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Preface to ”"Nutrition for Musculoskeletal Health”

Malnutrition, mostly in the form of undernutrition, is highly prevalent among older adults,
especially in those who are institutionalized. The development of malnutrition during aging is often
the consequence of multiple concurring factors, including reduced appetite, sensory impairment
(in particular, taste and smell abnormalities), poor oral health, dysphagia, changes in gastrointestinal
function and motility, comorbidities, medications, social isolation, inactivity, depression, poverty, etc.
Regardless of the underlying cause(s), malnutrition increases the risk of adverse health-related events,
among which, musculoskeletal conditions (sarcopenia and osteoporosis) are especially worrisome.

The purpose of this book was to convene experts and opinion leaders in nutrition and
the musculoskeletal system to provide a multifaceted and comprehensive view of the impact of
malnutrition on musculoskeletal health during and in the setting of specific disease conditions.
The book showecases original articles and reviews addressing this subject through pre-clinical,
clinical, and translational approaches. Nutritional interventions aimed at improving overall
and musculoskeletal health in both humans and experimental models are also presented.
Selected contributions illustrate the prospect of using circulating amino acids, either alone or in
combination with inflammatory biomolecules and gut microbiota composition, as biomarkers for
sarcopenia. The variety of topics and the interdisciplinary content make the book appealing to a large
readership, from clinicians interested in implementing nutritional interventions in their daily practice
to researchers who may take cues for future studies on the subject.

Lastly, we would like to take the opportunity to thank the contributors, the reviewers, and the

MDPI editorial staff, whose scientific excellence, time, and dedication made this book a reality.

Matteo Cesari, Emanuele Marzetti
Editors
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Abstract: Time-restricted feeding (TRF) is a type of intermittent fasting in which no calories are
commonly consumed for approximately 12-18 hours on a daily basis. The health benefits of this
eating pattern have been shown in overweight adults, with improvements in cardiometabolic risk
factors as well as the preservation of lean mass during weight loss. Although TRF has been well
studied in younger and middle-aged adults, few studies have evaluated the effects of TRF in older
adults. Thus, the goal of this study was to evaluate older-adult perspectives regarding the real-world
advantages, disadvantages, and challenges to adopting a TRF eating pattern among participants
aged 65 and over. A four-week single-arm pre- and post-test design was used for this clinical pilot
trial TRF intervention study. Participants were instructed to fast for approximately 16 h per day
with the daily target range between 14 and 18 h. Participants were provided with the TRF protocol
at a baseline visit, along with a pictorial guide that depicted food items and beverages that were
allowed and not allowed during fasting windows to reinforce that calorie-containing items were to
be avoided. The trial interventionist called each participant weekly to promote adherence, review
the protocol, monitor for adverse events, and provide support and guidance for any challenges
faced during the intervention. Participants were instructed to complete daily eating time logs by
recording the times at which they first consumed calories and when they stopped consuming calories.
At the end of the intervention, participants completed an exit interview and a study-specific Diet
Satisfaction Survey (Table 1) to assess their satisfaction, feasibility, and overall experience with the
study intervention. Of the 10 participants who commenced the study (mean age = 77.1 y; 6 women, 4
men), nine completed the entire protocol. Seven of the ten participants reported easy adjustment to
a 16-hour fast and rated the difference from normal eating patterns as minimal. Eight participants
reported no decrease in energy during fasting periods, with greater self-reported activity levels in
yardwork and light exercise. Adverse events were rare, and included transient headaches, which
dissipated with increased water intake, and dizziness in one participant, which subsided with a small
snack. The findings of the current trial suggest that TRF is an eating approach that is well tolerated
by most older adults. Six participants, however, did not fully understand the requirements of the
fasting regimen, despite being provided with specific instructions and a pictorial guide at a baseline
visit. This suggests that more instruction and/or participant contact is needed in the early stages of a
TRF intervention to promote adherence.

Keywords: weight loss; intermittent fasting; fat loss; sarcopenia; body composition

Nutrients 2020, 12, 874; doi:10.3390/nu12030874 1 www.mdpi.com/journal/nutrients
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1. Introduction

Aging is often associated with a host of biological changes that contribute to a progressive decline
in cognitive and physical function, frequently leading to a loss of independence and increased risk
of mortality. The life expectancy of adults in many industrialized countries continues to increase [1],
with persons aged >65 years representing the fastest growing segment of the US population [2]. While
prolongation of life remains an important public health goal, of even greater significance is the extension
of healthspan, often defined as continued intact functional capacity, and delay of the physiological
changes that result in disease and disability [3,4]. For these reasons, there is a longstanding interest
in understanding the biopsychosocial and functional determinants of successful aging [5]. Although
many factors can contribute to functional decline, loss of muscle mass (sarcopenia) in particular, has
been consistently linked to functional decline during aging [6].

Globally, sarcopenia has become a major health challenge, and is now recognized as a medical
condition across the world [7,8]. In a recent multi-ethnic study (MEMOSA—Multi-Ethnic Molecular
determinants of Sarcopenia) involving participants from Singapore, the UK, and Jamaica [9], the
genome-wide transcriptomic profiles of skeletal muscle biopsies in 119 older men diagnosed with
sarcopenia compared with age-matched controls were examined using high-coverage RNA sequencing.
The novel and important finding of this study was that mitochondrial bioenergetic dysfunction was
the strongest molecular signature of sarcopenia in men irrespective of ethnicity. Specifically, sarcopenia
was associated with major impairments of oxidative phosphorylation, mitochondrial dynamics, and
mitochondrial quality. Such findings strongly suggest links between mitochondrial health, muscle
quality, and physical function in older adults.

Exercise is widely known to improve mitochondrial health, potentially by providing a hormetic
challenge that induces mitochondrial biogenesis [10]. Another potential intervention strategy for
enhancing the metabolic flexibility of the mitochondria is intermittent fasting (IF), or more specifically,
time-restricted feeding (TRF) [11]. This type of eating pattern involves a cessation in caloric intake
commonly for 12-18 hours daily and has been shown to be sufficient to induce the metabolic switch
from glucose to ketones as a source of energy for the mitochondria [12-14]. Specifically, this shift in
metabolism takes place when nutrient availability is low and occurs at the point of negative energy
balance when liver glycogen stores are depleted and fatty acids are mobilized (typically beyond 12 h
after cessation of caloric intake) [15,16].

In contrast to traditional caloric restriction paradigms, food is not consumed during designated
fasting time periods but is typically not restricted during designated eating time periods. The length
of the fasting time period can also vary but is frequently 12 or more continuous hours. There are
many types of intermittent fasting approaches, but the two most popular and well-studied approaches
are alternate day fasting (ADF) or alternate day modified fasting (ADMF) and TRF. Alternate day or
alternate day modified fasting involves consuming no or very little food on fasting days and then
alternating with a day of unrestricted food intake or a “feast” day. Time-restricted feeding interventions
differ from ADF interventions in that individuals engage in daily fasts between 14 and 18 hours.
Findings from a recent review indicate participants generally have high levels of adherence (range =
77% to 98%) with no serious adverse events to fasting regimens ranging in duration from two weeks to
one year [17].

Several clinical trials now indicate that a TRF eating pattern can reduce fat mass with retention
of lean mass in younger and middle-aged adults [18-21]; however, the effects of TRF are not well
understood in adults aged 65 and older. We recently reported that a four-week TRF eating pattern was
sufficient to induce weight loss and produce small but clinically meaningful improvements in physical
function in overweight older adults [22]. Although these findings are promising, they are limited by
the short duration of the intervention. Therefore, the present study aimed to better understand factors
affecting adherence and feasibility of TRF in an older adult population.
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2. Methods

As described previously [22], ten overweight, sedentary, older adults aged 65 and older with
mild to moderate functional limitations were recruited to participate in the Time to Eat pilot study.
All participants were living independently in the community. Primary outcomes were feasibility,
tolerability, and safety in overweight, sedentary older adults over four weeks using a single-arm
pre—post design. Secondary outcomes included changes in body weight, waist circumference, cognitive
and physical function, health-related quality of life, and adverse events [22]. The overarching goal of
the present study was to evaluate participant perspectives who were enrolled in the Time to Eat pilot
study regarding the real-world advantages, disadvantages, and challenges to adopting a TRF eating
pattern via weekly phone interviews, a diet satisfaction survey, and an exit interview during the study.

2.1. Intervention

A four-week TRF single-arm clinical pilot trial was employed to test the study objectives. All
participants were asked to abstain from any caloric intake during the targeted fasting window of 16
continuous hours and consume ad libitum during the eating window. Fasting times were chosen by
the participant and were allowed to vary each day. The first week involved a gradual increase to a full
16-hour fasting period (Days 1-3 fast for 12-14 hours per day, Days 4-6 fast for 14-16 hours per day,
Days 7-28 fast for 16 hours per day). Participants were encouraged to hydrate during fasting times.
There were no dietary restrictions on the amount or types of food consumed during the 8-h feeding
window, and participants were allowed to choose a time frame that best fit their lifestyle.

To promote adherence to the intervention, participants were provided with directions on how to
follow the TRF protocol at the baseline visit. During this visit, participants received a pictorial flyer for
future reference which depicted food items that were allowed and not allowed during fasting windows.
On the flyer, “Go Foods” were written in green (water, diet soda, unsweetened teas, sugar free gum,
black coffee) and “No Foods” were written in red (anything with calories, including coffee creamer,
sweet teas, alcohol, snacks, drinks with calories). Participants also received an eating time log, which
they were instructed to complete by recording the times when they first consumed calories and when
they stopped consuming calories each day.

