [91]. Pro-inflammatory cytokines derived from dysbiosis might invoke the
formation of Aβ aggregates as well as cause the dysfunctional maturation of microglia,
thus leading to increased amyloid accumulation in the CNS [91]. Taken together, healthy
gut flora with undisturbed SCFA production might benefit AD patients with decreased
neuroinflammation and amyloid accumulation.

3.4.3. SCFAs and Parkinson’s Disease

PD is, after AD, the second-most prevalent neurodegenerative disease in the world [106]
and is part of a cluster of neurodegenerative disorders associated with aggregated amyloid
proteins. Misfolded alpha-synuclein proteins (αSyn) are specifically implicated in PD,
DLB and MSA, also jointly known as “Synucleopathies” [107]. In PD, the dopaminergic
neurons residing in the substantia nigra pars compacta are lost, subsequently leading to
impaired motor functions [108]. Gut dysbiosis and GI dysfunction have been repeatedly
mentioned as a hallmark of PD [108–114], thus investigations of mechanistic processes
involving the GBA have emerged in recent years. This conceivably led to questions about
gut microbial participation in pathophysiological processes of PD, such as the spreading of
αSyn aggregates from gut to brain via the vagal nerve [115] as well as probable connections
between gut dysbiosis, neuroinflammation and misfolding of αSyn [116].

Overall decreased SCFA levels with relatively low BA and a microbiome with reduced
Bacteroidetes, Prevotellaceae as well as enriched Enterobacteriaceae were reported in
PD [117] (Table 1). Underlining these findings, a recent review reported trends of reduction
in SCFA producers in a PD patient’s microbiomes, specifically reduced Lachnospiraceae
(Blautia, Dorea, Coprococcus, Rosburia, Clostridium XIV), Faecalibacterium and Bacteroides [109].
Interesting to mention is the overall increased abundance of Enterobacteriacea, a phylum
that is known to produce SCFAs (Table 2) and to also associate with the severity of motor
symptoms in PD patients [112]. This finding might at the first glance appear counterin-
tuitive under the assumption that SCFAs and their producers are beneficial to PD. On
the other hand, the relative abundance in Enterobacteriaceae might further indicate the
production of other metabolites involved in PD, as will be elaborated on later in the chapter
discussing bacterial amyloids.

Two studies in rodents reported further contradicting results regarding SCFA levels
in PD. Sampson et al. [118] used a transgenic αSyn-overexpressing mouse model of PD,
that presented ameliorated PD pathologies when in a germ-free (GF) state or treated
with antibiotics (AT). These GF/AT mice were then inoculated with human PD-donor
microbiota. This treatment significantly altered faecal microbial communities and SCFA
composition, displaying lower AA, but higher PA and BA, as well as worsened motor
dysfunction compared to those receiving healthy FMT. Thus, the administration of a
mixture of SCFAs to GF/AT mice was effective in inducing motor deficits, as well as
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αSyn aggregation and microglial activation in the brain. This suggested a relevant role
for SCFAs as mediators of PD in a genetically susceptible animal model [118]. Supporting
these findings, the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine(MPTP) – induced PD
mice model presented an increased abundance of faecal SCFAs. The gut microbiome of
this PD model was administrated to normal mice, which resulted in motor impairment
and decreased striatal neurotransmitters, while FMT from healthy donors alleviated those
symptoms [119]. The inconsistencies within the previously mentioned studies in human
subjects, regarding beneficial or detrimental effects of SCFAs in PD, might point towards
inter-species differences of mice and humans and the GF state of acutely inoculated mice.
This could further suggest that even though the presence of SCFAs seems necessary to
trigger pathological changes in genetically vulnerable organisms, shifts towards depleted
SCFA levels and their bacterial producers might play a role in already established PD.

Several lines of evidence suggest that SCFAs, BA in particular, may exert possible
beneficial effects in PD. First, BA might play a role in PD as a neuroprotective agent
due to its agonistic effect on the receptor GPR109A, which promotes anti-inflammatory
processes [120]. In addition, BA might also benefit PD patients with reduced neuroinflam-
mation, indirectly enhanced dopamine synthesis through increased free niacin levels, as
well as improved energy homeostasis and mitochondrial function [103,121]. Lastly, SCFAs
ameliorated dysfunctional microglia in GF mice, which was represented by improved
microglial maturation, morphology and function [28]. Proper mature microglial function
includes decreased inflammatory activity and phagocytosis for amyloid proteins like tau,
Aβ, and αSyn. Therefore, the state of the gut microbiome and its production power for
SCFAs might positively influence several aspects of neurodegenerative diseases [91]. It
might be of interest that mice lacking the SCFA receptor FFAR2 have shown dysfunctional
microglia similar to GF animals, however, that particular study suggested alternative path-
ways by which SCFAs directly exert their effects on microglia due to a lack of evidence for
FFAR2-expression on CNS cells [28]. Definite mechanisms involved in receptor-mediated
processes of SCFAs remain to be determined.

As previously mentioned, SCFAs can upregulate gene-expression as HDACI. This
process was shown to facilitate neuroplasticity and long-term memory, involving CREB-
dependent gene regulation [122,123]. In vitro studies also discovered PA and BA to mod-
ulate transcription of the tyrosine hydroxylase gene in brain cells and thus to influence
catecholaminergic biosynthesis [23]. Catecholamines like DOPA, dopamine (DA), nora-
drenaline and adrenaline are essential neurotransmitters with important roles in brain
diseases, exemplified by the depletion of DA being a key factor in PD [52,106,124]. Espe-
cially relevant to PD is that the enzyme tyrosine hydroxylase catalyses the rate-limiting step
of DA synthesis [8]. Further research on BA’s role as HDACI revealed protective effects
for dopaminergic cells, namely rescuing them from αSyn-mediated DNA damage [125] or
MPP+-induced toxicity [126] through an enhanced expression of DNA damage response
genes. Supporting evidence come from a study in a drosophila model of PD in which
BA has been reported to alleviate motor dysfunction and mortality [127]. Moreover, al-
tered gut levels of SCFAs and neurotransmitters were associated with the surface area of
the insula [9], a brain region that is understood to be dysfunctional in neurological and
psychiatric disorders [128].

The influence of gut microbiota on PD might further impact the conventional therapy
of levodopa administration, since the abundance of the gene for tyrosine decarboxylase, an
enzyme converting levodopa to DA, in the microbiome of PD patients correlates with higher
dosage needs for levodopa/carbidopa. Furthermore, it was shown in rats, serum levels of
the aforementioned drug negatively correlated with the host’s microbiome tyrosine decar-
boxylase gene levels [129]. These findings might provide the base for further clinical studies
on gut microbial modulations in PD patients with increased levodopa/carbidopa dosages.

Taken together, SCFAs seem to exert overall beneficial effects on the CNS regarding
autoimmune brain diseases and neurodegenerative diseases. However, preclinical findings
on probable detrimental effects upon SCFA exposure in rodents suggests that these bacterial
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metabolites might function as double-edged swords when it comes to brain health. Thus,
the thorough examination of these mechanisms is crucial before future potential therapeutic
and preventative strategies can be unequivocally suggested.

Table 1. SCFA level alterations in brain diseases found in human studies.

Disease SCFA Literature p-Values

ASD

AA

↓ f [44], f [43] p = 0.011, p = 0.0000003

↑ f [42], f [39],* u [36] p = 0.037, p < 0.005, p < 0.005

- f [41] p = 0.979

BA

↓ f [44], f [43] p = 0.005, p = 0.005

↑ f [42] p = 0.025

- f [41] p = 0.974

Isobutyric acid ↑ f [42] p = 0.022

Isovaleric acid ↑ f [42] p = 0.038

PA

↓ f [43] p = 0.002

↑ f [42], f [39] p = 0.007, p < 0.005

- f [41], f [44] p = 0.979, p = 0.243

VA
↓ f [43] p = 0.005

↑ f [44], f [42] p < 0.001, p = 0.007

MDD

AA
↓ f [67] p = 0.04

↑ f [69] p = 0.65

BA - f [67], f [69] p = 0.68, p = 0.867

Caproic acid ↑ f [67] p = 0.09

Isobutyric acid
- f [67] p = 0.70

- f [69] p = 0.501

Isocaproic acid ↑ f [67] p < 0.01

Isovaleric acid - f [67] p = 0.4

PA
↓ f [67] p = 0.07

- f [69] p = 0.918

VA ↓ f [67] p = 0.56

MS

AA ↓ f [81], s [29] p < 0.0001, p = 0.001

BA ↓ f [81], s [29] p < 0.05, p = 0.0001

Isovalerate, valerate,
hexanoate, heptanoate - s [29] p > 0.05

PA ↓ f [81], s [29] p < 0.0001, p = 0.01

PD

AA ↓ f [117], * p [109] p < 0.01, p = 0.0201

BA ↓ f [117] p < 0.01

Isobutyric acid - f [117] p > 0.05

Isovaleric acid - f [117] p > 0.05

PA ↓ f [117] p < 0.01

VA - f [117] p > 0.05

This table shows the differences of SCFA levels of various sample materials from human patients compared to healthy controls. Significance
of the data is given in the last column. ↑ symbolizes increased, ↓ decreased, whereas - symbolizes no significant change in metabolite levels
found in cohorts with the specific disease. Sample material is noted as f = faecal; s = serum; p = plasma; u = urine with the associated
reference as numbers in brackets; p-values < 0.05 are marked in bold letters. BA = butyric acid; AA = acetic acid; PP = propionic acid; VA =
valeric acid; ASD = autism spectrum disorder; MDD = major depressive disorder; MS = multiple sclerosis; PD = Parkinson’s disease. “*”
marked references are sourced from reviews.
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Table 2. Gut-residing bacteria found to correlate with the production of SCFAs.

SCFA Taxa Study

tSCFA Faecalibacterium, Ruminococcus, Bifidobacterium [39]

PA Bacteroides [39]

VA Acidobacteria, Actinomycetaceae [44]

BA
Streptococcaceae, Peptostreptococcaceae, Lactobacillaceae, Clostridiaceae,

Family_XIII, Leuconostocaceae [44]

PA Desulfovibrionaceae, Streptococcaceae [44]

AA Desulfovibrionaceae [44]

AA, PA Prevotella_9 [81]

BA Clostridium, Eubacterium, Butyrivibrio [103]

AA Bacteroidetes, B.hydrogenotrophica [130]

BA Lachnospiraceae, Faecalibacterium prausnitzii, Eubacterium, Roseburia [130]

PA Bacteroidetes, Proteobacteria, some Lachnospiraceae [130]

BA Eubacterium ramulus [131]

PA Clostridium [46]

AA, PA Parabacteroides distasonis, Megaspheara massiliensis [87]

BA, VA, HA Parabacteroides distasonis, Megaspheara massiliensis [87]

PA Lactobacillus, Propionibacterium [97]

BA
Faecalibacterium prausnitzii, Eubacterium rectale, Roserburia, Eubacterium hallii,

Ruminococcus bromii
[14]

PA Akkermansia municiphila [14]

BA Blautia, Lachnospiraceae: Coprococcus, Roseburia, Faecalibacterium, Lachnospira [132]

BA Clostridia (class) [73]

AA Blautia hydrogenotrophica, Clostridium, Streptococcus [82]

PA
Salmonella, Roseburia inulinivorans, Ruminococcus obeum, Bacteroides, Phascolarctobacterium

succinatutens, Dialister, Veillonella, Megasphaera elsdenii, Coprococcus catus
[82]

BA
Anaerostipes, Coprococcus catus, Eubacterium rectale, Eubacterium hallii, Faecalibacterium

prausnitzii, Roseburia, Coprococcus comes, Coprococcus eutactus
[82]

tSCFA = total SCFAs; BA = butyric acid; AA = acetic acid; PP = propionic acid; VA = valeric acid; HA = hexanoic acid. References are
represented by numbers in brackets.

Table 3. Prevalence of dementia linked with various factors.

Factors Odds Ratio p-Value

Enterotype III 18.5 b <0.001 b

Enterotype I 0.1 a <0.001 a

ApoE 3.9 a, 4.4 b 0.035 a, 0.026 b

SLI 15.0 a 0.005 a

VSRAD 3.5 a, 4.2 b <0.001 a,b

Multivariable logistic regression analysis models linking the prevalence of dementia and various factors from
Saji et al. [93]. a Model 1: inclusion of enterotype I, b Model 2: Inclusion of enterotype III. Abbreviations: ApoE
ε4 = apolipoprotein ε4; SLI = silent lacunar infarct; VSRAD = voxel-based specific regional analysis system for
Alzheimer’s disease.

4. Non-SCFA Bacterial Metabolites

The vast majority of current studies on the GBA involve SCFAs. Our gut microbiota,
however, produces metabolites far beyond the products of fibre degradation, including
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vitamins, polyphenol metabolites and products from amino acid metabolism (Figure 1).
Each of these families of compounds are involved in various pathways and contain potential
neuroactive metabolites [22]. This warrants our curiosity in exploring non-SCFA bacterial
metabolites as contributors to the GBA.