The trial interventionist called each participant weekly to promote adherence, review the protocol,
monitor for adverse events, and provide support and guidance for any challenges faced during the
intervention. A semi-structured, open-ended interview guide was used for the calls to inquire about
daily activities, changes to normal routine, and any changes in health. During the call, the eating
time log was reviewed, and support and guidance were provided for any challenges faced due to the
intervention. An intervention-specific interview guide was used to routinely monitor adherence and
adverse events, and to obtain direct participant feedback at multiple time points throughout the trial.
The same questions were asked during each call, and calls concluded with open discussion. Participant
answers and comments were documented during the phone calls. The questions asked during each
phone call are displayed in Figure S1.

2.2. Adherence

Self-reported adherence to the study intervention was measured using the eating time log.
Participants were considered adherent if they fasted between 14-18 hours per day during weeks two
through four of the intervention. For this intervention, participants were allowed to pick the times of
day in which they fasted as well as their eating window.

2.3. Outcome Measures

Diet Satisfaction Survey. At the end of the intervention, participants completed a study-specific
Diet Satisfaction Survey (Table 1) to assess their satisfaction, feasibility, and overall experience with
the study intervention. The Diet Satisfaction Survey contained 22 items and categorically measured
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respondents’ attitudes by asking the extent to which they agreed or disagreed with a particular
statement on a 5-point Likert scale (strongly disagree, disagree, neutral, agree, and strongly agree). The
scores were summed and questions were grouped into one of three domains: biological, psychological,
and socio-environmental.

Table 1. Participant responses to the Diet Satisfaction Survey.

Strongly Disagree = Disagree Neutral Agree Strongly Agree

Questions %) %) %) %) %)
Biological
It was difficult to eat enough calories within the 8
hour window. 3(33) 4(44) 1(11) 1(11) 0(0)
I'would eat more than normal amount of food
during feeding period. an 566) 22 an 0O
I was uncomfortably hungry while fasting 0(0) 7(78) 1(11) 0(0) 1(11)
I'had less energy than usual while fasting. 3(33) 5(56) 0(0) 0(0) 1(11)
I'had difficulty falling asleep, staying asleep, or 222) 3(33) 333) 1a1) 0(0)
waking during fasting.
Psychological
Fasting became more difficult as study went on. 4(44) 2(22) 1(11) 1(11) 1(11)
Fasting became easier as the study went on. 0(0) 2(22) 1(11) 3(33) 3(33)
My mood improved while intermittent fasting. 0(0) 2(22) 6(67) 0(0) 1(11)
My mood worsened while intermittent fasting. 2(22) 1(11) 5(56) 1(11) 0(0)
Fasting was more dlffltcr\ilels than others previously 222) 3(33) 333) 0(0) 131)
My overall quality of lzlfiee:mproved during the IF 0(0) 222) 6(67) 1a1) 0(0)
I could continue to IF for 6 months. 1(11) 2(22) 0(0) 6(67) 0(0)
I could continue to IF for 12 months. 2(22) 2(22) 1(11) 4(44) 0(0)
I could continue to IF for 24 months. 3(33) 1(11) 3(33) 2(22) 0(0)
I plan to continue IF after this study. 0(0) 2(22) 2(22) 5(56) 0(0)
Iwould participate in this study again. 1(11) 1(11) 1(11) 5(56) 1(11)
Socio-environmental
I consumed all of my calories in one sitting. 3(33) 4(44) 1(11) 1(11) 0(0)
Fasting periods made tasks and work and home
more difficult. 2(22) 3(33) 2(22) 1(11) 1(11)
Fasting periods negatively impacted my Social life. 2(22) 3(33) 2(22) 2(22) 0(0)
It was inconvenient to restrict my food intake to an
8-hour time frame. 0(0) 4(44) 1(11) 3(33) 1(11)
If recommended by their doctor, I think people
would follow the IF diet. 00 o0 444 5(6) 0O
I would recommend this study to a friend. 1(11) 0(0) 2(22) 4(44) 2(22)

Exit Interview. Exit interviews were also conducted in person by the study interventionist during
the follow-up assessment visits. Interview format mirrored that of the weekly phone calls and included
additional questions measuring interest and the likelihood of continuing the TRF eating pattern. The
interview concluded by allowing the participant to offer future suggestions and modifications if desired.
The Specific Exit Interview Questions asked are displayed in Figure S2.

2.4. Analyses

Using the information obtained during the weekly phone calls and exit interviews, participant
views on the perceived advantages, disadvantages, and challenges to adopting the TRF regimen
were explored through qualitative analyses to better understand how older adults can successfully
adopt TRE. A constant-comparison coding process was used to categorize and compare interview
data for analysis purposes [23]. A trained researcher (SL) open-coded each interview and mapped
data within the three primary constructs of the biopsychosocial model (biological, psychological,
socio-environmental) to systematically categorize these three primary factors in their interactions in
the TRF intervention. Open coding was completed by hand instead of using data mining software in
order to take on the full context of the interviews. Positive and negative categories within each of the
three primary themes were documented.
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3. Results

Nine of the ten participants who commenced the study (mean age = 77.1 y; 6 women, 3 men)
completed the entire protocol. One participant was considered non-adherent as the participant did
not complete phone calls during the intervention or post-intervention assessments. However, this
participant did complete an exit interview but not the Diet Satisfaction Survey post intervention.
Thus, exit interviews were completed with all 10 participants who were enrolled in this study.
Four participants completed all three weekly phone calls with the interventionist, three participants
completed two calls, one participant completed one call near study end due to the wrong phone
number being provided, and one participant did not complete any phone calls due to being on vacation.

Self-reported mean adherence to the TRF regimen was 84%, measured by daily eating time
logs [22]. Few adverse events were reported during this intervention. Specifically, two participants
experienced headaches during fasting periods, which resolved following an increase in water intake.
One participant experienced dizziness, which resolved after having a small snack.

Over the four-week TRF intervention, the average reported start time for the participant eating
period was 10:21 AM (range = 6:56 AM-1:25 PM) and the average reported stop time was 6:38 PM
(range = 5:08 PM-9:00 PM), respectively. During week 1, the average reported start time of the first
meal was 9:23 AM. During weeks 2 to 4, the start time of the eating period shifted later in the morning
by a little over an hour, with participants reporting an average start time of 10:33 AM during week
4. The average eating stop time occurred 27 minutes earlier over the four-week study, concluding at
6:49 PM during week 1 and at 6:22 PM during week 4. The self-selected start and stop times for each
participant’s eating window are displayed in Figure 1.

6:00AM
7:00AM
8:00AM
9:00AM
10:00AM
11:00AM
12:00PM
1:00PM
2:00PM
3:00PM
4:00PM
5:00PM
6:00PM
7:00PM
8:00PM
8:00PM
10:00PM

Start Time

Stop Time

eek 1 Week 2 Week 3 Week 4
Group Avg. Start 9:32AM Group Avg. Start 10:41AM Group Avg. Start 10:36AM Group Avg. Start 10:33AM
Group Avg. Stop 6:49PM Group Avg. Stop 6:46PM Group Avg. Stop 6:36PM Group Avg. Stop 6:22PM

Figure 1. Self-selected start and stop times for each participant’s eating window. N = 9 for each of the
four weeks. Each participant’s average weekly self-reported start/stop times are indicated by differing
colors, with each line representing a single participant. The time between “Start Time” and “Stop Time”
is indicative of each participant’s eating window.

Participant answers to the questions on the Diet Satisfaction Survey revealed specific
adherence-related barriers and facilitators within each of the three primary domains (biological,
psychological, social) of the biopsychosocial model. Summed scores and percentages are shown in
Table 1.
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3.1. Biological Factors

Five participants reported easy adjustment to a 16-h fast, agreeing that fasting got easier as the
study went on. Seven participants reported that it was not difficult to eat enough calories within
the 8-h window. After the first few days of fasting, only one participant reported uncomfortable
hunger during the study, but this participant misunderstood the protocol and was only eating one
meal a day. Six of the nine participants stated that overeating was not problematic during the eating
window and two participants neither agreed nor disagreed. Normal energy levels were retained
throughout the intervention, with eight of the nine participants reporting “disagree” when asked if
energy levels decreased while fasting. Only one participant indicated that fasting interfered with
normal sleep patterns. Participant responses to the five questions within the biological domain of the
Diet Satisfaction Survey are displayed in Figure S3.

3.2. Psychological Factors

Subjective mood and quality of life were unaffected in six of the nine participants, and seven
participants expressed eagerness to participate in a similar study again. Despite this, participant
comprehension of the TRF protocol was lower than expected, with many participants not fully
understanding instructions regarding calorie consumption during fasting times. For example, during
weekly phone calls, some participants stated they ate snacks in the evening before bed but did not
record this in their eating window. Additionally, low-calorie foods were often confused with no-calorie
foods, and not recorded even after the interventionist reiterated that any food item with calories must
be documented. One participant misunderstood the regimen and only consumed one meal per day
throughout the study, which was not revealed until the exit interview. Additionally, five participants
thought that TRF was being examined solely for weight loss despite the interventionist explaining that
other health outcomes were being evaluated. Due to this misunderstanding, two participants focused
on consuming small or low-calorie foods during the eating window rather than eating as normal.