4.1. Amino Acid Metabolites

Metagenomic studies suggests human gut microbes to be largely involved in amino
acid metabolism [133]. Of special interest are the aromatic amino acids (AAA) tyrosine
(Tyr), phenylalanine (Phe) and tryptophan (Trp). Humans are unable to produce AAA
and depend on dietary sources and our gut microbiome for covering their nutritional
needs. Gut bacteria are able to synthesize all three AAA de novo via the shikimate
pathway [92,134]. In a first step, Trp and Phe are biosynthesized. Tyr is then synthetized
from Phe. Further AAA metabolism occurs in the host as well as in gut microbes like
Lactobacillus, Enterobacteriaceae and anaerobes of the phylum Firmicutes, that generate
other metabolites. Phe and Tyr are catabolized in animals to neurotransmitters, including
L-Dopa, DA, epinephrine and norepinephrine, while gut bacteria are able to produce
phenolic compounds like p-cresol from Tyr and phenyl molecules from Phe. Trp is an
essential precursor for the neurotransmitters serotonin and tryptamine, as well as vitamin
B3 (niacin), redox cofactors NAD(P)+, plus metabolites from the kynurenine pathway [134].
On note, the kynurenine pathway in gut microbes generate metabolites associated with
brain functions like indole, indole-derivatives, kynuric acid and quinolinate, which will be
elaborated on in the following chapters. For a more in-depth analysis of AAA metabolism
in plants, microbes as well as mammals, we refer the reader to the extensive review by
Parthasarathy et al. [134].

Considering the previously described processes in AAA metabolism, it is conceivable
to assume that gut microbiota might modulate neurotransmitter metabolism, synthesis,
and availability in the gut, the circulatory system and the CNS. In fact, the abundance
of circulating Trp can be curbed as a result of gut microbial Trp metabolization through
other pathways, thereby possibly limiting the precursor for neurotransmitter synthesis in
the CNS while also generating other neuroactive metabolites like indole and its deriva-
tives [135] (Figure 3). On the other hand, gut microbes seem to elevate serotonin plasma
availability after colonizing GF animals, leading to the assumption that the presence of
a functioning gut microbiome contributes to physiological serotonin plasma levels [136].
More importantly, a recent study observed gut microbial involvements in Trp metabolism,
providing an extensive overview of six pathways, each generating neuroactive metabolites
referred to as “TRYP-6”, consisting of kynurenine, quinolinate, indole, indole acetic acid
(IAA), indole propionic acid (IPA) and tryptamine [135]. They identified five common gut-
inhabiting phyla capable of two to six pathways. The five phyla Actinobacteria, Firmicutes,
Proteobacteria, Bacteroidetes and Fusobacteria thus have been suggested to relevantly influ-
ence Trp metabolism. Investigations on a genus level revealed that Clostridium, Burkholderia,
Pseudomonas, Streptomyces and Bacillus were particularly capable of generating neuroactive
Trp metabolites, with the first two holding the highest potential (Table 4). Numerous
pathways and metabolites in the AAA metabolism, especially Trp, show relevant effects
on the CNS that seem to be intricately complex and crucial for proper brain function, thus
pointing to these non-SCFAs as promising players on the GBA (Figure 3).
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: Parkinson’s disease , Alzheimer’s disease

− −
↑ ↓

Figure 3. Hypothetical influences on brain diseases by gut bacteria-derived tyrosine and tryptophane metabolites. This
figure illustrates the mechanistic effects by which gut microbial metabolites might influence brain functions related to
autism spectrum disorder (ASD) and neurodegenerative disorders (NDs): Parkinson’s disease (PD), Alzheimer’s disease
(AD), multiple sclerosis (MS) and psychiatric disorders (PsyD). Gut bacteria taking part in metabolite production are
listed in black boxes situated under the orange (tyrosine metabolites) and blue boxes (tryptophane metabolites). Arrows
accompanied with + or − represent an agonistic (+) or antagonistic (−) effect on a receptor, whereas unaccompanied
arrows symbolize an effect described in the white boxes. ↑ = upregulated, ↓ = downregulated or lowered levels of.
ROS = reactive oxygen species; NMDA-R = N-methyl-D-aspartate receptor; Trp = tryptophane; AHR = aryl hydrocarbon
receptor; 4EPS = 4-ethylphenylsulfate; IPA = indole-propionic acid; IAA = indole-acetic acid; kyn = kynurenine; quin = quino-
linate; trypt = tryptamine; i.a. = inter alia.

4.1.1. AAMs and Neurodevelopmental Disorders

P-cresol is a known uremic toxin, which is metabolized into p-cresol sulphate by
the liver [137] and is believed to derive from Tyr fermentation in several gut bacterial
species (Table 4). Significantly increased urinary and faecal levels of p-cresol were re-
ported in autistic children, with some linking urinary levels with the clinical severity of
disease [39,41,138,139]. Interestingly, p-cresol levels significantly and negatively correlate
with age in ASD patients, which might suggest that younger individuals with ASD are
exposed to effects from elevated p-cresol levels [41]. One study, however, did not detect
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significantly altered faecal levels in children with ASD [42]. As for non-human studies,
p-cresol was very recently shown to dose-dependently induce and exacerbate ASD-like
behaviours and significantly activate dopamine (DA) turnover in brain regions (amyg-
dala, nucleus accumbens and striatum) in the genetically vulnerable BTBR mice model for
ASD [140]. Social avoidance behaviour and increased gut levels of p-cresol were detected
in GF mice, inoculated with p-cresol-producing Clostridiales (including Lachnospiraceae
and Ruminococcae families), and these mice associated with defective myelination in
the prefrontal cortex [141]. Additional in vitro testing showed that exposure to p-cresol
interrupted the differentiation of progenitor cells into oligodendrocytes [141], suggesting
that gut microbial p-cresol might impact CNS myelination through transcriptional changes.
Other mechanisms by which p-cresol might negatively impact neuronal functions [140]
include the inhibition of dopamine-β-hydroxylase and membrane depolarization with
higher vulnerability for seizures and blunted Na+/K+-ATPase function. These mechanisms
might demonstrate a potential for gut bacterial-derived p-cresol to play a role in disorders
with disfunctions in the CNS, including ASD, MS, and neurodegenerative diseases.

In the maternal immune-activated (MIA) mouse model of autism spectrum disorder,
changes in serum metabolites, showing significant elevations of two AAA bacterial metabo-
lites 4-ethylphenylsulfate (4EPS) and indolepyruvate were found, which were completely
normalized along with ASD-related behaviour, dysbiosis and impaired gut barrier after the
inoculation with the probiotic B. fragilis [142]. Moreover, WT mice treated with the metabo-
lite 4EPS alone manifested anxiety-like behaviour similar to MIA-mice, thus suggesting a
compelling association between 4EPS and ASD. Additionally, other metabolites, two of
them being serotonin and p-cresol, were elevated in the serum of MIA-mice, though not at
significant levels [142]. It is essential to mention 4EPS’s structural similarity to the prior
mentioned p-cresol, which has links to ASD and is believed to share its producers in the
gut with 4EPS, namely Clostridia spp. [36,140,142] (Table 4). Overall, preclinical data and
some supportive human studies point towards a connection between 4EPS, indolepyru-
vate, p-cresol and ASD, not only as biomarkers of disease but also as putative mediators
of pathogenesis.

With an extensive in silico study, Kaur et al. [135] recently detected the aforementioned
“TRYP6”, the six Trp metabolism pathways generating neuroactive metabolites, to be en-
riched in the metagenome of autistic gut microbiota. Genomes of the genera Burkholderia
and Pseudomonas showed particularly large potentials for TRYP6 metabolism. Burkholderia
holds pathways for kynurenine and quinolinate, with a lower production of IAA, indole
and tryptamine, while Pseudomonas is a strong producer for kynurenine and a weaker
one for IAA, quinolinate and tryptamine. Other enriched pathways in autistic children
consisted of those generating indole and its derivative IAA by already mentioned genera
Burkholderia and Pseudomonas plus Corynebacterium. Though microbiota from NT individu-
als also harboured some relatively enriched bacteria capable of producing TRYP6, namely
Alistipes for indole and Eggerthella for IAA production, these genera are comparatively
weak producers and thus, theorized to use indole and IAA as inter-bacterial communi-
cation tools [135]. Similarly, altered Trp metabolism in ASD has been indicated through
significantly increased urinary levels of IAA, indoxyl sulphate (IS, also known as indican)
and indolyl lactate in autistic children [143], though to date no data on faecal levels have
been found.

In addition to Trp metabolism, altered Phe metabolism in autistic children were re-
cently highlighted, partly based on evidence of significantly elevated Clostridia-generated
Phe metabolites in the urinary profiles of ASD patients including 3-(3-hydroxyphenyl)-
3-hydroxypropionic acid, 3-hydroxyphenylacetic acid and 3-hydroxyhippuric acid [36].
However, whether these metabolites might be modulated by gut bacteria remains to
be elucidated.

Increased faecal levels of glutamate in children with ASD, as well as decreased GABA
levels in those with pervasive developmental disorder not otherwise specified (PDD-NOS)
have been previously reported [39]. Kang et al. [41] have similarly detected lower GABA
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faecal levels in autistic children, though these did not reach significance (p = 0.077). Preclin-
ical observations in altered GABA and glutamate levels were made in a study invoking
behaviours associated with ASD in GF mice through inoculation with gut microbiota
derived from autistic patients. In comparison, mice receiving healthy donor FMT did not
produce ASD-like behaviour [45]. Moreover, lower faecal levels of the GABA A receptor
agonists 5AV and taurine were found in the first group, supporting a putative role of
disturbed GABA signalling in ASD. In a further step, the exposure of an ASD mouse
model to taurine or 5AV during the prenatal and weaning period produced mice with
ameliorated ASD behaviour in comparison with mice treated during their juvenile stage
and older mice. This suggests a critical window of vulnerability for disturbed GABA
signalling during neurodevelopment [45]. Other researchers were able to uncover cor-
relations between gut microbe genes associated with neurotransmitter metabolism and
the surface area of the insula, with a focus on two microbial genes involved in GABA
and glutamate metabolism, namely 4-hydroxybutyrate dehydrogenase and glutamate
dehydrogenase [9]. As already mentioned, the insula is thought to be dysfunctional in
many psychiatric disorders with disturbed emotion, cognition and motivation, such as
affective, neurodevelopmental and neurodegenerative disorders [128]. However, it is also
important to note that Kang et al. [41] were not able to detect any significant changes
in gut bacterial pathways by PICRUSt database analysis between ASD and NT children.
Nevertheless, these studies accumulatively show the potential involvement of gut micro-
bial metabolites in disturbed GABA and glutamate signalling in ASD pathophysiology.
Further metabolomic, metagenomic and microbial analyses of faecal amino acid metabo-
lites (AAMs) are nonetheless highly encouraged. Compellingly, a recent study reported
that GABA produced from gut bacteria (E. coli HT115 and P. aeruginosa PAO1) was able to
protect from neurodegeneration in the nematode C. elegans [144].

Lastly, the amplified metabolism of the amino acids Tyr, lysine, cysteine and methion-
ine in healthy children’s gut microbiomes have been found, which implies a supportive
function of gut commensals during brain development, since the mentioned amino acids
are not only substrates for the synthesis of structural proteins, but also neurotransmitters
and biogenic amines [145].

4.1.2. AAMs and Psychiatric Disorders

No specific studies on non-SCFA faecal metabolites have been found in humans with
affective disorders. However, there are a handful of reports pointing to correlations be-
tween disturbed gut microbial Trp metabolism and psychiatric disorders like anxiety and
depression. Studies on acute tryptophan depletion (ATD) in humans demonstrated a corre-
lation between the reduced levels of circulating Trp and depressive symptoms in patients,
who are responsive to treatment with selective serotonin reuptake inhibitors [146,147].
ATD has also been shown to worsen depressive symptoms in patients in remission, as well
as in healthy volunteers at high risk for depression [70]. Furthermore, 5-HT levels in the
CNS were shown to be impacted by the amount of dietary Trp in humans [147]. This raises
the question of whether a disturbed gut microbial Trp metabolism could deplete circulating
Trp availability and consecutively impact 5-HT homeostasis in the CNS. The impact of
gut microbiota, or the lack thereof, on the host’s nervous system can be explored in GF
raised animals providing the evidence for altered levels of neurotransmitters in the brain
in comparison to conventionally raised control animals [148]. In support of the previous
reports on humans, a recent study in GF mice showed initially higher Trp and 5-HT brain
levels together with a less depressive behaviour at baseline and intriguingly, decreased
Trp and 5-HT with enhanced depressive behaviour after ATD compared to the control
group (specific pathogen-free mice) [149]. Additional support was obtained by findings
in a rat model, which showed an induced depression to invoke gut microbial alterations
as well as noticeable faecal metabolite shifts [150]. Sixteen metabolites were evaluated to
be significantly distinct enough to function as depression biomarkers, including altered
Trp metabolites (upregulated dextrorphan O glucuronide, 3-methyldioxyindole and down-
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regulated 5-methoxytryptophan) (Table 5). The others consisted of bile acid metabolites
(upregulated) as well as hypoxanthine (upregulated) and fatty acid metabolites (downreg-
ulated). Additionally, the altered gut microbiota also resulted in changes of catecholamine
levels in the hippocampus of depressed rats, specifically serotonin (5-HT) and DA [150].

Similarly, Clarke et al. [151] found elevated levels of 5-HT and 5-HIAA in hippocam-
pal structures of GF male mice, as well as higher plasma levels of their precursor Trp.
Considering that CNS Trp levels are to a great extent regulated by its abundance in plasma,
this supports the conjecture of a humoral pathway through which gut microbes could
influence serotoninergic neurotransmission by modulating Trp availability [148]. Fascinat-
ingly, it was not possible to reinstate altered hippocampal 5-HT levels through inoculation
with an intestinal microbiota in GF mice at a later stage of life, even though the serum
levels of Trp were normalized. This points to a critical time window in which microbial
Trp metabolism could directly impact neurodevelopment [152]. Additionally, GF animals
displayed elevated stress reactivity, represented with higher corticosterone production,
while also expressing lower anxiety-like behaviour that was normalized after recoloniza-
tion [148]. This is intriguing, since stress hormones like cortisone shift Trp metabolism
away from 5-HT production to the kynurenine pathway that generates kynurenic acid,
quinolinic acid and picolinic acid [153]. While kynurenic acid invokes antagonistic effects
on the α7 nicotinic acetylcholine receptor and the N-methyl-D-aspartate (NMDA) receptor,
quinolinic as well as picolinic acids are agonists of the NMDA receptor with neurotoxic and
depression-producing properties [152]. It is also noteworthy, that a previously mentioned
study on ASD reported the induction of anxiety-like behaviour in mice following the
administration of the microbial Trp metabolite 4EPS [142]. Overall, these studies might
provide tangible evidence for gut microbial impact on depressive and anxious behaviour
by regulating the availability of circulating Trp and consecutively, levels of Trp metabolites
like 5-HT, kynurenic, quinolinic and picolinic acids. However, clear associations between
gut microbial Trp metabolites and depression or anxiety seem too early to be made since
studies on this subject are largely based on preclinical settings on animals.

Indole is partly produced from dietary tryptophan through the enzyme
tryptophanase [154] mainly by gut bacteria Escherichia, Citrobacter, Fusobacterium, Bac-
teroides, Clostridium_XIX, Desulfitobacterium, Edwardsiella, Providencia and Shigella [135]
(Table 4). Indole has also recently been shown to be associated with impaired motor
activity, anxiety and depression in rats when acutely or chronically overproduced [155].
Probable pathways by which these effects occur are the activation of vagal afferences by
indole and on the other hand, accumulation of oxidized indole derivatives like oxindole
and isatin in the brain. Indole has been shown to activate gut mucosal L-cells to secrete
glucagon-like peptide-1 (GLP-1), which then stimulates vagal afferent fibres, therefore pre-
senting an indirect impact of indole on the CNS [156]. Oxindole is known to inhibit motor
activity [155], invoke hypotension, loss of righting reflex and a reversible comatose state,
while isatin is proposed an anxiogenic role by inhibiting monoamine oxidase (MAO) B and
by producing antagonistic effects on benzodiazepine receptors in rodents [70]. However,
Jaglin et al. [155] showed that while acute overexposure to indole in the rat gut produced
depressant effects on motor activity and elevated levels of oxindole and isatin the brain,
chronic exposure to indole-producing E. coli induced depression-associated traits (anxiety-
like and helplessness behaviours) without an accumulation of oxindole and isatin in the
CNS. This suggests that an indole-overproducing gut microbiome might be a risk factor for
the development of anxiety and depression, while acute spikes of indole-production might
profoundly decrease locomotion by the central accumulation of oxindole and isatin as well
as activation of vagal afferences. Studies have further demonstrated vagal GBA connections
to neurons related to reward centres, thus pointing towards a probable pathway for gut
metabolites to influence the brain in neuropsychiatric disorders with disturbed reward sys-
tems [157]. A recent in silico study on microbial Trp metabolism pathways in neurological
disorders called for further investigations of the gut microbiome in schizophrenia, since
assumptions were too early to be made on one single available dataset, that showed altered
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indole, IAA and tryptamine pathways in the microbiome of schizophrenic patients [135].
The research of gut microbial influence on schizophrenia is still in its infancy, which is
represented by very few analyses on microbiome compositions and no study on faecal
metabolomes in schizophrenic cohorts so far. With the emerging correlations between other
brain disorders and the microbiome, as well as some preclinical information on dysbiosis
and probiotic studies in schizophrenia [158], further work on this particular subject remains
wanting of exploration. Taking all these studies into consideration, tryptophan metabolism
with its manifold metabolites seem to be intricately influenced by gut microbial metabolites
and to be implicated in psychiatric disorders and brain functions.

4.1.3. AAMs and Neurodegenerative Diseases
Alzheimer’s Disease

A limited number of studies have indicated adverse effects on neurons in the context
of Alzheimer’s disease (AD) by Trp metabolites. The decarboxylated molecule tryptamine
has been associated with neurotoxicity and neurodegeneration [92,159–161] (Figure 2).
Tryptamine producers commonly found in gut flora are Holdemania, Desulfovibrio, Yersinia,
Tyzzerella, Bacillus, Clostridium and Ruminococcus [135] (Table 4). Most recent findings
showed gut bacterial genomes in faecal samples of AD patients, of which one gene sequence
encodes the enzyme Na-transporting NADH:Ubiquinone reductase (in Clostridium sp.),
which produces the neuroprotectant ubiquinone. Interestingly, that enzyme is also involved
in the metabolic synthesis of AAA [92]. Underlining these findings in AAA metabolism,
Trp and Tyr (also GABA, taurine and valine) were found to be decreased in faecal samples
of mice receiving FMT from an AD patient [97], though as noted in a previous chapter, two
faecal donor samples selected out of groups of 14 healthy and 13 AD volunteers might
limit the evidential impact by probable inter-individual variations.

Regarding the theory of a perturbed Trp metabolism in AD, microbial and hepatic
enzymes generate kynurenine from Trp, and in succession, kynurenic acid or quinolinate.
Quinolinate shows excitotoxic properties as an NMDA receptor agonist, whereas kynurenic
acid ameliorates those neurotoxic effects as NMDA receptor antagonist. Therefore, this
might provide a probable link between Trp metabolites and neurodegenerative processes in
AD (Figure 3). In contrast to those findings, in aberrantly elevated amounts, kynurenic acid
has been linked to cognitive impairments, probably caused by its antagonistic effect on the
α7-nicotinic acetylcholine receptor [152]. It should be emphasized that CNS kynurenine
mostly originate from the periphery and that its metabolization into kynurenic acid and
quinolinate takes place in the CNS [151]. Some gut genera Bacillus, Burkholderia, Streptomyces
and Pseudomonas are specially equipped for kynurenine production, while Klebsiella, Bacillus
and Burkholderia are efficient quinolinate producers [135].

Another Trp metabolite generated from gut microbiota is indoxyl sulphate (IS), an ure-
mic retention toxin in patients with chronic kidney disease, which has been associated with
cognitive impairments [162] and various diseases of the brain such as AD, PD, MDD and
MS [163]. IS was previously observed to induce nuclear factor-kappaB (NF-κB)-mediated
oxidative stress in animal and in vitro studies [163,164]. Moreover, it exhibited potential
neurotoxic effects in mice through perturbed microglial and astrocyte function, resulting in
neuronal death [165]. This might be of interest since oxidative stress is proposed as a major
process in neurodegenerative diseases [166]. Underscoring these correlations, researchers
observed an elevated cerebrospinal fluid (CSF)/plasma ratio of IS in patients with PD
compared to healthy counterparts [163]. This might suggest the increased crossing of IS
through the BBB, a process probably facilitated by increased BBB permeability in diseases
like AD and PD [167]. On the other hand, decreased IS levels in CSF, serum and faecal
samples of GF and AT mice have been associated with perturbed fear extinction learning
processes. These defects are common in anxiety and fear-related diseases with impaired
learning and memory [168]. Considering these early preclinical and at times inconsistent
findings on IS and brain disorders, future research focusing on microbiome-derived IS
and its participation in neurodegenerative processes might enlighten this complicated and

229



Nutrients 2021, 13, 732

emerging subject. In a dementia-prone mice model, faecal metabolites seemed to differenti-
ate from HC through higher levels of the amino acids ornithine and Tyr, which might excite
further research, considering Tyr’s role as precursor for several crucial neurotransmitters
(norepinephrine, epinephrine and DA) as well as for the uremic toxin p-cresol. Moreover,
ornithine has shown protective effects in neurotoxic ammonia [114,169], though it remains
to be determined whether bacterial metabolism is involved. Nevertheless, these reports
overall suggest gut microbial modulated AAA metabolites as potential components of the
complex and emerging field discussing the influence of GBA in AD.

Parkinson’s Disease

The analysis of gut microbial Trp metabolism in several databases of PD by Kaur
et al. [135] detected enriched indole pathways and three of its producers to be differentially
abundant in PD, namely Alistipes, Akkermansia and Porphyromonas. Concomitantly, enriched
IAA production pathways in combination with increased Lactobacillus and Staphylococcus
abundances were measured. Interestingly, distinct alterations of kynurenine and quinoli-
nate pathways were undetectable, unlike in other neuropsychiatric disorders like ASD [135].
Congruously to these activated production pathways of IAA, increased IAA urinary levels
were reported in patients with idiopathic PD [170,171] (Table 6). However, decreased
serum IAA were observed in two cohorts of Japanese patients with idiopathic and familial
PARK2-mutated PD [172,173], thus showing some inconsistencies across human studies.
Some gut bacteria capable of generating IAA are Klebsiella, Ralstonia, Staphylococcus, Bacillus,
Clostridia, Bacteroides and Escherichia [135,174] (Table 4). Interestingly, IAA was previously
mentioned to suppress pro-inflammatory cytokine production by macrophages and act on
the aryl hydrogen receptor (AHR) [109]. IAA was also able to attenuate neuroinflammation
in LPS-stimulated BV2 microglia in vitro [175]. Overall, these findings point towards a
probable role of altered gut microbial production of IAA in neuroinflammatory processes in
PD, even if further investigations need to disentangle the complexities between gut-derived
IAA and PD.

The previously mentioned metabolite and uremic toxin p-cresol (or its hepatically
sulfonated form p-cresol sulphate) in ASD [142] is generated through intestinal bacte-
rial Tyr metabolization [134], with especially strong producers within Coriobacteriaceae
and Clostridium clusters XI and XIVa [137]. P-cresol sulphate has been previously as-
sociated with neurological impairments in chronic kidney disease [162]. Moreover, two
recent studies reported significantly higher p-cresol sulphate levels in the CSF (yet not
in plasma) from PD patients compared to samples from HC [163,176] (Table 6). Addi-
tionally, higher CSF to plasma ratios in PD was observed in one study, suggesting that
individuals with PD accumulate more p-cresol sulphate in the brain than their healthy
counterparts [163,176]. These findings support the relevance of a perturbed BBB allowing
the increased permeation of putative neurotoxic microbial metabolites from circulation
to the brain in PD [165]. Moreover, p-cresol sulphate levels in CSF associated with the
presence of motor fluctuations in PD patients, suggesting a correlative connection with
disease progression [163]. This is supported by the fact that p-cresol is a known inhibitor
of dopamine–beta-hydroxylase [177], the enzyme facilitating the conversion from DA to
norepinephrine. Therefore, alterations in the p-cresol production of the microbiome, as well
as the gut bacterial impact on BBB integrity, might regulate neurotransmitter metabolism in
the brain. Cirstea et al. [132] have recently provided further evidence that associates altered
gut microbial metabolism, disturbed gut function (constipation and IBS) and PD. Com-
pared to HC, PD patients harboured decreased levels of common BA-producing Clostridia,
including some Lachnospiraceae genera (Roseburia, Coprococcus) and Faecalibacterium), as
well as enriched bacterial clusters associated with p-cresol and phenylacetylglutamine
production (Christensenellaceae, Ruminococca, Akkermansia, Oscillospira, Mogibacteriaceae).
Moreover, increased serum levels of p-cresol and phenylacetylglutamine were measured,
showing positive correlations with the presence of PD, as well as the severity of gut dys-
function. Therefore, a gut microbiome shift from BA producers to microbes generating
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AAMs such as p-cresol and phenylacetylglutamine might influence symptoms of intestinal
dysfunction, as well as altered circulating metabolites in patients with PD.

Manganese (Mn) has been shown to evoke neurodegenerative processes when accumu-
lated in the brain in the context of PD [178,179]. Recent findings discovered Mn exposure to
alter gut bacterial genes involved in amino acid and neurotransmitter metabolism (GABA,
glycine, glutamate, Trp, Phe) in a mice model, thus giving rise to the novel proposition of
gut bacterial involvement in manganese-associated neurotoxicity [180].