Six of nine participants agreed that they could adhere to the TRF eating pattern for six months,
however, this number gradually decreased when asked about the feasibility of maintaining a TRF
eating pattern for 12 or 24 months. Six of the participants agreed that fasting became easier over the
study period, while two disagreed and one neither agreed nor disagreed. Five of the nine participants
stated that they would continue fasting after concluding the study, while two had no preference
and two indicated they would not continue. Participant responses to the ten questions within the
psychological domain of the Diet Satisfaction Survey are displayed in Figure S4.

3.3. Socio-Environmental Factors

Family support was central to participant adherence. Although not formally enrolled in the
trial, the spouses of participants often altered their eating patterns to accompany their partner. Seven
participants were able to space out their meals during their chosen eight-hour eating window rather
than consuming all daily calories in one sitting, with four participants reporting inconvenience in
eating all of their meals during the eating window. Environmental challenges to TRF adherence
included social events during which food was served outside the participant’s eating window, as well
as changes in work schedules that interfered with the timing of meals. Regular doctor appointments
for the participant or their spouse requiring long commutes also extended fasting times beyond the
14-18 hour goal for a few individuals. Additionally, several participants reported that they would not
want to follow this eating pattern during holidays or vacations. Notwithstanding these challenges,
only one participant stated they would not recommend TRF to a friend, and five believed people would
follow this eating pattern if recommended by their healthcare provider. Participant responses to the
seven questions within the socio-environmental domain of the Diet Satisfaction Survey are displayed
in Figure S5.
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4. Discussion

The findings of the current trial suggest that TRF is an eating approach that is well tolerated
by most older adults. However, six participants did not fully understand the requirements of the
fasting regimen, despite being provided with specific instructions and a pictorial guide at a baseline
visit. Among these six participants, three reported consuming snacks during fasting periods, two
participants confused low-calorie with no-calorie items, and one participant thought they were only
allowed to eat one meal a day. Thus, these findings suggest that more instruction and/or participant
contact is needed in the early stages of a TRF intervention to promote adherence.

Most participants reported limited physical discomfort caused by this eating pattern. After the
first few days of fasting, only one participant reported discomfort related to hunger, and this was
likely due to misunderstanding the eating pattern directions. The few reported side effects included
transient headaches which dissipated with increased water intake, and dizziness in one participant
which subsided with a small snack.

While it is challenging to separately measure biological, psychological, and socio-environmental
factors related to eating, energy, and satiety, our findings suggest each domain is relevant to TRF
adherence. From a biological perspective, all but one participant perceived they were consuming
the same or higher amount of calories as they did prior to beginning the intervention. It is also
noteworthy that eight out of nine participants disagreed that fasting decreased energy levels, with
greater self-reported activity levels in both yardwork and light exercise. Eight participants indicated
on the Diet Satisfaction Survey that the TRF intervention did not negatively affect their sleep, with
only one participant reporting that fasting interfered with their normal sleep patterns.

From a psychological perspective, most participants also expressed positive attitudes on the phone
calls throughout the study and seven of the nine participants reported feeling eager, motivated and
excited to continue with the intervention. Many had heard of IF regimens and wanted to experience this
eating pattern. Despite this, participant comprehension of the TRF protocol was lower than anticipated,
with six participants not fully understanding instructions regarding avoiding calorie consumption
during fasting times. Two participants also had difficulty differentiating foods and beverages with
low versus no calories. Additionally, participants were initially inaccurate and inconsistent when
reporting their food intake times. To maximize protocol comprehension, it is recommended that future
interventions provide even more frequent contact (e.g., bi-weekly) during the initial intervention period
to ensure the participant understands the protocol. Similar to calorie restriction interventions, ongoing
contact is advisable and can equip participants with adherence promoting behavioral modification
techniques and strategies, and continued monitoring for adverse events.

Socio-environmental factors also served as both barriers and facilitators to adherence. Consistent
with prior literature [24], participants were often positively influenced by their partners. Many
participants reported receiving significant support from spouses, some of whom even changed their
eating patterns to be in synchrony with them during the intervention. These reports were highly
encouraging, as successful behavior modification requires disrupting the socio-environmental factors
that cue habitual behavior [25], and spousal eating times represent an important factor that could
cue eating in the participants [26]. On the other hand, a few socio-environmental factors emerged
as barriers to adherence. Also consistent with previous studies [27-29], pressures from work, long
commutes, vacations, and social engagements represented barriers to adherence to intervention for
some participants.

Despite strong evidence indicating that lifestyle intervention programs involving diet, exercise,
and behavior modification can reduce risk factors for many chronic diseases and improve physical
function, long-term adherence to lifestyle interventions to date is notoriously low [30]. Consequently,
the “adherence problem” represents an important challenge to weight loss interventions [30]. Findings
from a recent review of 27 studies indicate that participants generally have high levels of adherence
(range = 77% to 98%) to different types of fasting regimens, including ADF and TRF [17]. Thus, future
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trials are needed to evaluate the potential that this eating pattern may have for enhancing long-term
weight loss.

There were a few notable strengths of this study. First, participants received personalized attention
throughout the intervention, which allowed for discussion of individual challenges and tailored
solutions to help participants adopt this new eating pattern. This contact was provided through weekly
phone calls to check on their adherence and assist them in problem-solving any challenges they were
experiencing following the intervention. Second, adherence was carefully tracked throughout the
study, as participants reported the time of their first and last meal in an eating time log each day. The
participants then reported their daily start and stop times during weekly phone calls and adjustments
were discussed if needed. Third, adverse events were assessed, and potential solutions were offered
during the calls. We also conducted exit interviews to obtain each participant’s perspective on what
challenges and what changes, if any, they would recommend the intervention in future trials.

There were also several limitations to this study, including difficulty in contacting some participants
via telephone during the intervention. Additionally, only one coder was used for analysis, and
triangulation was not used to cross-check data collection. In future studies, a second coder will be
used to verify the coding scheme. As this was a pre—post pilot study of short duration, a small sample
size was used, which limits the generalizability of the results as well as our ability to make conclusive
statements. Response bias is also a possible limitation of this study, as participants may have only
reported what they thought the interventionist wanted to hear in the interviews, or second-guessed
what the interventionist was asking and altered their answers. Individual interpretation of the questions
asked on the Diet Satisfaction Survey may have also varied. Future studies should utilize larger sample
sizes to ensure sufficient power to detect both pre—post differences and between-group differences.

5. Conclusions

Most (6 of 10) participants appreciated the simplicity of the time-restricted eating pattern and
reported willingness to continue this eating pattern with slight modification such as decreased daily
fasting times or a weekly “unrestricted feeding” day. Comprehension of the fasting regimen and
guidelines varied, indicating more participant contact and/or education is needed during the initial
stages of the intervention. Additionally, baseline group instruction about the protocol with weekly
in-person group sessions may enhance understanding and social support. Motivation to follow the
protocol was strongly guided by weight loss, as many participants thought this was the goal of the
study. Interventions with older adults should consider these factors to optimally support lifestyle
modification and protocol adherence.

Clinical Implications

This study provides exciting preliminary data on the potential beneficial effects and feasibility of
TREF in older adults with very few risks associated with the intervention. In addition to the previously
reported weight loss outcome and high adherence to the intervention [22], most participants adjusted
relatively easily to the fasting window of 14-18 hours. Adverse effects were rare and were quickly
remedied. No decrease in energy during the fasting time was reported by eight participants. There
was also a carry-over effect, with some family members participating and a high likelihood the
participants would recommend this intervention to a friend. While these findings are promising,
more work needs to be done before a TRF intervention can be effectively implemented into clinical
practice. The primary challenge relates to the participants’ initial misunderstanding of what they
were and were not allowed to consume during the 14-18 hour fasting period. The addition of dietary
monitoring in which participants record their food intake, as well as the start and stop times, may be
one approach to enhance adherence levels. This approach has proven essential for most behavioral
weight loss programs, so it may be beneficial to helping older adults understand the key distinction
between the fasting and non-fasting time periods. Other common adherence barriers expressed by
participants included program adherence during social events, changes in work schedule, or vacations.
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Nevertheless, there is more opportunity to overcome these barriers due to the flexibility of TRF and the
ultimate ability to focus on a yes or no behavior (eating vs. fasting) rather than consciously eating less
or counting calories with traditional diets.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/3/874/s1,
Figure S1: Time to eat pilot study—Weekly follow-up progress notes. Figure S2: Exit Interview Questions.
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Figure S4: Participant responses to the ten questions within the psychological domain of the Diet Satisfaction
Survey., Figure S5: Participant responses to the seven questions within the socio-environmental domain of the
Diet Satisfaction Survey.
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Abstract: Diabetes and frailty are highly prevalent conditions that impact the health status of
older adults. Perturbations in protein/amino acid metabolism are associated with both functional
impairment and type 2 diabetes mellitus (T2DM). In the present study, we compared the concentrations
of a panel of circulating 37 amino acids and derivatives between frail/pre-frail older adults with
T2DM and robust non-diabetic controls. Sixty-six functionally impaired older persons aged 70+ with
T2DM and 30 age and sex-matched controls were included in the analysis. We applied a partial least
squares-discriminant analysis (PLS-DA)-based analytical strategy to characterize the metabotype of
study participants. The optimal complexity of the PLS-DA model was found to be two latent variables.
The proportion of correct classification was 94.1 + 1.9% for frail/pre-frail persons with T2DM and 100%
for control participants. Functionally impaired older persons with T2DM showed higher levels of
3-methyl histidine, alanine, arginine, glutamic acid, ethanolamine sarcosine, and tryptophan. Control
participants had higher levels of ornithine and taurine. These findings indicate that a specific profile
of amino acids and derivatives characterizes pre-frail/frail older persons with T2DM. The dissection of
these pathways may provide novel insights into the metabolic perturbations involved in the disabling
cascade in older persons with T2DM.