These findings overall suggest that members from the Clostridia class seem to be im-
plicated in the production of AAA metabolites (phenolic and indole derivatives) associated
with neurodegenerative disorders. Since Clostridia are also known as key BA producers
of the human gut [73], and as the chapters above have discussed, a probable beneficial
connection between BA and brain diseases, further investigations in Clostridia-derived
metabolites and various brain diseases seem warranted to elucidate the relevance of these
bacteria. Furthermore, our collected data on indole and indole derivatives show correla-
tions with various brain disorders (autism, anxiety, PD) that are often accompanied with
gut issues [36,110,132,181].

4.1.4. AAMs and Autoimmune Diseases of the Brain

As mentioned above, bacterial production of indole from dietary Trp might be in-
volved in perturbed brain functions. The extensive study by Rothhammer et al. [182]
has suggested, that in combination with type I interferons (IFN-Is), gut bacterial-derived
metabolites might suppress neuroinflammation through agonistic effects on the aryl hy-
drogen receptor (AHR) on astrocytes (Figure 3). Serum levels of the AHR agonists indole,
indoxyl-(3-)sulphate (IS), IPA and indole-3-aldehyde were found to be lower in patients
with MS than in HC (Table 6). Furthermore, experiments conducted in EAE mice models
of MS uncovered that depleted dietary Trp exacerbated disease, while the administra-
tion of the AHR agonists IS, IPA or indole-3-aldehyde reduced disease burden [182]. IS
specifically was further shown to cross the BBB and to stimulate AHR on astrocytes. Not
unrelatedly, another bacterial indole derivative, IAA, was able to attenuate neuroinflam-
mation in LPS-stimulated BV2 microglia in vitro [175], which underlines the hypothesis,
that bacterial-derived indoles might benefit neuroinflammatory processes by activating
the AHR on brain cells. It might further be worth noting that the Trp metabolite and
indole derivative IPA was shown to cross the BBB and to ameliorate harmful reactive
oxygen species (ROS) in the brain as a neuroprotectant [135]. Described gut genera capable
of generating IPA are few and belong to the Firmicutes phyla, namely Clostridium, Pep-
tostreptococcus, Escherichia and Proteus [134,135] (Table 4). Therefore, the presence of these
IPA-producing genera may indicate beneficial anti-oxidative properties for brain function.

Interestingly, p-cresol producing Clostridiales (including Lachnospiraceae and Ru-
minococcae families), appeared to be abundant in MS patients’ microbiomes [79,183],
which might potentially lead to similar detrimental effects on the CNS as discussed in the
chapters on ASD and PD, though no reports on elevated p-cresol in MS patients exist as
of now. The only MS study in humans to investigate the faecal metabolome, as far as our
literature search was able to capture, provided no relevant findings on non-SCFA bacterial
metabolites [29,81]. Future research is encouraged to further develop and confirm these
initial findings by conducting metabolomic, gut taxonomical and metagenomic tests in the
faecal samples of MS patients in order to look for correlations with bacterial metabolites
beyond SCFAs.
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Table 4. Gut-residing bacteria found to correlate with the production of amino acid metabolites (AAMs).

AAM Taxa Study

Taurine Alistipes HGB5, Alistipes finegoldii, Bacteroides xylanisolvens [45]

GABA Bifidobacterium, Bacteroides, Lactobacillus; Lactobacillus brevis [41,97]

GABA, lactate E. coli HT115-strain [144]

Serotonin Candida, Streptococcus, Escherichia, Enterococcus, Pseudomonas [135,184]

Serotonin, dopamine, norepinephrine Streptococcus, Enterococcus, Escherichia [135]

Serotonin, dopamine Clostridiales incertae sedis [150]

Norepinephrine Escherichia, Bacillus, Saccharomyces [184]

Dopamine Bacillus [184]

Acetylcholine Lactobacillus [184]

4EPS, p-cresol (sulphate) Clostridium [36,140,142]

P-cresol (sulphate) Clostridiaceae (Clostridium I, IV, IX, XI, XIII, XIVa, XVI),
Bacteroidaceae, Coriobacteriaceae [109,137]

P-cresol, phenylacetylglutamine Oscillospira, Ruminococcus, Mogibacteriaceae,
Christensellaceae, Clostridiales, Akkermansia

[132]

Dextrorphan O-glucuronide,
3-methyldioxyindole(F4) Christensenella, Candidatus arthromitus [150]

“TRYP6”
(Kynurenine, quinolinate, indole, IAA,

IPA, tryptamine)

Actinobacteria, Firmicutes, Proteobacteria,
Bacteroidetes, Fusobacteria [135]

Quinolinate, indole, IAA, IPA, tryptamine Clostridium [135]

Kynurenine, quinolinate, indole, IAA, IPA Burkholderia [135]

Kynurenine, quinolinate, IAA, tryptamine Streptomyces, Pseudomonas, Bacillus [135]

IAA Bacillus, Klebsiella, Ralstonia, Staphylococcus [135]

Indole Bacteroides, Citrobacter, Clostridium_XIX, Desulfitobacterium,
Edwardsiella, Escherichia, Fusobacterium, Providencia, Shigella [135]

Parabacteroides distasonis, Megasphaera massiliensis
E. coli

[87]
[155]

IPA Clostridium, Escherichia, Proteus [135]

Kynurenine Pseudomonas, Bacillus, Burkholderia, Streptomyces [135]

Quinolinate Klebsiella, Bacillus, Burkholderia [135]

Tryptamine Holdemania, Tyzzerella, Desulfovibrio, Yersinia, Bacillus,
Clostridium, Ruminococcus [135]

Indole, indoxyl-(3)-sulphate, IPA,
indole-(3)-aldehyde Lactobacillus reuteri [182]

GABA = gamma-aminobutyric acid; TRYP6 = six Trp metabolism pathways generating the neuroactive metabolites in brackets (“);
4EPS = 4-ethylphenylsulfate; IAA = indole-acetic acid; IPA = indole-propionic acid. References are listed as numbers in brackets.

Table 5. Sixteen faecal metabolites with significant correlation in rats with induced depression (adjusted from Yu et al. [150]).

Faecal Metabolites Trend in Depressed Rats
Nicotinic acid ↑

Hypoxanthine ↑

Dextrorphan O-glucuronide ↑

3-Methoxytryptophan ↑

5-Methoxytryptophan ↓

L-Urobilin ↑

MG(0:0/20:3(5Z,8Z,11Z)/0:0) ↓

PE(14:1(9Z)/14:1(9Z)) ↑

PS(18:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) ↑

Cholic acid ↑

MG(0:0/20:4(8Z,11Z,14Z,17Z)/0:0) ↓

Stearyl citrate ↓

Hyocholic acid ↑
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Table 5. Cont.

Faecal Metabolites Trend in Depressed Rats
L-Urobilinogen ↑

Deoxycholic acid ↑

Chenodeoxycholic acid ↑

Faecal levels in depressed rats compared to healthy control group: ↑ = upregulated; ↓ = downregulated. Rows marked in blue have a p-value
of p < 0.01, whereas rows in white reached p < 0.05. MG = monoacylglyceride; PE = phosphatidylethanolamine; PS = phosphatidylserine

Table 6. Bacterial AAMs correlated with brain diseases or the progression of brain diseases.

Disease Amino Acid Metabolites Sample and Literature p-Values

ASD

P-cresol

- f [42] p = 0.884

↑ f [39], f [41], * s/p [36], u [138,139]
p < 0.05, p = 0.04,
p < 0.05, p < 0.05,

p < 0.05

IAA, indolyl lactate ↑
u [143]

p < 0.001

IS ↑ p < 0.05

Indoles (indole, 3-methylindole) ↑ f [39] p < 0.05

Serotonin, GABA ↑ * s/p [36] p < 0.05

GABA ↓ f [41] p = 0.077

3-(3-hydroxyphenyl)-3-hydroxypropionic
acid, 3-hydroxyphenylacetic acid,

3-hydroxyhippuric acid
↑ * u [36] p < 0.05

PD

P-cresol ↑ * c [109], c [176], s [132], ccapa [163] p < 0.05, p = 0.0002,
p = 0.0028, p < 0.05

IAA
↓ s [172,173], * s [109] p = 0.0083, p = 0.0258,

p < 0.05

↑ * cp [109], u [170,171] p < 0.05, p b, p < 0.001

Indole ↑ * cp [109] p < 0.05

IS ↑ c a [163] p < 0.05

Catechol sulphate, hippuric acid,
3-hydroxyhippuric acid, catechol sulphate,

3-(3-hydroxyphenyl)propionic acid,
indole-3-methyl acetate, 2-furoylglycine,

phenylethylamine

↓ * s [109] p < 0.05

Phenylactate, 3-(4-hydroxyphenyl)lactate ↑ * s [109] p < 0.05

3-(4-hydroxyphenyl)acetic acid, tryptamine,
phenylacetic acid, aminobenzoic acid,

hydroxybenzoic acid
↑ u [170,171] p < 0.05

Phenylacetylglutamine ↑ s [132] p = 0.004

Quinic acid ↑ * c [109] p < 0.05

Trimethylamine, threonate ↓ * p [109] p < 0.05

Benzoic acid, 3-(4-hydroxyphenyl)acetic acid ↓ * cp [109] p < 0.05

MS Aryl hydrocarbon receptor agonists ↓ s [182] p < 0.05

This table shows the differences of AAM levels of various sample materials from human patients compared to healthy controls. p-values are
listed in the last column while the significant date is written in bold letters. ↑ symbolizes increased, ↓ decreased, whereas—symbolizes no
change in the metabolite levels found in cohorts with the specific disease. Sample material is noted as f = faecal; s = serum; c = cerebrospinal
fluid; p = plasma; u = urine; s/p = blood samples with the associated reference as numbers in brackets. References noted with “*” are
sourced from reviews. p-values < 0.05 are marked in bold letters. a correlated with progression of disease. b (p = 0.00364 PD in early stage
of disease, p < 0.001 PD in mid-stage, p = 0.056 PD in late-stage compared to HC). (For example: ccapa = altered cerebrospinal fluid sample,
and altered cerebrospinal as well as plasma samples which correlate with disease progression). IAA = indoleacetic acid; IS = indoxyl
sulphate; GABA = gamma-aminobutyric acid; IPA = indole propionic acid.
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4.2. Other Metabolites

4.2.1. Trimethylamine N Oxide (TMAO)

The gut bacterial fermentation of dietary L-carnitine and phosphatidylcholine, which
are abundant in red meat, produces trimethylamine (TMA). The following hepatic oxidiza-
tion by flavin-containing monooxygenase 1 and 3 (FMO1 and FMO3) produces trimethy-
lamine N oxide (TMAO), a metabolite frequently linked to increased risk of cardiovascular,
metabolic and cerebrovascular disease, whether as a mediating factor, marker or by-
stander of disease [185–188]. Recent studies have detected TMAO in human cerebrospinal
fluid (CSF), thus establishing its presence in the brain beyond the cerebrovascular sys-
tem [188,189]. It is to mention that TMAO plasma levels are subject to factors besides gut
microbiome composition, namely diet and liver enzyme activity. It is presently unclear how
much circulating levels in the CSF depend on the de novo biosynthesis of TMAO in the
brain. Recent studies have shown, however, strong correlations between CSF and plasma
levels, suggesting that TMAO brain-levels largely derive from the availability in blood,
thus supporting the theory of peripheral TMAO reaching the CNS [163]. Interestingly,
TMAO plasma levels were found to be significantly higher in elderly humans as well
as in aged mice compared to their respective younger groups [190–193]. This would be
coherent with recently reported associations between shifts in gut microbiota and presence
of neurodegenerative disorders [89,110,194].

By assessing TMAO CSF levels in volunteers with AD dementia, mild cognitive
impairment (MCI) and healthy controls (HC), as well as correlations between TMAO
CSF levels and biomarkers of AD and neurodegeneration, Vogt et al. [188] have reported
the potential involvement of TMAO in AD. They found significantly higher CSF levels
of TMAO in the AD and MCI groups compared to HC, with no differences between
AD and MCI [195], all while controlling for age, sex and APOE ε4 genotype. Moreover,
they discovered CSF TMAO levels to be significantly correlated with AD biomarkers that
indicate a connection to tau pathology and axonal injury. Congruously, a different study
observed plasma TMAO levels to be inversely correlated with cognitive functions (working
memory, episodic memory and fluid cognition) in middle-aged to older adults [193].

Conversely, a recent study reported no differences in TMAO levels between CSF
samples from PD patients and HCs. Nevertheless, significant TMAO elevations were
detected in PD patients with motor fluctuations compared to those without (Table 7), thus
pointing to a role of TMAO in disease progression [163].

Table 7. Other bacterial metabolites correlated with brain diseases or progression in humans.

Disease Metabolite Change Literature

AD TMAO ↑ c [188]
MCI TMAO ↑ c [188]
PD TMAO ↑ cappa [163]

ASD Isopropanol ↑ f [41]
AD = Alzheimer’s disease; MCI = mild cognitive impairment; PD = Parkinson’s disease, ASD = autism spectrum
disorder; TMAO = trimethylamine N oxide, a correlated with the progression of disease. Significance of data is
p ≤ 0.05. ↑ symbolizes increased metabolite levels found in cohorts with the specific disease compared to healthy
controls. Sample material is noted as f = faecal, c = cerebrospinal fluid, p = plasma sample with the associated
reference as numbers in brackets.

Researchers have previously mentioned shared pathological arteriosclerotic and in-
flammatory mechanisms between cardiovascular and dementia-associated cerebrovascular
diseases [93]. Literature on vascular cognitive impairment (VCI), a broad definition encom-
passing cognitive disorders with associations to any kind of cerebral vascular brain injury,
further proposed that risk factors for VCI, including hypertension, hypercholesterolemia,
diabetes mellitus, atrial fibrillation and others, might overlap the ones for AD [196]. Ad-
ditionally, results in genetically modified mice previously indicated TMAO to cause the
progression of atherosclerosis, a risk factor for dementia [195,197]. TMAO was further
implicated with decreased reverse cholesterol transport in mice [198] and enhanced platelet
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hyperreactivity and thrombosis risk in mice and human subjects [199]. This might suggest
a vascular aspect of the mechanism by which this bacterial metabolite might take part in
the pathophysiology of AD. However, as Vogt et al. [188] found, differences in TMAO
levels between healthy controls, MCI and AD groups were independent from traditional
cardiovascular disease risk factors such as body mass index, blood pressure, cholesterol
and fasting glucose. Positive associations between TMAO levels and biomarkers for AD
and neurodegeneration were also further controlled for peripheral vascular disease risks
factors, thus implying that TMAO might affect neurodegeneration by other means than
vascular mechanisms. Overall, whether and to what extent TMAO might influence AD by
the promotion of vascular disfunction is still to be determined at this point in time.

In studies investigating TMAO’s involvement in other mechanisms of neurological
diseases, this bacterial metabolite was proposed to weaken the BBB by downregulating
tight junction proteins in humans [200]. After reaching the CNS, TMAO was shown
to promote neuronal senescence in the hippocampus and cognitive impairment in mice
by increasing oxidative stress, disturbing mitochondrial dysfunction and inhibiting the
mammalian target of rapamycin (mTOR) signalling, which increased synaptic damage
as well as reduced synaptic plasticity-related proteins [190]. A study with the APP/PS1
transgenic mice model of AD indicated higher TMAO-levels in plasma to be associated
with cognitive and pathological deterioration, while treatment with the TMA formation
inhibitor 3,3-Dimethyl-1-butanol (DMB) alleviated cognitive deterioration and defective
synaptic plasticity [191]. Furthermore, DMB treatment managed to reduce hippocampal
neuroinflammation and AD-associated pathologies like Aβ42, β-secretase and βCTF (β-
secretase-cleaved C-terminal fragment) levels in APP/PS1 mice [191]. Similarly, a different
transgenic mouse model of AD (3x Tg-AD) displayed significantly elevated plasma and
brain TMAO levels in comparison to healthy controls in a recent study by Govindarajulu
et al. [192]. They further incubated hippocampal brain slices of wild-type mice with
TMAO and found deficits in synaptic plasticity, impaired synaptic transmission, altered
presynaptic and reduced postsynaptic glutamatergic receptor units, as well as induced
endoplasmatic reticulum (ER)-mediated protein kinase RNA-like endoplasmic reticulum
kinase (PERK) pathway [192]. Another study has further indicated TMAO to impair
cognitive function by promoting neuroinflammation and astrocyte activation in mice [193].
In addition to the association between TMAO levels and neuroinflammation and astrocyte
activation in older mice, TMAO supplementation in young mice for six months exhibited a
decline in memory and learning (assessed through the novel object recognition test) and
indeed, elevated markers for neuroinflammation and astrocyte activation. Furthermore,
human astrocyte cultures incubated with TMAO showed altered cellular morphology
and markers indicating astrocyte activation, thus proposing a direct effect of TMAO on
astrocytes [193]. Overall, all of these preclinical findings suggest that TMAO may provoke
cognitive impairment by promoting neuroinflammation, AD-related amyloid formation,
oxidative stress, as well as deficits in synaptic plasticity and function by promoting ER
stress-mediated PERK signalling pathways.

Additionally, an in silico study detected significant correlations between TMAO-
related genes and AD biomarkers in nine potential genetic pathways involved in both,
that might underline the proposition for TMAO as a strong biomarker for AD [201].
Those nine pathways include in no specific order: the metabolism of proteins; immune
system; adaptive immune system; Alzheimer’s disease; axon guidance; amyotrophic lateral
sclerosis (ALS); erythropoietin-producing human hepatocellular receptor A (EPHA) and
B (EPHB) forward signalling and metabolism of lipids and lipoproteins. These findings
might be used as groundwork for investigations of specific pathways that might elucidate
a diet-microbial metabolite–brain disease axis.

Curiously, studies in mice and in vitro models reported disease-mediating as well as
protective mechanisms by TMAO on processes in neurodegenerative disorders such as a
reduction in amyloid aggregation in AD and PD, thus providing a new potential therapeutic
target [22,200]. However, more congruous study results have been reviewed and reported

235



Nutrients 2021, 13, 732

on the pro-inflammatory effects of increased TMAO plasma concentrations [200]. These
reports underline the need for further studies on TMAO and its combined effects on
enhanced circulating pro-inflammatory mediators that can potentially cross a TMAO-
induced disturbed BBB to a greater extent, and therefore promote the aforementioned
neuroinflammatory and neurodegenerative effects in the brain.

Some gut bacteria found to be significantly associated with enhanced plasma TMAO
were the genera Prevotella, Mitsuokella, Fusobacterium, Desulfovibrio, Methanobrevibacter
smithii, and some from the Lachnospiraceae and Ruminococcaceae families [186] (Table 8).
Three of those genera belong to the Bacteroidetes and six to the Firmicutes class, con-
gruous with a recent study in dementia [93] that showed a significantly higher Firmi-
cutes/Bacteroidetes ratios in demented individuals with MRI-detected silent lacunar in-
farctions, as well as strong correlations between dementia and low counts of Bacteroides
along with higher counts of ‘other bacteria’. Additional sources have reported the fol-
lowing TMA-producing genera: Anaerococcus, Clostridium, Escherichia, Proteus, Providencia
and Edwardsiella [22]. Overall, future work is strongly advised to address and investigate
TMAO brain levels and any correlations with the gut microbiome.

Carnitine Analogues

Given that gut metabolites related to carnitine such as TMAO affect the GBA, re-
searchers have recently discovered two new potentially brain active metabolites, namely
the carnitine analogues 3-methyl-4-(trimethylammonio)butanoate (3M4-TMAB) and 4-
(trimethylammonio)pentanoate (4-TMAP) [202]. These compounds are generated by gut
bacteria from the family Lachnospiraceae (Clostridiales symbosium and clostridioforme) (Table
8) and were absent in both the gut and brain of GF mice but present in controls, thus sug-
gesting that gut microbiota may be responsible for their presence in the brain. Importantly,
these compounds were found in identical regions of white matter of the brain as carnitine
and showed an inhibition of carnitine-mediated fatty acid oxidation (FAO) in a murine
cell culture model of CNS white matter [202]. FAO is crucial for neuronal energy home-
ostasis, and inborn errors of this system may link faulty neuronal stem cell self-renewal to
ASD [203,204]. Considering these findings and that increased abundance of Clostridia have
been linked to ASD and other neurodevelopmental disorders [205], faulty FAO promoted
by bacterial metabolites might be an important topic to explore in the future.

4.2.2. Polyphenolic Metabolites

Polyphenols derived from dietary sources are metabolized by human gut microbes
to phenolic acids. Research has shown gut microbial metabolites of dietary polyphenols
to accumulate in brain tissue and to modulate α-synuclein misfolding, aggregation and
neurotoxicity in vitro and in an animal models [206]. Among those metabolites were
3-hydroxybenzoic acid (3-HBA), 3-(3-hydroxyphenyl)propionic acid (3-HPPA) and 3,4-
dihydroxybenzoic acid (3,4-diHBA). Further investigations led to the detection of B. ovatus
as a producer of the aforementioned metabolites that were converted from the dietary
polyphenols (+)-catechin (C) and (−)-epicatechin (EC). C/EC-independent production
of 3,4-diHBA, 3-HBA and dihydrocaffeic acid (DHCA), a circulating anti-inflammatory
phenolic acid, also occurred through B. ovatus, E. lenta and E. coli (Table 8). In earlier stud-
ies, 3-HPPA and 3-HBA were shown to ameliorate Aβ-peptide misfolding [207], therefore
underlining the potential of bacterial polyphenolic metabolites to protect from neuro-
toxic protein-aggregation and neurodegenerative disorders like AD and PD. Additional
gut bacterial metabolism-derived polyphenols, particularly enerolactone and enterodiol,
aryl-γ-valerolactone metabolites and urolithin A/B, exhibit polyphenolic neuroprotective
properties [208]. Two studies have further summarized mechanisms by which brain func-
tion could be influenced by bioactive microbe-derived metabolites of polyphenols [209,210].
Direct neuroprotective impacts include modulating neuronal receptors, antioxidation, anti-
inflammation and overall neuroprotective effects. Indirect mechanisms encompass the
modulation of gut microbial homeostasis by supporting beneficial bacteria while decreas-
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ing pathogens, as well as improving cerebrovascular health by increased nitrogen oxide
levels and vasodilatory response. Limits of the summarized findings were put by their
in vitro and ex vivo-based designs.

The ability to cross the BBB is crucial for metabolites to exert neuroactive properties
and ten microbe-derived polyphenolic metabolites were found to be capable of distributing
in rat brains after intravenous administration [211]: 4-hydroxyhippuric acid, homovanillic
acid, 4-hydroxybenzoic acid, vanillic acid, 3-HPPA, trans-ferulic acid, caffeic acid, gallic
acid, 3,4-dihydroxyphenyl acetic acid and urolithin B. Taken together, the neuroactive
potential of bioactive gut microbe-derived metabolites of dietary polyphenols is promising
but the mode of action of these metabolites need further in depth elucidation.

Phenolic Compounds

Ferulic acid (FA), a phenolic compound, has been the focus of a handful of studies
researching the GBA and has been proposed a role in cognitive development and neuropro-
tection. Sources of ferulic acid are plants and seeds in the human diet, as well as from gut
microbial biosynthesis from dietary cyanidin, catechin and epicatechin. Some beneficial
properties of FA are protection from oxidative neurological damage by ROS scavenging,
neural stem cell stimulation, and the direct inhibition of Aβ aggregation [8,212–214].

Dysfunctions in Pavlovian fear extinction learning are involved in anxiety and fear-
associated neuropsychiatric disorders such as PTSD [215,216]. Recently, four bacterial
metabolites, of which three were phenolic compounds (phenyl sulphate, pyrocatechol
sulphate and 3-(3-sulfooxyphenyl)propanoic acid), have been shown to be significantly
decreased in CSF, serum and faecal samples of GF or antibiotic treated mice showing
defective fear extinction learning. Further investigations discovered alterations of gene
expressions in the medial prefrontal cortex, immature-like microglia, as well as perturbed
structural and functional changes in neurons involved in learning processes [168].

4.2.3. Bacterial Amyloid Proteins

Amyloid proteins produced by bacteria have been an emerging subject of interest
in the study of pathophysiology in PD [109]. It was reported that bacterial amyloid
proteins, such as curli from E. coli, could induce the formation of human amyloid aggregates
by cross-seeding in a prion-like fashion, as well as promote inflammatory processes by
molecular mimicry [217]. The mechanism of cross-seeding was previously shown by curli-
induced serum amyloid A amyloidosis in mice [218]. This was further supported by a
hypothesis that the phenomenon of protein misfolding in neurodegenerative diseases might
originate from the gut, possibly via bidirectional vagal fibres bypassing the circulatory
system [108]. It is important to note that vagotomy has been associated with a lower risk
for PD [219] and a delayed αSyn dissemination when nervous structures connecting the
gut to the brain are severed [220]. Findings of αSyn aggregates in regions beyond the
brain, such as the enteric nervous system and olfactory bulb, point to the phenomenon that
the majority of PD patients experience gastrointestinal and olfactory dysfunctions long
before their diagnosis [221]. Interestingly, hyposmia has been associated with cognitive
decline, even in the context of AD [222]. A recent study observed that mice with αSyn
overexpression developed PD-like pathological traits after inoculation with curli-producing
E. coli. These mice displayed αSyn-aggregates in brain and gut tissues, as well as disturbed
motor and intestinal functions [223]. Furthermore, prior research reported significantly
increased amounts of αSyn aggregates in aged Fischer 344 rat brains and in Caenorhabditis
elegans after oral inoculation with curli-producing E. coli in comparison with subjects
colonized with identical strains lacking curli production. Moreover, exposure to curli-
producing E. coli stimulated immune activity in rat brains, represented by enhanced
neuroinflammatory markers, such as upregulated Toll-like receptor 2 (TLR2), interleukin
6, tissue necrosis factor, microgliosis and astrogliosis [224]. The similar immune response
pathways to bacterial amyloids by pathogen-associated molecular pattern recognition, and
the response to misfolded endogenous amyloids like αSyn and Aβ is intriguing. This

237



Nutrients 2021, 13, 732

illustrates the possibility that gut bacterial amyloids could prime the immune system for
a neuroinflammatory response to cerebral amyloid deposits, thus leading to enhanced
neuroinflammation and degeneration [217].