Keywords: aging; metabolomics; systems biology; personalized medicine; metabolism; frailty;
sarcopenia; muscle wasting; precision medicine; metabolic profiling
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic condition frequently occurring in old age [1,2].
T2DM is associated with higher risk of negative outcomes, including disability and mortality [3].
T2DM-related complications are especially prevalent in older adults and account for the increasing
costs of T2DM [4]. Frailty defines a geriatric syndrome characterized by reduced ability to cope
with life stressors and increased risk of adverse events (e.g., falls, delirium, loss of independence,
mortality) [5,6]. T2DM and frailty are intimately related and share common features, including complex
pathophysiology and heterogeneous phenotypes [7], that challenge their management [5,8].

Muscle failure, both in its metabolic and functional manifestations, is a hallmark of T2DM
and frailty [7,9]. The progressive and generalized loss of muscle mass, strength, and function with
age, termed sarcopenia, fuels a self-reinforcing cycle in which structural, metabolic, and endocrine
perturbations in muscle exacerbate T2DM-related signs and symptoms [10]. T2DM further promotes
the decline in muscle mass and function [11,12] which, in turn, aggravates functional impairment [13].

The central role of muscle wasting in frailty and T2DM may guide the identification of novel
biomarkers and possibly new treatment targets for the two conditions [14-16]. In this context,
circulating amino acids are promising candidates given their sensor-transducer-effector role in systemic
metabolism, muscle homeostasis, and physical function [17-20]. Moreover, amino acids are involved
in processes critical to the development and progression of frailty and T2DM, such as inflammation,
glucose homeostasis, and redox regulation [21-23].

Targeted metabolomics allowed identifying specific amino acid profiles that were associated
with insulin resistance and risk of developing T2DM in independent cohorts across US, Europe,
and China [24-27]. A plasma amino acid signature, together with specific circulating lipid species,
was linked to glucose dyshomeostasis and impaired insulin sensitivity in older adults from the
Baltimore Longitudinal Study of Aging (BLSA) [28]. In addition, distinct patterns of circulating amino
acids were associated with frailty and/or muscle-related parameters (mass, turnover, performance) in
older individuals at risk for frailty [29-32]. Finally, within the “BIOmarkers associated with Sarcopenia
and PHysical frailty in EldeRly pErsons” (BIOSPHERE) study, a combination of serum amino acids
and derivatives was identified that characterized the metabotype of older adults with physical frailty
and sarcopenia (PF&S) [17].

Here, we sought to define the circulating amino acid profile of frail/pre-frail older adults with
T2DM (F-T2DM). Our approach, described in the context of the “Metabolic biomarkers of frailty
in older people with type 2 diabetes mellitus” (MetaboFrail) study, coupled targeted metabolomics
with a chemometric modeling strategy [16]. Through this innovative biomarker discovery strategy,
we identified a specific profile of serum amino acids in F-T2DM older people. These findings may offer
new insights into the metabolic perturbations associated with the disabling cascade in older persons
with T2DM.

2. Materials and Methods

2.1. Study Population

MetaboFrail was developed as an ancillary study of the “Multi-modal Intervention in Diabetes in
Frailty” (MID-Frail) project [16,33,34]. The latter was a cluster-randomized multicenter clinical trial that
evaluated the effectiveness of a multicomponent intervention (mainly based on resistance exercise and
lifestyle counseling) on improving physical performance compared with usual care in F-T2DM older
adults from seven European countries (ClinicalTrials.gov identifier: NCT01654341) [16,33]. For the
present study, a subgroup of MID-Frail participants recruited in Spanish and French study centers were
enrolled. The main eligibility criteria were: (a) age at screening 70 years or older; (b) T2DM diagnosis
from at least two years; and (c) being pre-frail or frail according to Fried’s criteria [35]. The main
exclusion criteria were: (a) poor cognition operationalized as a Mini Mental State Examination score
<20 [36]; (b) severe disability defined as a Barthel index score <60 [37]; critical conditions and/or major
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illnesses with a life expectancy <6 months; (c) inability or unwillingness to provide informed consent.
Control participants were enrolled at the Universita Cattolica del Sacro Cuore (Rome, Italy) and had
the following characteristics: 70+ years of age, no T2DM, and no functional impairment. The study
protocol was approved by local ethics committees according to both national and international laws.
Prior to enrolment, all participants provided written informed consent. The study was conducted in
agreement with legal requirements and international norms (Declaration of Helsinki, 1964).

2.2. Blood Collection and Determination of Serum Concentrations of Amino Acids and Derivatives

Blood samples were collected after overnight fasting. For serum separation, blood samples were
kept on ice for about 30 min until clotting and were subsequently centrifuged at 1000x g for 10 min at
4 °C. Serum samples were eventually aliquoted and stored at —80 °C until analysis.

Concentrations of 37 amino acids and derivatives were determined in serum by ultraperformance
liquid chromatography/mass spectrometry (UPLC/MS), as described previously [17]. Briefly, 50 uL of
sample was added to 100 uL 10% (w/v) sulfosalicylic acid containing an internal standard mix (50 uM;
Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA) and centrifuged at 1000x g for 15 min.
Ten pL of the resulting supernatant were mixed with 70 uL of borate buffer and 20 pL of AccQ Tag
reagents (Waters Corporation, Milford, MA, USA) and heated at 55 °C for 10 min. Samples were
eventually loaded onto a CORTECS UPLC C18 column 1.6 um 2.1 X 150 mm (Waters Corporation) for
chromatographic separation (ACQUITY H-Class, Waters Corporation, Milford, MA, USA). Elution was
performed at 500 uL/min flow rate with a linear gradient (9 min) from 99:1 to 1:99 water 0.1% formic
acid/acetonitrile 0.1% formic acid. Analytes were detected on an ACQUITY QDa single quadrupole
mass spectrometer equipped with electrospray source operating in positive mode (Waters Corporation,
Milford, MA, USA). Amino acid controls (MCA laboratory of the Queen Beatrix Hospital, Winterswijk,
The Netherlands) were used to monitor the analytic process.

2.3. Statistical Analysis

The normal distribution of data was ascertained through the Kolmogorov-Smirnov test.
Comparisons between F-T2DM and control participants for normally distributed continuous variables
were performed by t-test statistics. The non-parametric test Mann-Whitney U was applied to assess
differences for non-normally distributed continuous data. Differences in categorical variables between
groups were determined via x2 statistics. Descriptive analyses were performed using the GraphPrism
5.03 software (GraphPad Software, Inc., San Diego, CA), with statistical significance set at p < 0.05.

2.4. Partial Least Squares-Discriminant Analysis and Double Cross-Validation Procedures

In order to unveil possible differences in circulating amino acid patterns between F-T2DM and
control participants, a multivariate classification strategy based on partial least squares-discriminant
analysis (PLS-DA) modeling was adopted [38]. PLS-DA is a classification method particularly suited for
dealing with highly correlated predictors, as it is based on projecting the predictors (measured variables)
onto a reduced subspace of latent variables (LVs; directions in space) of highest covariance with
the responses, i.e., providing the maximum separation between classes. In order to validate the
results of PLS-DA modeling and rule out the possibility that good results were obtained because of
chance correlation, a procedure based on repeated double cross-validation (DCV) and permutation
tests was used [39,40]. DCV consists of spitting the samples to obtain two cross-validation loops,
an internal loop for model building/model selection and an outer loop that mimics external (test set)
validation. The DCV procedure is repeated a sufficient number of times such that estimates do to
depend on one specific sample splitting. This allows evaluating the consistency of model parameters
and the confidence intervals for model predictions. To assess the statistical significance of the
obtained predictions, the figures of merit which summarize the classification accuracy in repeated
DCYV [i.e., number of misclassifications (NMC), area under the receiver operating characteristic curve
(AUROC), and discriminant (DQ2)] are compared with their distribution under the null hypothesis,
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which is estimated non-parametrically through permutation tests with 1000 randomizations. A more
detailed description of the procedure can be found elsewhere [41]. PLS-DA and DCV were run
under Matlab R2015b environment by means of in-house written functions (freely downloadable at:
https://www.chem.uniromal.it/romechemometrics/research/algorithms/plsda/).

3. Results

3.1. Study Population

The present investigation included 66 F-T2DM older adults and 30 age and sex-matched robust,
non-diabetic controls. The main characteristics of the two groups are reported in Table 1. F-T2DM
and control participants were comparable for age, sex distribution, and number of diseases. F-T2DM
older adults showed higher body mass index relative to controls. As expected, a significant difference
was found in physical functional between groups, as indicated by the scores on the short physical
performance battery (SPPB).