Species reported for curli-production are from the family Enterobacteriaceae, including
E. coli, Salmonella typhimurium, Citrobacter spcc., Cronobacter sakazakii and Proteus mirabilis.
This was recently deemed as conspicuous by researchers that observed enriched Enterobac-
teriaceae spp. in 31% of PD studies, as well as previous associations between P. mirabilis and
a PD mouse model [109]. Other residents of the human gut were also reported to generate
extracellular amyloids, namely Streptococcus, Staphylococcus, Mycobacteria, Klebsiella and
Bacillus spp. [217]. Overall, these studies provide a hypothesis that bacterial amyloids could
be key players in the pathogenesis of neurodegenerative diseases like PD and AD, with
data pointing to their effects on amyloid aggregation and on enhanced immunoreactions
in the CNS. This subject even motivated Friedland et al. [217] to propose the new term
“MAPRANOSIS—the process of microbiota-associated proteopathy and neuroinflamma-
tion”. However, some preclinical studies have implicated bacterial amyloids with increased
clearance and decreased neuroinflammation by means of activating microglia through the
receptor TREM2 [91]. Similarly, toll-like receptors 2 and 4 (TLRs) have shown contradicting
effects on amyloid-related neurotoxicity and clearance through microglial activation [225].
It is difficult to draw definite conclusions regarding the effect of gut bacterial amyloids on
AD and PD. Nevertheless, current data are strongly pointing to an existing connection.

Yang et al. [226] recently conducted the first study to observe implications of gut
dysbiosis and faecal metabolic changes in mice with prions disease, thus providing the
base for a new area of research in brain diseases with links to the gut microbiome. Of the
previously mentioned metabolites, SCFAs and Trp were decreased, while Tyr increased in
mice with prions disease. Furthermore, the microbiome of prion-infected mice harboured
distinct compositions from HC, namely enriched Lactobacillaceae, Helicobacteraceae and
decreased Prevotellaceae and Ruminococcaceae. Additionally, newly observed altered
faecal metabolites consisted of various glycerophospholipids, three secondary bile acids
and the toxic avermectin A2b. However, further research should investigate if these
compounds are derived from gut bacterial metabolism and whether they are biomarkers
or mediators of disease.

Table 8. Gut-residing bacteria found to correlate with the production of other metabolites.

Other Metabolites Taxa Study

TMA(O) Prevotella, Mitsuokella, Fusobacterium, Desulfovibrio, Methanobrevibacter
smithii; some from Lachnospiraceae and Ruminococcaceae [186]

TMA Anaerococcus, Clostridium, Escherichia, Proteus, Providencia, Edwardsiella [22]

curli Enterobacteriaceae (E. coli, Salmonella typhimurium, Citrobacter freundii,
Cronobacter sakazakii, Proteus mirabilis) [109]

curli E. coli [224]

curli Streptococcus, Staphylococcus, Mycobacteria, Klebsiella, Bacillus [217]

Nicotinamide Akkermansia muciniphila [227]

3-HBA, 3,4diHBA, DHCA Bacteroides ovatus [206]

3-methyl-4-(trimethylammonio)butanoate,
4-(trimethylammonio)pentanoate Lachnospiraceae (Clostridiales): C.clostridioforme, C.symbosium [202]

TMA(O) = trimethylamine N oxide; TMA = trimethylamine; 3-HBA = 3-hydroxybenzoic acid; 3,4-diHBA = 3,4-dihydroxybenzoic acid;
DHCA = dihydrocaffeic acid. References are represented by numbers in brackets.

5. Discussion and Conclusions

Our collected data highlight the fact that research into GBA and the precise role of
bacterial metabolites as key contributors is still in its infancy. The majority of studies were
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conducted in preclinical animal or cell models and only a limited number of human studies
are contributing to the current knowledge.

Only a handful of human studies of brain diseases reported faecal SCFAs levels,
making it difficult to draw definitive conclusions. Our literature search captured five
studies in ASD, two in affective disorders, two in MS, one in PD and none in AD as of this
point in time. Nevertheless, an overall decrease in faecal SCFA levels in ASD, affective
disorders, MS and PD is apparent (Table 1). Importantly, an increase in one SCFA may
be levelled out by the decrease in another SCFA in the same study. AA and PA were
reported to be increased in faecal samples [39,42] in two studies, while BA was increased
in one [42]. Furthermore, one study observed no significant changes across all SCFAs
in ASD [41]. Therefore, it remains to be determined by in-depth studies of the human
intestinal metabolome, whether distinct patterns of SCFA levels are present and relevant in
different brain diseases.

Based on preclinical findings on how SCFA might impact the brain, the overall assump-
tion points to a beneficial role. The non-exhaustive list of reported effects includes improved
gut barrier and BBB integrity [19–22] and an overall shift towards anti-inflammatory pro-
cesses [13,28,29,74,75,91]. As HDACI, SCFAs can epigenetically modulate the maturation of
brain cells [28,84,87], enhance gene expression for enzymes relevant in catecholamine pro-
duction [23] and even shift the balance of the immune system towards anti-inflammatory
Treg cells and away from pro-inflammatory Th1 and Th17 cells [13,81,83]. Inflammatory
processes are known to be involved in MS and to take part in neurodegenerative diseases.
As SCFA levels tend to be decreased in most neurodegenerative diseases (Table 1), we
might assume that a perturbed gut microbiome might lead to impaired SCFA production of
gut bacteria, which might then deplete the beneficial anti-inflammatory effects on the CNS.

Regarding non-SCFA bacterial metabolites, p-cresol has yielded the most human data
across studies. It is also the only metabolite with measurements in faecal samples that
correlated with brain disease, namely in patients with ASD. Taken all results together
(Table 6), p-cresol is significantly increased in faecal, urinary and blood samples of ASD, as
well in the CSF and serum of PD patients. CSF and plasma levels of p-cresol have moreover
shown to be correlated with the severity of PD [163]. This, and preclinical studies in mice
models implicating p-cresol with detrimental effects on the CNS [140,141], seem to be in
line with elevated levels in ASD and PD. The notion of involvements of p-cresol in ASD is
supported by the finding that 4EPS, a metabolite with structural similarities to p-cresol,
induces ASD-behaviour in mice.

Alterations in Trp metabolism were observed in human studies in ASD, PD and
MS. Significant assessments of Trp metabolites such as indole and indole derivatives are
mainly from non-faecal samples and have shown an overall increase in ASD, a decrease
in MS and inconsistent results in PD (Table 6). Nevertheless, it is important to mention
that two PD studies showed indole and indole derivatives to be increased in CSF [109,
163], a compartment closely connected to brain tissue. Furthermore, metagenomic tests
concluded that overall Trp metabolism pathways are enriched in the gut microbiome of
ASD patient cohorts, and that indole pathways are enhanced in PD microbiomes [135].
These metagenomic findings and the several reports on metabolite levels in patients seem to
indicate the presence of perturbed and enriched Trp metabolism in ASD and PD. Naturally,
the lack of studies testing for faecal metabolites in humans, as well as the inconsistencies
within results in PD stress the limitation to unequivocally determine distinct patterns by
which our gut bacteria alter Trp metabolism in various brain diseases.

Several probable mechanisms by which Trp metabolites might exert their impact were
identified. Preclinical studies have indicated that indole and its derivatives (indole, IS, IPA,
indole-3-aldehyde, IAA) might actually be able to limit neuroinflammation by acting as
agonists on the AHR [109,182] (Figure 3). Furthermore, a shift in Trp-metabolism away
from 5-HT production might partly explain the worsening of disease in individuals who
are responsive to treatment with selective serotonin-reuptake inhibitors (SSRIs) [146,147].
Thus, a decrease in Trp availability might be connected to brain diseases, which is further
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exemplified by Trp-depletion experiments in depressed human cohorts and mice models of
MS [146,147,182]. It might further be of interest that IPA was reported to ameliorate toxic
ROS activity in the brain [135]. On the other hand, IS has induced oxidative stress in animal
and in vitro studies [163,164], as well as displayed potential neurotoxic effects in mice
through perturbed microglial and astrocyte function [165]. Moreover, an overproduction
of indole was associated with anxiety and depression levels in rats [155]. Taken together,
these results imply that alterations in the gut bacterial metabolism of AAA, whether it is
Tyr-derived p-cresol or Trp-derived indole metabolites, could contribute to brain diseases.

The question as to whether gut bacterial amyloids like curli might contribute to
or alleviate diseases with an accumulation and aggregation of misfolded proteins and
neuroinflammation, cannot be unequivocally answered yet. Nevertheless, the current
evidence on bacterial amyloids implies that there might be more to bacterial metabolites
with connections to the brain beyond SCFAs and AAM.

The majority of evidence presented here is derived from preclinical studies, such as
in vivo studies in transgenic animals, in germ-free animals or animals exposed to early-
life alterations of the gut microbiota including pathogens, probiotics, or antibiotics. The
validity of drawing decisive conclusions for the human physiology from animal studies
is therefore conceivably limited. Moreover, the information on taxonomical alterations
and associations to metabolites and diseases is non-exhaustive since this study focused
on bacterial metabolites. The objective was to assess bacterial metabolites independently
as probable determinants of disease, thus shifting the focus away from their producers.
The need for further work in deciphering the vast and intricate correlations between
gut microbial communities, faecal metabolites and the presence of brain dysfunction, is
definitely acknowledged and deemed as necessary.

Results regarding the potential protective or aggravating role of bacterial metabo-
lite groups on brain diseases are still few and require additional confirmation. A final
assessment of the importance of faecal metabolomic changes in brain diseases, however,
is problematic as of now. The difficulties lie in the heterogeneity of disease manifesta-
tions and varying technological methods to assess varying sample sources. Furthermore,
confounders like gender, genetics, dietary factors, medication and lifestyle, as well as
subtypes of bacterial species, might contribute to insignificant or falsified results. Therefore,
additional independent research applying methodical standardization is essential to en-
sure comparable and reproducible data. Determining not only taxonomical data, but also
conducting functional analyses through metagenomic and metabolomic testing of faecal
samples would crucially increase the robustness of discovered associations. This might
further develop, confirm or refute today’s initial findings on correlations between bacterial
metabolites and brain diseases. Interests lie in the discovery and unravelment of GBA
mechanisms, as well as the study of bacterial metabolites as promising key contributors
to brain diseases. Successful findings of such might be crucial in identifying aetiological
and pathophysiological processes, thus efficaciously supporting future research in novel
treatments and the prevention strategies of brain diseases.
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Abbreviations

CNS central nervous system
SCFA short-chain fatty acids
AAM amino acid metabolites
ASD autism spectrum disorder
MS multiple sclerosis
PD Parkinson’s disease
AD Alzheimer’s disease
GIT gastrointestinal tract
GBA gut–brain axis
BBB blood–brain barrier
BA butyric acid
PA propionic acid
AA acetic acid
VA valeric acid
TMAO trimethylamine N-oxide
IS indoxyl sulphate
4EPS 4-ethylphenylsulfate
IAA indole acetic acid
IPA indole propionic acid
IBS irritable bowel syndrome
GF germ free
WT wild type
HDACI histone deacetylase inhibition/inhibitor
NT neurotypical
FMT faecal microbiome transplants
HC healthy controls
DBH dopamine beta-hydroxylase
MDD major depressive disorder
HAB high anxiety-like behaviour
NaB sodium butyrate
αSyn alpha-synuclein protein
AAA aromatic amino acids
Tyr tyrosine
Phe phenylalanine
Trp tryptophan
5-HT serotonin
ATD acute tryptophan depletion
DA dopamine
AHR aryl hydrogen receptor
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M.; Marlicz, W.; Czerwińska-Rogowska, M.; et al. Faecal Short Chain Fatty Acids Profile is Changed in Polish Depressive Women.
Nutrients 2018, 10, 1939. [CrossRef] [PubMed]

68. Deng, F.L.; Pan, J.X.; Zheng, P.; Xia, J.J.; Yin, B.M.; Liang, W.W.; Li, Y.F.; Wu, J.; Xu, F.; Wu, Q.Y.; et al. Metabonomics reveals
peripheral and central short-chain fatty acid and amino acid dysfunction in a naturally occurring depressive model of macaques.
Neuropsychiatr. Dis. Treat. 2019, 15, 1077–1088. [CrossRef] [PubMed]

69. Kelly, J.R.; Borre, Y.; O’Brien, C.; Patterson, E.; El Aidy, S.; Deane, J.; Kennedy, P.J.; Beers, S.; Scott, K.; Moloney, G.; et al.
Transferring the blues: Depression-associated gut microbiota induces neurobehavioural changes in the rat. J. Psychiatr. Res. 2016,
82, 109–118. [CrossRef] [PubMed]

70. Caspani, G.; Kennedy, S.; Foster, J.A.; Swann, J. Gut microbial metabolites in depression: Understanding the biochemical
mechanisms. Microb. Cell 2019, 6, 454–481. [CrossRef] [PubMed]

71. Fond, G.; Loundou, A.; Hamdani, N.; Boukouaci, W.; Dargel, A.; Oliveira, J.; Roger, M.; Tamouza, R.; Leboyer, M.; Boyer, L.
Anxiety and depression comorbidities in irritable bowel syndrome (IBS): A systematic review and meta-analysis. Eur. Arch.

Psychiatry Clin. Neurosci. 2014, 264, 651–660. [CrossRef]
72. Schmidtner, A.K.; Slattery, D.A.; Gläsner, J.; Hiergeist, A.; Gryksa, K.; Malik, V.A.; Hellmann-Regen, J.; Heuser, I.; Baghai, T.C.;

Gessner, A.; et al. Minocycline alters behavior, microglia and the gut microbiome in a trait-anxiety-dependent manner. Transl.

Psychiatry 2019, 9, 223. [CrossRef] [PubMed]
73. Pryde, S.E.; Duncan, S.H.; Hold, G.L.; Stewart, C.S.; Flint, H.J. The microbiology of butyrate formation in the human colon. FEMS

Microbiol. Lett. 2002, 217, 133–139. [CrossRef]
74. Haase, S.; Haghikia, A.; Wilck, N.; Muller, D.N.; Linker, R.A. Impacts of microbiome metabolites on immune regulation and

autoimmunity. Immunology 2018, 154, 230–238. [CrossRef] [PubMed]
75. Kim, C.H.; Park, J.; Kim, M. Gut microbiota-derived short-chain Fatty acids, T cells, and inflammation. Immune Netw. 2014,

14, 277–288. [CrossRef] [PubMed]
76. Miller, A.H.; Raison, C.L. The role of inflammation in depression: From evolutionary imperative to modern treatment target. Nat.

Rev. Immunol. 2016, 16, 22–34. [CrossRef] [PubMed]
77. Van de Wouw, M.; Boehme, M.; Lyte, J.M.; Wiley, N.; Strain, C.; O’Sullivan, O.; Clarke, G.; Stanton, C.; Dinan, T.G.; Cryan, J.F. Short-

chain fatty acids: Microbial metabolites that alleviate stress-induced brain-gut axis alterations. J. Physiol. 2018, 596, 4923–4944.
[CrossRef]

78. Jamshidian, A.; Shaygannejad, V.; Pourazar, A.; Zarkesh-Esfahani, S.H.; Gharagozloo, M. Biased Treg/Th17 balance away from
regulatory toward inflammatory phenotype in relapsed multiple sclerosis and its correlation with severity of symptoms. J.

Neuroimmunol. 2013, 262, 106–112. [CrossRef]
79. Jangi, S.; Gandhi, R.; Cox, L.M.; Li, N.; von Glehn, F.; Yan, R.; Patel, B.; Mazzola, M.A.; Liu, S.; Glanz, B.L.; et al. Alterations of the

human gut microbiome in multiple sclerosis. Nat. Commun. 2016, 7, 12015. [CrossRef] [PubMed]
80. Chen, J.; Chia, N.; Kalari, K.R.; Yao, J.Z.; Novotna, M.; Paz Soldan, M.M.; Luckey, D.H.; Marietta, E.V.; Jeraldo, P.R.; Chen, X.;

et al. Multiple sclerosis patients have a distinct gut microbiota compared to healthy controls. Sci. Rep. 2016, 6, 28484. [CrossRef]
[PubMed]

244



Nutrients 2021, 13, 732

81. Zeng, Q.; Junli, G.; Liu, X.; Chen, C.; Sun, X.; Li, H.; Zhou, Y.; Cui, C.; Wang, Y.; Yang, Y.; et al. Gut dysbiosis and lack of short
chain fatty acids in a Chinese cohort of patients with multiple sclerosis. Neurochem. Int. 2019, 129, 104468. [CrossRef]

82. Xiao, S.; Jiang, S.; Qian, D.; Duan, J. Modulation of microbially derived short-chain fatty acids on intestinal homeostasis,
metabolism, and neuropsychiatric disorder. Appl. Microbiol. Biotechnol. 2020, 104, 589–601. [CrossRef] [PubMed]

83. Melbye, P.; Olsson, A.; Hansen, T.H.; Sondergaard, H.B.; Bang Oturai, A. Short-chain fatty acids and gut microbiota in multiple
sclerosis. Acta Neurol. Scand. 2019, 139, 208–219. [CrossRef] [PubMed]

84. Chen, T.; Noto, D.; Hoshino, Y.; Mizuno, M.; Miyake, S. Butyrate suppresses demyelination and enhances remyelination. J.

Neuroinflamm. 2019, 16, 165. [CrossRef] [PubMed]
85. Dopkins, N.; Nagarkatti, P.S.; Nagarkatti, M. The role of gut microbiome and associated metabolome in the regulation of

neuroinflammation in multiple sclerosis and its implications in attenuating chronic inflammation in other inflammatory and
autoimmune disorders. Immunology 2018, 154, 178–185. [CrossRef] [PubMed]

86. Erkkinen, M.G.; Kim, M.O.; Geschwind, M.D. Clinical Neurology and Epidemiology of the Major Neurodegenerative Diseases.
Cold Spring Harb. Perspect. Biol. 2018, 10. [CrossRef]

87. Ahmed, S.; Busetti, A.; Fotiadou, P.; Vincy Jose, N.; Reid, S.; Georgieva, M.; Brown, S.; Dunbar, H.; Beurket-Ascencio, G.; Delday,
M.I.; et al. In vitro Characterization of Gut Microbiota-Derived Bacterial Strains with Neuroprotective Properties. Front. Cell.

Neurosci. 2019, 13, 402. [CrossRef]
88. Li, J.M.; Yu, R.; Zhang, L.P.; Wen, S.Y.; Wang, S.J.; Zhang, X.Y.; Xu, Q.; Kong, L.D. Dietary fructose-induced gut dysbiosis promotes

mouse hippocampal neuroinflammation: A benefit of short-chain fatty acids. Microbiome 2019, 7. [CrossRef]
89. Vogt, N.M.; Kerby, R.L.; Dill-McFarland, K.A.; Harding, S.J.; Merluzzi, A.P.; Johnson, S.C.; Carlsson, C.M.; Asthana, S.; Zetterberg,

H.; Blennow, K.; et al. Gut microbiome alterations in Alzheimer’s disease. Sci. Rep. 2017, 7, 13537. [CrossRef] [PubMed]
90. Zhuang, Z.Q.; Shen, L.L.; Li, W.W.; Fu, X.; Zeng, F.; Gui, L.; Lü, Y.; Cai, M.; Zhu, C.; Tan, Y.L.; et al. Gut Microbiota is Altered in

Patients with Alzheimer’s Disease. J. Alzheimers Dis. 2018, 63, 1337–1346. [CrossRef]
91. Bostanciklioglu, M. The role of gut microbiota in pathogenesis of Alzheimer’s disease. J. Appl. Microbiol. 2019, 127, 954–967.

[CrossRef]
92. Paley, E.L.; Merkulova-Rainon, T.; Faynboym, A.; Shestopalov, V.I.; Aksenoff, I. Geographical Distribution and Diversity of

Gut Microbial NADH:Ubiquinone Oxidoreductase Sequence Associated with Alzheimer’s Disease. J. Alzheimers Dis. 2018,
61, 1531–1540. [CrossRef]

93. Saji, N.; Niida, S.; Murotani, K.; Hisada, T.; Tsuduki, T.; Sugimoto, T.; Kimura, A.; Toba, K.; Sakurai, T. Analysis of the relationship
between the gut microbiome and dementia: A cross-sectional study conducted in Japan. Sci. Rep. 2019, 9, 1008. [CrossRef]

94. Nie, P.; Li, Z.; Wang, Y.; Zhang, Y.; Zhao, M.; Luo, J.; Du, S.; Deng, Z.; Chen, J.; Chen, S.; et al. Gut microbiome interventions in
human health and diseases. Med. Res. Rev. 2019, 39, 2286–2313. [CrossRef] [PubMed]

95. Zhang, L.; Wang, Y.; Xiayu, X.; Shi, C.; Chen, W.; Song, N.; Fu, X.; Zhou, R.; Xu, Y.F.; Huang, L.; et al. Altered Gut Microbiota in a
Mouse Model of Alzheimer’s Disease. J. Alzheimers Dis. 2017, 60, 1241–1257. [CrossRef]

96. Zheng, J.; Zheng, S.J.; Cai, W.J.; Yu, L.; Yuan, B.F.; Feng, Y.Q. Stable isotope labeling combined with liquid chromatography-tandem
mass spectrometry for comprehensive analysis of short-chain fatty acids. Anal. Chim. Acta 2019, 1070, 51–59. [CrossRef]

97. Fujii, Y.; Nguyen, T.T.T.; Fujimura, Y.; Kameya, N.; Nakamura, S.; Arakawa, K.; Morita, H. Fecal metabolite of a gnotobiotic
mouse transplanted with gut microbiota from a patient with Alzheimer’s disease. Biosci. Biotechnol. Biochem. 2019, 83, 2144–2152.
[CrossRef] [PubMed]

98. Mohajeri, M.H.; Leuba, G. Prevention of age-associated dementia. Brain Res. Bull. 2009, 80, 315–325. [CrossRef]
99. Ho, L.; Ono, K.; Tsuji, M.; Mazzola, P.; Singh, R.; Pasinetti, G.M. Protective roles of intestinal microbiota derived short chain fatty

acids in Alzheimer’s disease-type beta-amyloid neuropathological mechanisms. Expert Rev. Neurother. 2018, 18, 83–90. [CrossRef]
100. Sun, J.; Xu, J.; Ling, Y.; Wang, F.; Gong, T.; Yang, C.; Ye, S.; Ye, K.; Wei, D.; Song, Z.; et al. Fecal microbiota transplantation

alleviated Alzheimer’s disease-like pathogenesis in APP/PS1 transgenic mice. Transl. Psychiatry 2019, 9, 189. [CrossRef]
101. Peleg, S.; Sananbenesi, F.; Zovoilis, A.; Burkhardt, S.; Bahari-Javan, S.; Agis-Balboa, R.C.; Cota, P.; Wittnam, J.L.; Gogol-Doering,

A.; Opitz, L.; et al. Altered histone acetylation is associated with age-dependent memory impairment in mice. Science 2010,
328, 753–756. [CrossRef]

102. Govindarajan, N.; Agis-Balboa, R.C.; Walter, J.; Sananbenesi, F.; Fischer, A. Sodium butyrate improves memory function in an
Alzheimer’s disease mouse model when administered at an advanced stage of disease progression. J. Alzheimers Dis. 2011,
26, 187–197. [CrossRef]

103. Bourassa, M.W.; Alim, I.; Bultman, S.J.; Ratan, R.R. Butyrate, neuroepigenetics and the gut microbiome: Can a high fiber diet
improve brain health? Neurosci. Lett. 2016, 625, 56–63. [CrossRef] [PubMed]

104. Nguyen, T.D.; Prykhodko, O.; Fak Hallenius, F.; Nyman, M. Monovalerin and trivalerin increase brain acetic acid, decrease liver
succinic acid, and alter gut microbiota in rats fed high-fat diets. Eur. J. Nutr. 2019, 58, 1545–1560. [CrossRef]

105. Soliman, M.L.; Combs, C.K.; Rosenberger, T.A. Modulation of inflammatory cytokines and mitogen-activated protein kinases by
acetate in primary astrocytes. J. Neuroimmune Pharm. 2013, 8, 287–300. [CrossRef] [PubMed]

106. Marino, B.L.B.; de Souza, L.R.; Sousa, K.P.A.; Ferreira, J.V.; Padilha, E.C.; da Silva, C.H.T.P.; Taft, C.A.; Hage-Melim, L.I.S.
Parkinson’s Disease: A Review from Pathophysiology to Treatment. Mini-Rev. Med. Chem. 2020, 20, 754–767. [CrossRef]

107. Brettschneider, J.; Del Tredici, K.; Lee, V.M.; Trojanowski, J.Q. Spreading of pathology in neurodegenerative diseases: A focus on
human studies. Nat. Rev. Neurosci. 2015, 16, 109–120. [CrossRef] [PubMed]

245



Nutrients 2021, 13, 732

108. Braak, H.; Del Tredici, K.; Rüb, U.; de Vos, R.A.; Jansen Steur, E.N.; Braak, E. Staging of brain pathology related to sporadic
Parkinson’s disease. Neurobiol. Aging 2003, 24, 197–211. [CrossRef]

109. Van Kessel, S.P.; El Aidy, S. Bacterial Metabolites Mirror Altered Gut Microbiota Composition in Patients with Parkinson’s Disease.
J. Parkinsons Dis. 2019, 9, S359–S370. [CrossRef]

110. Gerhardt, S.; Mohajeri, M.H. Changes of Colonic Bacterial Composition in Parkinson’s Disease and Other Neurodegenerative
Diseases. Nutrients 2018, 10, 708. [CrossRef]