Table 1. Main characteristics of study participants.

F-T2DM (1 = 66) Controls (1 = 30) 4
Age, years (mean + SD) 76.5 +14.5 74.6 £4.3 0.46
Sex (female), n (%) 32 (48) 16 (53) 0.82
BMI, kg/m? (mean + SD) 29.2+49 26.7 +2.4 0.01
SPPB score (mean + SD) 8.6 +29 11.3+09 <0.0001
Number of diseases (mean + SD) § 28+1.0 29+20 0.86

§ Includes hypertension, coronary artery disease, prior stroke, peripheral vascular disease, diabetes, chronic
obstructive pulmonary disease, and osteoarthritis; Abbreviations: BMI, body mass index; F-T2DM, frail/pre-frail
older adults with type 2 diabetes mellitus; SD, standard deviation; SPPB, short physical performance battery.

3.2. Identification of Circulating Amino Acid Profiles

In the present study, we aimed at identifying profiles of circulating amino acids that discriminate
older persons with F-T2DM from functionally intact non-diabetic peers. Among the available statistical
options, we selected a PLS-DA-based strategy for its ability to handle multiple interdependent
variables. The best PLS-DA model was built using two LVs. As indicated by the stringent DCV
applied, the classification performance of the model was almost perfect. Indeed, the proportion of
correct classification of participants was 96.6 + 1.5% over the calibration sets (95.0 + 2.2% for cases
and 100.0 + 0.0% for controls), 96.6 + 1.5% (95.0 + 2.2% for cases and 100.0 + 0.0% for controls) in
the internal DCV loop (i.e., the one used for model selection), and 95.9 + 1.3% (94.1 + 1.9% for cases
and 100.0 + 0.0% for controls) in the outer DCV loop, which accounts for the results of repeated
external validation.

The remarkable classification performance of the PLS-DA model can be appreciated by inspecting
the projection of study participants over the space spanned by the two LVs (Figure 1).

A sharp separation between F-T2DM participants and controls is evident. To ensure the reliability
of our findings against the possibility of chance correlations, DCV results of the PLS-DA model were
compared with the distributions of specific figures of merit under the null hypothesis. As depicted
in Figure 2, for all of the figures considered (i.e., NMC, AUROC, and DQ?2), values obtained from
the unpermuted dataset fell outside the corresponding null hypothesis distribution, indicating a
p value <0.05.
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Figure 1. Scores plot showing the separation of frail/pre-frail older adults with type 2 diabetes
mellitus (F-T2DM) from control participants according to the serum concentrations of amino acids and
derivatives in the space spanned by the two latent variables (LV1 and LV2), as determined by partial
least squares-discriminant analysis.
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Figure 2. Distribution of values of number of misclassifications (NMC), area under the receiver
operating characteristic curve (AUROC), and discriminant Q2 (DQ2) under their respective null
hypothesis as estimated by permutation tests (blue histograms) and the corresponding values obtained
by the partial least squares-discriminant analysis model on unpermuted data (red circles). Values
obtained on the real dataset (red circles) fall outside of the corresponding null hypothesis distribution
(blue histograms), corresponding to a p < 0.05.

The identification of the metabolites with the greatest discriminating power was accomplished by
inspecting variable importance in projection (VIP) indices. Table 2 reports variables with a VIP value
higher than 1.
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Table 2. Serum concentrations of discriminant biomolecules as resulted from partial least
squares-discriminant analysis.

Analytes F-T2DM (n = 66) Controls (n = 30)
3-methylhistidine 78 +42 52+25
Alanine 542.3 + 165.8 384.3 +98.3
Arginine 168.3 £91.2 103.7 £31.2
Ethanolamine 115+ 34 9.0+22
Glutamic acid 130.0 + 66.8 54.3 +£21.3
Ornithine 103.2 £37.6 109.4 £ 25.0
Sarcosine 25+09 1.6 £0.6
Taurine 100.4 +49.0 189.5 +47.2
Tryptophan 66.2 +23.4 62.0 +£13.1

Data are shown as mean + standard deviation. Concentrations are expressed in umol/L.

F-T2DM participants showed higher serum levels of 3-methyl histidine, alanine, arginine,
ethanolamine, glutamic acid, sarcosine, and tryptophan. Instead, controls were characterized by higher
circulating levels of ornithine and taurine. Serum concentrations of non-discriminant analytes in the
two participant groups are listed in Table S1.

4. Discussion

Over the last few years, analytical platforms have been developed together with sophisticated
computational algorithms to allow the study of complex diseases in unprecedented detail [42]. This new
healthcare paradigm, called personalized or precision medicine, incorporates “omics” technologies
to unveil the inner biological properties of morbid conditions [42] and devise innovative diagnostics
and interventions tailored to the needs of single individuals [42,43]. Metabolomics, by virtue of
its privileged position at the interface between biological pathways and clinical manifestations of
healthy/disease conditions [44], are improving our understanding of “normal” physiology and the
pathophysiology of many disorders, including frailty and T2DM [15,45,46]. These premises led to the
design of the MetaboFrail study [16].

In the present investigation, we applied targeted metabolomics to characterize the circulating
amino acid profile of functionally impaired older persons with T2DM. Our major finding was that
a specific pattern of amino acids discriminated F-T2DM older people from age- and sex-matched
controls. The amino acid signature of F-T2DM participants included higher circulating levels of
3-methyl histidine, alanine, arginine, ethanolamine, glutamic acid, sarcosine, and tryptophan.

The presence of 3-methyl histidine among the most relevant predictors supports the involvement
of muscle wasting in frailty [30]. Indeed, 3-methyl histidine derives from the post-translational
methylation of histidine moieties of actin and myosin [47,48]. Hence, 3-methyl histidine has been
proposed as a biomarker of myofibrillar proteolysis and skeletal muscle loss [49]. Interestingly, 3-methyl
histidine is also a marker of increased protein catabolism in T2DM [50].

Alanine and glutamic acid are crucial intermediates of muscle energy metabolism and liver-muscle
metabolic interchange under both physiologic and pathologic conditions [51-53]. Perturbations in
alanine and glutamate circulating pool may be indicative of skeletal muscle dysfunction, and are
commonly encountered in age-related chronic conditions and models of muscle atrophy [54,55].
Notably, both alanine and glutamic acid levels were positively associated with insulin resistance and
risk of T2DM in several independent study cohorts [56-58].

Arginine metabolism involves the cooperation of various organs, including kidneys, muscles,
gut, and liver [59]. Major pathways in arginine metabolism include muscle protein breakdown and
its de novo synthesis from citrulline [59]. Arginine is involved in nitric oxide as well as urea and
polyamine synthesis, and research focus has recently been directed towards the determination of the
pathophysiological role of arginine and its metabolites in aging and age-related chronic diseases [60].
Noticeably, our findings mirror the higher levels of arginine and lower concentrations of its urea-cycle
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companion ornithine found in Chinese adults with T2DM [61]. Higher concentrations of another
intermediate of urea-cycle, i.e., citrulline, defined the serum amino acid profile of older people with
PF&S [17]. Further investigations on arginine/nitrogen interorgan networks are needed to explain the
results found in F-T2DM older adults.

Sarcosine, the N-methylated derivative of glycine, is an important intermediate of one-carbon
metabolism [62]. Recent studies have investigated the association between sarcosine levels and
age-related conditions in humans with conflicting results [63-66]. In a comparative metabolomics
analysis, circulating sarcosine was found to be reduced with aging and increased by dietary restriction
in both rodents and humans [67]. Conversely, elevated urine sarcosine levels were associated with
incident T2DM [68], and higher serum concentrations of sarcosine characterized the metabotype of
older adults with PF&S [17]. Collectively, these findings suggest that perturbations in folate/one-carbon
metabolism may play a role in frailty and T2DM as well as in other age-related conditions.

Ethanolamine is a crucial intermediate of the CDP-ethanolamine pathway, the main route
of phosphatidylethanolamine synthesis, and modulates lipid metabolism and the turnover of
biological membranes [69]. Recently, a critical role for skeletal muscle phospholipid metabolism
has been described in the regulation of both insulin sensitivity and contractile function [70].
Moreover, the ethanolamine/phosphatidylethanolamine synthesis dyad is directly involved in
autophagy regulation, thereby modulating anti-aging properties of this cellular process [71].
Interestingly, perturbations in the CDP-ethanolamine pathway were associated with altered
mitochondrial biogenesis in mouse models of muscle atrophy [71], while higher circulating levels of
ethanolamine were found in older adults with PF&S [17].

Tryptophan is an essential amino acid that exerts multiple roles in growth, mood, behavior,
and immune responses [72]. Tryptophan is metabolized via two major pathways, the
tryptophan-kynurenine and the tryptophan-methoxyndole pathways, that lead to the production of
NAD, serotonin, and melatonin [72]. Alterations in tryptophan metabolism have been described in
the context of frailty and T2DM [73,74]. In particular, tryptophan and its associated metabolites have
been associated with insulin resistance and incident T2DM in independent cohorts [74,75]. Moreover,
higher circulating levels of tryptophan were associated with low muscle quality in a large cohort of
men and women enrolled in the BLSA [32].

Non-frail non-T2DM controls were characterized by higher serum levels of taurine. Taurine is
the most abundant free amino acid in several organs, including the skeletal muscle that contains
approximately 70% of total body taurine [76]. Taurine has multiple regulatory effects and its role
in osmoregulation, modulation of inflammatory response, protection against oxidative stress, and
stimulation of cellular quality control processes is widely acknowledged [76,77]. Taurine deficiency is
commonly encountered in people with T2DM [78,79], and its supplementation has been proposed as a
strategy against T2DM complications, including retinopathy, nephropathy, neuropathy, atherosclerosis,
and cardiomyopathy [80]. Recently, taurine supplementation has also been proposed as a possible
remedy against sarcopenia [81]. The causes of taurine depletion in F-T2DM older adults are
multifaceted and may include decreased dietary intake, reduced intestinal absorption, renal wasting,
and inflammation [77].

Unexpectedly, branched-chain amino acids (BCAAs) were not found to be discriminant by the
PLS-DA classification model. BCAAs are metabolic rheostats that modulate whole-body and tissular
metabolism [20]. Recent evidence suggests that BCAAs may have a Janus-like behavior in F-T2DM
older adults. Indeed, while BCAA-induced activation of the mammalian target of rapamycin (mTOR) in
skeletal myocytes may contrast sarcopenia and functional decline in advanced age [20,31], other studies
found an association between higher circulating levels of BCAAs and insulin resistance or T2DM in
older adults [24-27]. The low discriminant power of BCAAs in MetaboFrail might therefore reflect the
dual effect of BCAAs in F-T2DM older people.

Although innovative, the present investigation has some limitations that should be mentioned.
The study sample was quite small while the dataset comprised numerous variables. To cope with
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this issue, we adopted a PLS-DA-based strategy which is particularly suited for handling matrices
populated by highly correlated variables. The MetaboFrail study enrolled older adults from three
European countries; thus, a validation study in other ethnic groups is warranted. Eating habits
may affect circulating amino acid levels, but diet was not objectively assessed in our study sample.
However, it has recently been reported that differences in blood amino acid concentrations do not
necessarily mirror those of amino acid intakes [82]. As commonly occurs in biomarker discovery
studies, although a large number of candidates were investigated, we could not evaluate all possible
mediators involved in frailty and T2DM.

In conclusion, in the present investigation, we showed the existence of a specific amino acid
signature in F-T2DM older persons. Our novel approach enabled us to obtain new insights into
the pathophysiology of the two conditions. In particular, a relevant role for perturbations in
muscle metabolism and muscle-liver interorgan communication was highlighted. The longitudinal
implementation of our analytical strategy could allow validating novel sets of biomarkers and
identifying new targets for interventions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/1/199/s1;
Table S1: Serum concentrations of non-discriminant amino acids and derivatives in frail/pre-frail participants with
type 2 diabetes mellitus (F-T2DM) and controls.
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Abstract: Physical frailty and sarcopenia (PF&S) share multisystem derangements, including
variations in circulating amino acids and chronic low-grade inflammation. Gut microbiota balances
inflammatory responses in several conditions and according to nutritional status. Therefore, an
altered gut-muscle crosstalk has been hypothesized in PF&S. We analyzed the gut microbial taxa,
systemic inflammation, and metabolic characteristics of older adults with and without PF&S. An
innovative multi-marker analytical approach was applied to explore the classification performance
of potential biomarkers for PF&S. Thirty-five community dwellers aged 70+, 18 with PF&S, and 17
nonPF&S controls were enrolled. Sequential and Orthogonalized Covariance Selection (SO-CovSel),
a multi-platform regression method developed to handle highly correlated variables, was applied.
The SO-CovSel model with the best prediction ability using the smallest number of variables was
built using seven mediators. The model correctly classified 91.7% participants with PF&S and
87.5% nonPF&S controls. Compared with the latter group, PF&S participants showed higher serum
concentrations of aspartic acid, lower circulating levels of concentrations of threonine and macrophage
inflammatory protein 1«, increased abundance of Oscillospira and Ruminococcus microbial taxa, and
decreased abundance of Barnesiellaceae and Christensenellaceae. Future investigations are warranted
to determine whether these biomediators are involved in PF&S pathophysiology and may, therefore,
provide new targets for interventions.

Keywords: aging; muscle; amino acids; metabolism; systemic inflammation; profiling; biomarkers;
multi-marker; physical performance; gut microbiota
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1. Introduction

Sarcopenia, the progressive age-related decline in muscle mass and strength/function, is a
major determinant of negative health-related outcomes, including disability, loss of independence,
institutionalization, and mortality [1,2].

When focusing on the physical domain, sarcopenia shows remarkable clinical overlap with frailty,
a geriatric “multidimensional syndrome characterized by decreased reserve and diminished resistance
to stressors”, often envisioned as a pre-disability condition [3]. As such, sarcopenia can be considered
to be the biological substratum for the development of physical frailty (PF) and the pathophysiologic
foundation of adverse PF-related health outcomes [4,5].

Due to the described commonalities, the two conditions have recently been merged into a new
entity (i.e., PF & sarcopenia—PF&S) [6] that was operationalized in the context of the “Sarcopenia and
Physical fRailty IN older people: multi-componenT Treatment strategies” (SPRINTT) project [7,8].

Multisystem derangements contribute to muscle loss and may ultimately lead to the development
of PF&S [9]. Anabolic resistance, chronic low-grade inflammation, and oxidative stress are advocated
among the factors contributing to PF&S [10,11]. These mechanisms are enhanced in the setting
of physical inactivity and poor nutrition [12,13]. In this scenario, multi-component interventions
encompassing physical activity and adapted nutrition are pillars for the prevention of adverse outcomes
associated with PF&S [14].

As recently shown by our group, older adults with PF&S are commonly overweight or obese [15],
a feature that has been incorporated in the concept of sarcopenic obesity [16]. Compelling evidence
indicates that excessive adiposity contributes to physical frailty and functional limitations in advanced
age [17,18]. Adipose tissue is metabolically active and promotes systemic inflammation and oxidative
stress [19]. In addition, obesity exacerbates fat infiltration within muscles (i.e., myosteatosis), which, in
turn, contributes to muscle dysfunction and physical frailty [20,21].

Gut microbiota is a major player in balancing pro- and anti-inflammatory responses in various
disease conditions and in relation to nutritional status [22]. Indeed, the existence of a gut-muscle axis
has been hypothesized in the context of PF&S [23]. However, the mechanisms whereby changes in
gut microbes-host interactions may influence AA availability, systemic inflammation, and muscle
homeostasis in PF&S are yet unexplored.

To address this research question, we used data from the “BIOmarkers associated with Sarcopenia
and Physical frailty in EldeRly pErsons” (BIOSPHERE) and the Gut-Liver (GuLiver) Axis studies.
BIOSPHERE was designed to determine and validate a panel of PF&S biomarkers pertaining to several
pathophysiologic domains (i.e., inflammation, oxidative stress, muscle remodeling, neuromuscular
junction dysfunction, and AA metabolism) through multivariate statistical modeling [10,11,24]. The
GulLiver Axis study was designed to analyze the relationship among gut microbiota, inflammation,
and nutritional and metabolic status in people with and without liver disease [25,26].

The availability of these well-characterized cohorts of older adults enabled us to explore the
association among gut microbial profiles, systemic inflammation, and metabolic characteristics in PF&S.

2. Materials and Methods

2.1. Participants

Participants were recruited among enrollees of BIOSPHERE and GuLiver Axis studies. Both
studies were approved by the Ethics Committee of the Universita Cattolica del Sacro Cuore (Rome,
Italy; protocol number BIOSPHERE: 8498/15; protocol number GuLiver Axis: 741). Study procedures
and criteria for participant selection have been previously described [24,25].

In both studies, community-dwellers aged 70+ were recruited after signing written informed
consent. The presence of PF&S was established according to the operational definition elaborated
in the SPRINTT project [7,27]: (a) physical frailty, based on a summary score on the Short Physical
Performance Battery (SPPB) [28] between 3 and 9; (b) low appendicular muscle mass (aLM), according
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to the cutpoints of the Foundation for the National Institutes of Health (FNIH) sarcopenia project [29];
and (c) absence of mobility disability (i.e., ability to complete the 400-m walk test) [30]. The present
investigation involved 35 participants, 18 with PF&S, and 17 nonsarcopenic nonfrail (nonPF&S)
controls. Gut microbial profiles, circulating inflammatory mediators, and serum AAs and derivatives
were assessed.

2.2. Measurement of Appendicular Lean Mass by Dual X-ray Absorptiometry (DXA)

aLM was quantified through whole-body DXA scans on a Hologic Discovery A densitometer
(Hologic, Inc., Bedford, MA, USA) according to the manufacturer’s procedures. Criteria for low aLM
were as follows: (a) aLM to body mass index (BMI) ratio (aLMpyp) <0.789 and <0.512 in men and
women; or (b) crude aLM <19.75 kg in men and <15.02 kg in women when the aLM/BMI criterion was
not met [29].

2.3. Blood Sample and Stool Collection

Blood samples were collected in the morning by venipuncture of the median cubital vein after
overnight fasting, using commercial collection tubes (BD Vacutainer®; Becton, Dickinson and Co.,
Franklin Lakes, NJ, USA). Serum separation was obtained after 30 min of clotting at room temperature
and subsequent centrifugation at 1000x g for 15 min at 4 °C. The upper clear fraction (serum) was
collected in 0.5 mL aliquots and stored at —80 °C until analysis.