111. Hasegawa, S.; Goto, S.; Tsuji, H.; Okuno, T.; Asahara, T.; Nomoto, K.; Shibata, A.; Fujisawa, Y.; Minato, T.; Okamoto, A.;
et al. Intestinal Dysbiosis and Lowered Serum Lipopolysaccharide-Binding Protein in Parkinson’s Disease. PLoS ONE 2015,
10, e0142164. [CrossRef] [PubMed]

112. Scheperjans, F.; Aho, V.; Pereira, P.A.B.; Koskinen, K.; Paulin, L.; Pekkonen, E.; Haapaniemi, E.; Kaakkola, S.; Eerola-Rautio,
J.; Pohja, M.; et al. Gut microbiota are related to Parkinson’s disease and clinical phenotype. Mov. Disord. 2015, 30, 350–358.
[CrossRef] [PubMed]

113. Boertien, J.M.; Pereira, P.A.B.; Aho, V.T.E.; Scheperjans, F. Increasing Comparability and Utility of Gut Microbiome Studies in
Parkinson’s Disease: A Systematic Review. J. Parkinsons Dis. 2019, 9, S297–S312. [CrossRef] [PubMed]

114. Sanguinetti, E.; Collado, M.C.; Marrachelli, V.G.; Monleon, D.; Selma-Royo, M.; Pardo-Tendero, M.M.; Burchielli, S.; Iozzo, P.
Microbiome-metabolome signatures in mice genetically prone to develop dementia, fed a normal or fatty diet. Sci. Rep. 2018,
8, 4907. [CrossRef]

115. Kim, S.; Kwon, S.H.; Kam, T.I.; Panicker, N.; Karuppagounder, S.S.; Lee, S.; Lee, J.H.; Kim, W.R.; Kook, M.; Foss, C.A.; et al.
Transneuronal Propagation of Pathologic α-Synuclein from the Gut to the Brain Models Parkinson’s Disease. Neuron 2019,
103, 627–641.e7. [CrossRef]

116. Houser, M.C.; Tansey, M.G. The gut-brain axis: Is intestinal inflammation a silent driver of Parkinson’s disease pathogenesis? Npj

Parkinsons Dis. 2017, 3, 1–9. [CrossRef] [PubMed]
117. Unger, M.M.; Spiegel, J.; Dillmann, K.U.; Grundmann, D.; Philippeit, H.; Bürmann, J.; Faßbender, K.; Schwiertz, A.; Schäfer,

K.H. Short chain fatty acids and gut microbiota differ between patients with Parkinson’s disease and age-matched controls.
Parkinsonism Relat. Disord. 2016, 32, 66–72. [CrossRef]

118. Sampson, T.R.; Debelius, J.W.; Thron, T.; Janssen, S.; Shastri, G.G.; Ilhan, Z.E.; Challis, C.; Schretter, C.E.; Rocha, S.; Gradinaru, V.;
et al. Gut Microbiota Regulate Motor Deficits and Neuroinflammation in a Model of Parkinson’s Disease. Cell 2016, 167, 1469–
1480.e12. [CrossRef] [PubMed]

119. Sun, M.F.; Zhu, Y.L.; Zhou, Z.L.; Jia, X.B.; Xu, Y.D.; Yang, Q.; Cui, C.; Shen, Y.Q. Neuroprotective effects of fecal microbiota
transplantation on MPTP-induced Parkinson’s disease mice: Gut microbiota, glial reaction and TLR4/TNF-α signaling pathway.
Brain Behav. Immun. 2018, 70, 48–60. [CrossRef] [PubMed]

120. Wakade, C.; Chong, R. A novel treatment target for Parkinson’s disease. J. Neurol. Sci. 2014, 347, 34–38. [CrossRef]
121. Donohoe, D.R.; Garge, N.; Zhang, X.; Sun, W.; O’Connell, T.M.; Bunger, M.K.; Bultman, S.J. The microbiome and butyrate regulate

energy metabolism and autophagy in the mammalian colon. Cell Metab. 2011, 13, 517–526. [CrossRef]
122. Stefanko, D.P.; Barrett, R.M.; Ly, A.R.; Reolon, G.K.; Wood, M.A. Modulation of long-term memory for object recognition via

HDAC inhibition. Proc. Natl. Acad. Sci. USA 2009, 106, 9447–9452. [CrossRef]
123. Vecsey, C.G.; Hawk, J.D.; Lattal, K.M.; Stein, J.M.; Fabian, S.A.; Attner, M.A.; Cabrera, S.M.; McDonough, C.B.; Brindle, P.K.;

Abel, T.; et al. Histone deacetylase inhibitors enhance memory and synaptic plasticity via CREB:CBP-dependent transcriptional
activation. J. Neurosci. 2007, 27, 6128–6140. [CrossRef]

124. Sherwin, E.; Sandhu, K.V.; Dinan, T.G.; Cryan, J.F. May the Force Be With You: The Light and Dark Sides of the Microbiota-Gut-
Brain Axis in Neuropsychiatry. CNS Drugs 2016, 30, 1019–1041. [CrossRef] [PubMed]

125. Paiva, I.; Pinho, R.; Pavlou, M.A.; Hennion, M.; Wales, P.; Schütz, A.L.; Rajput, A.; Szego, M.É.; Kerimoglu, C.; Gerhardt, E.; et al.
Sodium butyrate rescues dopaminergic cells from alpha-synuclein-induced transcriptional deregulation and DNA damage. Hum.

Mol. Genet. 2017, 26, 2231–2246. [CrossRef]
126. Kidd, S.K.; Schneider, J.S. Protection of dopaminergic cells from MPP+-mediated toxicity by histone deacetylase inhibition. Brain

Res. 2010, 1354, 172–178. [CrossRef] [PubMed]
127. St. Laurent, R.; O’Brien, L.M.; Ahmad, S.T. Sodium butyrate improves locomotor impairment and early mortality in a rotenone-

induced Drosophila model of Parkinson’s disease. Neuroscience 2013, 246, 382–390. [CrossRef] [PubMed]
128. Namkung, H.; Kim, S.H.; Sawa, A. The Insula: An Underestimated Brain Area in Clinical Neuroscience, Psychiatry, and

Neurology: (Trends in Neuroscience 40, 200–207, 2017). Trends Neurosci. 2018, 41, 551–554. [CrossRef]
129. Van Kessel, S.P.; Frye, A.K.; El-Gendy, A.O.; Castejon, M.; Keshavarzian, A.; van Dijk, G.; El Aidy, S. Gut bacterial tyrosine

decarboxylases restrict levels of levodopa in the treatment of Parkinson’s disease. Nat. Commun. 2019, 10, 310. [CrossRef]
130. Marietta, E.; Horwath, I.; Taneja, V. Microbiome, Immunomodulation, and the Neuronal System. Neurotherapeutics 2018, 15, 23–30.

[CrossRef]
131. Rodriguez-Castano, G.P.; Dorris, M.R.; Liu, X.; Bolling, B.W.; Acosta-Gonzalez, A.; Rey, F.E. Bacteroides thetaiotaomicron Starch

Utilization Promotes Quercetin Degradation and Butyrate Production by Eubacterium ramulus. Front. Microbiol. 2019, 10, 1145.
[CrossRef]

246



Nutrients 2021, 13, 732

132. Cirstea, M.S.; Yu, A.C.; Golz, E.; Sundvick, K.; Kliger, D.; Radisavljevic, N.; Foulger, L.H.; Mackenzie, M.; Huan, T.; Finlay, B.B.;
et al. Microbiota Composition and Metabolism Are Associated with Gut Function in Parkinson’s Disease. Mov. Disord. 2020.
[CrossRef]

133. Gill, S.R.; Pop, M.; Deboy, R.T.; Eckburg, P.B.; Turnbaugh, P.J.; Samuel, B.S.; Gordon, J.I.; Relman, D.A.; Fraser-Liggett, C.M.;
Nelson, K.E. Metagenomic analysis of the human distal gut microbiome. Science 2006, 312, 1355–1359. [CrossRef]

134. Parthasarathy, A.; Cross, P.J.; Dobson, R.C.J.; Adams, L.E.; Savka, M.A.; Hudson, A.O. A Three-Ring Circus: Metabolism of the
Three Proteogenic Aromatic Amino Acids and Their Role in the Health of Plants and Animals. Front. Mol. Biosci. 2018, 5, 29.
[CrossRef]

135. Kaur, H.; Bose, C.; Mande, S.S. Tryptophan Metabolism by Gut Microbiome and Gut-Brain-Axis: An in silico Analysis. Front.

Neurosci. 2019, 13, 1365. [CrossRef] [PubMed]
136. Wikoff, W.R.; Anfora, A.T.; Liu, J.; Schultz, P.G.; Lesley, S.A.; Peters, E.C.; Siuzdak, G. Metabolomics analysis reveals large effects

of gut microflora on mammalian blood metabolites. Proc. Natl. Acad. Sci. USA 2009, 106, 3698–3703. [CrossRef] [PubMed]
137. Saito, Y.; Sato, T.; Nomoto, K.; Tsuji, H. Identification of phenol- and p-cresol-producing intestinal bacteria by using media

supplemented with tyrosine and its metabolites. FEMS Microbiol. Ecol. 2018, 94. [CrossRef]
138. Gabriele, S.; Sacco, R.; Cerullo, S.; Neri, C.; Urbani, A.; Tripi, G.; Malvy, J.; Barthelemy, C.; Bonnet-Brihault, F.; Persico, A.M.

Urinary p-cresol is elevated in young French children with autism spectrum disorder: A replication study. Biomarkers 2014,
19, 463–470. [CrossRef] [PubMed]

139. Altieri, L.; Neri, C.; Sacco, R.; Curatolo, P.; Benvenuto, A.; Muratori, F.; Santocchi, E.; Bravaccio, C.; Lenti, C.; Saccani, M.; et al.
Urinary p-cresol is elevated in small children with severe autism spectrum disorder. Biomarkers 2011, 16, 252–260. [CrossRef]

140. Pascucci, T.; Colamartino, M.; Fiori, E.; Sacco, R.; Coviello, A.; Ventura, R.; Puglisi-Allegra, S.; Turriziani, L.; Persico, A.M.
P-cresol Alters Brain Dopamine Metabolism and Exacerbates Autism-Like Behaviors in the BTBR Mouse. Brain Sci. 2020, 10, 233.
[CrossRef]

141. Gacias, M.; Gaspari, S.; Santos, P.M.; Tamburini, S.; Andrade, M.; Zhang, F.; Shen, N.; Tolstikov, V.; Kiebish, M.A.; Dupree, J.L.;
et al. Microbiota-driven transcriptional changes in prefrontal cortex override genetic differences in social behavior. Elife 2016, 5.
[CrossRef]

142. Hsiao, E.Y.; McBride, S.W.; Hsien, S.; Sharon, G.; Hyde, E.R.; McCue, T.; Codelli, J.A.; Chow, J.; Reisman, S.E.; Petrosino, J.F.;
et al. Microbiota modulate behavioral and physiological abnormalities associated with neurodevelopmental disorders. Cell 2013,
155, 1451–1463. [CrossRef]

143. Gevi, F.; Zolla, L.; Gabriele, S.; Persico, A.M. Urinary metabolomics of young Italian autistic children supports abnormal
tryptophan and purine metabolism. Mol. Autism 2016, 7, 47. [CrossRef]

144. Urrutia, A.; García-Angulo, V.A.; Fuentes, A.; Caneo, M.; Legüe, M.; Urquiza, S.; Delgado, S.E.; Ugalde, J.; Burdisso, P.; Calixto,
A. Bacterially produced metabolites protect C. elegans neurons from degeneration. PLoS Biol. 2020, 18, e3000638. [CrossRef]
[PubMed]

145. Hollister, E.B.; Riehle, K.; Luna, R.A.; Weidler, E.M.; Rubio-Gonzales, M.; Mistretta, T.A.; Raza, S.; Doddapaneni, H.V.; Metcalf,
G.A.; Muzny, D.M.; et al. Structure and function of the healthy pre-adolescent pediatric gut microbiome. Microbiome 2015, 3, 36.
[CrossRef]

146. Delgado, P.L.; Charney, D.S.; Price, L.H.; Aghajanian, G.K.; Landis, H.; Heninger, G.R. Serotonin function and the mechanism
of antidepressant action. Reversal of antidepressant-induced remission by rapid depletion of plasma tryptophan. Arch. Gen.

Psychiatry 1990, 47, 411–418. [CrossRef] [PubMed]
147. Young, S.N. Acute tryptophan depletion in humans: A review of theoretical, practical and ethical aspects. J. Psychiatry Neurosci.

2013, 38, 294–305. [CrossRef]
148. Clarke, G.; Grenham, S.; Scully, P.; Fitzgerald, P.; Moloney, R.D.; Shanahan, F.; Dinan, T.G.; Cryan, J.F. The microbiome-gut-brain

axis during early life regulates the hippocampal serotonergic system in a sex-dependent manner. Mol. Psychiatry 2013, 18, 666–673.
[CrossRef] [PubMed]
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