Participants were carefully instructed on the procedures for fecal sample collection. Stool samples
were collected at home in a commercial sterile, dry screw-top container. Upon collection, stool samples
were delivered to the Human Microbiome Unit at the Bambino Gesut Children’s Hospital (Rome, Italy)
and immediately frozen at —80 °C until further processing.

2.4. Measurement of Circulating Inflammatory Mediators

A multi-marker immunoassay was used to measure circulating levels of a panel of inflammatory
markers [11,25,26,31]. Briefly, a set of 27 pro- and anti-inflammatory mediators, including cytokines,
chemokines, and growth factors, were assayed in duplicate in serum samples using the Bio-Plex Pro
Human Cytokine 27-plex Assay kit (#M500KCAFQY, Bio-Rad, Hercules, CA, USA) on a Bio-Plex®
System with Luminex xMap Technology (Bio-Rad) (Table 1). Data acquisition was performed with the
Bio-Plex Manager Software 6.1 (Bio-Rad) using instrument default settings. Optimization of standard
curves across all of the assayed analytes was carried out to remove outliers. Results were obtained as
concentrations (pg/mL).

Table 1. List of serum inflammatory biomarkers assayed by multiplex immunoassay.

IFNvy, IL13, IL1Ra, IL2, IL4, IL5, IL6, IL7, ILS8, IL9,

Cytokines IL10, IL12, IL13, IL15, IL17, TNF-oc
Chemokines CCL5, CCL11, IP-10, MCP-1, MIP-1o, MIP-1(
Growth factors FGF-p, G-CSF, GM-CSF, PDGF-BB

Abbreviations: CCL, C-C motif chemokine ligand; FGF, fibroblast growth factor; G-CSF, granulocyte
colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; IEN, interferon; IL,
interleukin; IL1Ra, interleukin 1 receptor agonist; IP: interferon-induced protein; MCP-1: monocyte chemoattractant
protein 1; MIP: macrophage inflammatory protein; PDGFBB, platelet derived growth factor BB; TNF, tumor
necrosis factor.

2.5. Determination of Circulating Amino Acids

Serum concentrations of 37 AAs and derivatives were determined by ultraperformance liquid
chromatography/mass spectrometry (UPLC/MS), as described previously [10]. Briefly, 50 uL of sample
was added to 100 pL 10% (w/v) sulfosalicylic acid containing an internal standard mix (50 pM)
(Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA) and subsequently centrifuged at 1000x
g for 15 min. The supernatant was collected, and 10 pL was mixed with 70 pL of borate buffer and
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20 uL of AccQ Tag reagents (Waters Corporation, Milford, MA, USA). The mixture was subsequently
heated at 55 °C for 10 min. Samples were eventually loaded onto a CORTECS UPLC C18 column
1.6 um 2.1 X 150 mm (Waters Corporation) for chromatographic separation (ACQUITY H-Class, Waters
Corporation) and eluted at a flow rate of 500 pL/min with a linear gradient (9 min) from 99:1 to
1:99 water 0.1% formic acid/acetonitrile 0.1% formic acid. Analyte detection was performed on an
ACQUITY QDa single quadrupole mass spectrometer equipped with electrospray source operating
in positive mode (Waters Corporation). AA controls (level 1 and level 2) manufactured by the MCA
laboratory of the Queen Beatrix Hospital (Winterswijk, The Netherlands) were used to monitor the
analytic process.

2.6. Gut Microbiota DNA Extraction, 16S rRNA Amplification, and Sequencing

Total genome DNA was extracted from fecal samples using the QIAmp Fast DNA Stool mini kit
(Qiagen, Germany), according to the manufacturer’s instructions.

The V3-V4 region of the 16S rRNA gene (~460 bp) was amplified using the primer pairs 165_F
(5’-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC AG-3')
and 16S_R (5’-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGA CTA CHV GGG TAT
CTA ATC C-3’), reported in the MiSeq rRNA Amplicon Sequencing protocol (Illumina, San Diego,
CA, USA). Amplification reactions were set up using a 2x KAPA HiFi HotStart Ready Mix (KAPA
Biosystems Inc., Wilmington, MA, USA). AMPure XP beads (Beckman Coulter Inc., Beverly, MA,
USA) were employed to clean-up the DNA amplicons. To obtain a unique combination of bar-code
sequences, a second amplification step was performed using the Illumina Nextera forward and reverse
adaptor-primers (Illumina, San Diego, CA, USA). The final library was quantified after a clean-up step
using a Quant-iT™ PicoGreen® dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) and
diluted in an equimolar concentration (4 nM).

Samples were sequenced using an Illumina MiSeqTM platform, following the manufacturer’s
specifications, generating 300 base-length paired-end reads. Bacterial 165 rRNA amplicon data were
analyzed using a combination of the QIIME 1.9.1 software pipeline and the VSEARCH v1.1 pipeline.
Fastg-join was used to merge paired-end raw sequences, followed by a split library step (QIIME). After
dereplication and chimera checking (VSEARCH), reads were then clustered into operational taxonomic
units (OTUs) at 97% identity. Taxonomy of each of 165 rRNA gene sequence was assigned using the
UCLUST against the Greengenes 13.8 database (97% sequence similarity).

2.7. Statistical Analysis

Analyses were performed using the freely available software environment for statistical computing
and graphics R statistics program (version 3.4.0). Sequential and Orthogonalized Covariance Selection
(SO-CovSel) statistics were run under Matlab R2015b environment by means of in-house written
functions (freely available at www.chem.uniromal.it/romechemometrics/research/algorithms/).

Descriptive statistics were run on all data. Differences in demographic, anthropometric, clinical,
functional characteristics, and inflammatory and metabolic markers between PF&S and nonPF&S
participants were assessed via t-test statistics and Xz or Fisher exact tests, for continuous and categorical
variables, respectively. All tests were two-sided, with statistical significance set at p < 0.05.

To compare the gut microbiota alpha diversity between PF&S and nonPF&S participants, Chaol
index was calculated on raw data and differences were assessed by Wilcoxon test.

Data were then preprocessed removing OTUs not seen more than three times in at least 20% of
the samples and were normalized using a regularized logarithm transformation (rlog). Differential
abundance analysis between PF&S and nonPF&S groups at the phylum, family, and genus levels was
carried out using a negative binomial distribution on data normalized by “size factors”, taking into
account sequencing depth between samples. Differences in bacterial abundance were reported as log,
fold change (log, FC). Only comparisons with alog,FC > or <+1.5and an adjusted (Benjamini-Hochberg
method) p value < 0.05 were considered significant.
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After import into MatLab, serum concentrations of inflammatory and metabolic markers and the
abundance of gut microbial OTUs were organized into three matrices (Table 2), to be further processed
through a multi-block approach. Given its ability to provide accurate predictions and, at the same
time, to identify a parsimonious number of relevant variables (putative markers), the analysis was
carried out through the recently developed SO-CovSel algorithm [32].

Table 2. Composition of the multi-block dataset used for Sequential and Orthogonalized Covariance
Selection (SO-CovSel) analysis.

Data Block Biological Pathway Variables

CCL5, CCL11, IFN-y, FGF-B, G-CSF, GM-CSF, IL1B,
IL1ra, IL2, IL4, IL5, IL6, IL7, IL8, IL9, IL10, IL12, IL13,
IL15, 1L17, IP-10, MCP-1, MIP-1«, MIP-13, PDGE-BB,

TNF-

Matrix 1 Inflammation

1-methylhistidine, 3-methylhistidine, 4-hydroxyproline,
a-aminobutyric acid, $-alanine, 3-aminobutyric acid,
y-aminobutyric acid, alanine, aminoadipic acid, anserine,
arginine, asparagine, aspartic acid, carnosine, citrulline,
Matrix 2 Protein/amino acid metabolism cystathionine, cystine, ethanolamine, glutamic acid,
glycine, histidine, isoleucine, leucine, lysine, methionine,
ornithine, phenylalanine, phosphoethanolamine,
phosphoserine, proline, sarcosine, serine, taurine,
threonine, tryptophan, tyrosine, valine

Actinobacteria, Adlercreutzia, Aerostipes, Aerotruncus,
Akkermansia, Alcaligenaceae, Atopobium, Bacteroidaceae,
Bacteroides, Bacteroidetes, Barnesiellaceae, Bifidobacteriaceae,
Bifidobacterium, Bilophila, Blautia, Carnobacteriaceae,
Christensenella, Christensenellaceae, Clostridiaceae,
Collinsella, Coprococcus, Coriobacteriaceae, Cyanobacteria,
Dehalobacteriaceae, Dehalobacterium, Desulfovibrionaceae,
Dethiosulfovibrionaceae, Dialister, Dorea, Eggerthella,
Enterobacteriaceae, Enterococcaceae, Enterococcus,
Erysipelotrichaceae, EtOHS, Eubacterium, Euryarchaeota,
Faecalibacterium, Firmicutes, Granulicatella, Haemophilus,
Lachnobacterium, Lachnospira, Lachnospiraceae,
Lactobacillaceae, Lactobacillus, Methanobacteriaceae,
Methanobrevibacter, Mogibacteriacea, Oscillospira,
Parabacteroides, Paraprevotella, Paraprevotellaceae,
Pasteurellaceae, Peptostreptococcaceae, Phascolarctobacterium,
Porphyromonadaceae, Prevotella, Prevotellaceae,
Proteobacteria, Pyramidobacter, Rikenellaceae, Roseburia,
Ruminococcaceae, Ruminococcus, Ruminococcus, S24-7,
Slackia, Streptococcaceae, Streptococcus, Sutterella,
Synergistetes, Tenericutes, TM7, Veillonella, Veillonellaceae,
Verrucomicrobia, Verrucomicrobiaceae

Matrix 3 Gut microbiota

SO-CovSel is a predictive method that couples variable selection (through the CovSel approach)
with sequential multiblock modeling, and it can be used to deal with both quantitative and qualitative
responses. According to the method, the response(s) to be predicted can be expressed as a linear
combination of variables from the different blocks, as described by the following equation:

Y = X4B + XBs + X3B3

The matrices By, By, and B3 collect the regression coefficients relating the individual blocks to
the response(s). Within the multiblock linear regression framework summarized by the previous
equation, one of the main peculiarities of the SO-CovSel methods is that not all the variables from the
various blocks are used as predictors, but only the most relevant ones, which are selected according to
the CovSel algorithm [33]. In CovSel, the first variable is selected as the one having the maximum
covariance with the response. The subsequent variables are selected according to the same criterion,
but after having orthogonalized both the X and the Y with respect to the contribution of the previously
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selected predictors, to avoid redundancy. The other main characteristic of the SO-CovSel method,
which derives from its analogy with sequential and orthogonalized partial least squares regression
(SO-PLS) [34,35], is that the different blocks are sequentially modeled, after having been orthogonalized
with respect to the contribution of the previous ones. This avoids scaling issues and allows evaluating
whether the block adds new information or it is redundant.

Based on these considerations, for a problem involving three blocks of predictors, as the one
addressed in the present study, the SO-CovSel algorithm can be schematically summarized by the
following steps:

1. CovSel algorithm is used to select relevant variables and calculate a regression model between
the first block and the responses
Y = Xise1B1 + Eq

2. The second block is orthogonalized with respect to the variables selected in the first block

Xoorth = [I - XlSEl(X{selxlsel)X{SEI]X2

3. CovSel algorithm is used to select relevant variables and calculate a regression model between
the orthogonalized second block and the residuals from the first fit

E1 = XoselorthBaortn + E2
4. The third blockis orthogonalized with respect to the variables selected in the first and second blocks

Xaorth = [I - XlZsel(X?zselxusel)xfzse]]x?:

where
X12sel = [X1 SEIXZOTthE‘l]

5. CovSel algorithm is used to select relevant variables and calculate a regression model between
the orthogonalized third block and the residuals from the second fit

Ez = XasetorthBaorth + E3
6.  Anoverall prediction model is built as
Y =Y+ Es = XusaB1 + XaselorthBaorth + XasetorthBsorth + E3
where the predicted response Y is calculated as

Y= X]selBl + XZSEIOTthZUV[h + X3selarth30rth

The algorithm, described in the steps above for regression (i.e., for the prediction of a quantitative
response) can easily be adapted for classification problems, such as the one addressed in the present study.
Indeed, by suitably coding the response matrix Y, a classification problem can be straightforwardly
turned into a regression one. In particular, for a problem involving two classes, Y is a binary coded
vector that takes the value 1 for PF&S participants and 0 for nonPF&S controls. The classification is
then accomplished by properly thresholding the value of the predicted response.
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3. Results

3.1. Characteristics of the Study Population

Thirty-five participants were included in the study: 18 older adults with PF&S (mean age 75.5 + 3.9
years; 56.0% women) and 17 nonPF&S controls (mean age 73.9 + 3.2 years; 29.0% women). Clinical
and demographic characteristics of study participants are presented in Table 3. Age, sex distribution,
and number of co-morbid conditions and medications did not differ between groups. Participants

with PF&S showed higher BMI than nonPF&S controls.

Table 3. Main characteristics of study participants according to the presence of physical frailty &

sarcopenia (PF&S).
PF&S (n =18) NonPF&S (n =17) r
Age, years (mean + SD) 755 +3.9 739 +£3.2 0.2204
Gender (female), n (%) 10 (56) 5(29) 0.2223
BMI, kg/m2 (mean + SD) 32.14 £ 6.02 26.27 +2.55 0.0008
SPPB (mean + SD) 719+1.22 11.24 £ 0.97 <0.0001
aLM, kg (mean + SD) 17.75 +3.17 22.50 +2.93 <0.0001
aLMgy (mean + SD) 0.55 +0.11 0.87 +0.15 <0.0001
Number of disease conditions * (mean + SD) 32+17 3.0+21 0.8046
Number of medications ** (mean + SD) 34+12 29+16 0.1034

Abbreviations: aLM: appendicular lean mass; BMI: body mass index; PF&S: physical frailty & sarcopenia; nonPF&S:
nonphysically frail, nonsarcopenic; SD: standard deviation; SPPB: short physical performance battery. * Includes
hypertension, coronary artery disease, prior stroke, peripheral vascular disease, diabetes, chronic obstructive

pulmonary disease, and osteoarthritis. ** Includes prescription and over-the-counter medications.

3.2. Features of Gut Microbiota According to the Presence of PF&S

No differences in microbial alpha diversity were determined between PF&S and nonPF&S

participants (Figure 1).
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Figure 1. Chaol index of gut microbial alpha diversity in participants with PF&S and in

nonPF&S controls.

The analysis of the differential abundance of microbial taxa between PF&S and nonPF&S groups
at the phylum, family, and genus levels showed an increase in Peptostreptococcaceae (p = 0.008 Table
S1) and Bifidobacteriaceae (p = 0.013) at the family level and of Dialister (p = 0.028), Pyramidobacter
(p = 0.043), and Eggerthella (p = 0.05) at the genus level, and a depletion in Slackia (p < 0.0001) and
Eubacterium (p = 0.028) in PF&S participants (Figure 2). No significant differences in the relative

abundance of intestinal bacteria phyla were found between groups.
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3.3. SO-CovSel Analysis

Serum levels of 64 biomolecules, including cytokines, chemokines, growth factors, amino acids,
and derivatives, and the abundance of 77 gut microbial taxa, were assayed through multiple analytical
platforms. Concentrations of serum mediators are reported in Table S2. Several SO-CovSel models
were built using the multimatrix dataset. Among all of the tested models, the one that allowed the best
classification of PF&S and nonPF&S participants with the smallest number of variables was selected.
This latter was built using only seven analytes (Table 4).

Table 4. Levels of relevant analytes as resulted from SO-CovSel analysis.

PF&S (n =18) nonPF&S (n = 17)

MIP-1x (pg/mL) 2.98 (11.04) 10.64 (11.15)
Aspartic acid (umol/L) 26.95 (9.33) 16.10 (9.28)

Threonine (umol/L) 109.90 (33.60) 125.80 (55.60)

Barnesiellaceae (log2FC) 0.0010 (0.007) 0.0030 (0.003)

Christensenellaceae (10g2FC) 0.0004 (0.005) 0.0023 (0.004)

Oscillospira (og2FC) 0.0147 (0.227) 0.0109 (0.009)

Ruminococcus (log2FC) 0.0674 (0.091) 0.0620 (0.058)

Data are shown as median and interquartile range.

The rate of correct classification was 91.7% for PF&S participants and 87.5% for the nonPF&S
group (90.0% in the whole study population), with an average area under the receiver operating
characteristic (AUROC) curve very close to 1. When compared with their distributions under the null
hypothesis, all of the classification figures of merit were statistically significant (p < 0.0001). Among
the discriminant analytes selected by the SO-CovSel model, participants with PF&S showed lower
levels of MIP-1f3. As for the metabolic signature, the level of the aspartic acid was higher in PF&S
participants, while that of threonine was higher in the nonPF&S group. Among the gut microbes
contributing to the model, Oscillospira and Ruminococcus were more abundant in PF&S participants,
while Barnesiellaceae and Christensenellaceae were higher in the nonPF&S group (Table 4).

4. Discussion

In this study, we profiled the gut microbiota and determined the levels of inflammatory and
metabolic markers in older adults with and without PF&S to investigate whether PF&S is associated
with specific profiles of gut microbial taxa and circulating biomolecules. We also applied an innovative
multi-marker analytical approach to determine the classification performance of a set of potential
biomarkers for PF&S.

Findings from the present study highlight the possibility that changes in gut microbiota
composition may be associated with PF&S. Although no differences in microbial alpha diversity
were found between PF&S and nonPF&S groups, results from the analysis of the differential abundance
of gut microbial taxa showed increased Peptostreptococcaceae and Bifidobacteriaceae at the family
level and Dialister, Pyramidobacter, and Eggerthella at the genus level, and depletion of Slackia and
Eubacterium in participants with PF&S. The taxa involved in the association between gut microbiota
and PF&S identified in the present study are in-keeping with those previously associated with frailty
and biological aging [36-42].

The application of the SO-CovSel-based analytical strategy by incorporating all of the assayed
variables into three different matrices allowed distinguishing participants with PF&S from nonPF&S
controls by using only seven markers, among which gut microbes were the most represented (Table 4).

The existence of a gut microbiota profile associated with sarcopenia and involving changes in
the abundance of health-related Bifidobacteria has previously been shown in rats [43]. While very
little is known about a possible functional link between Oscillospira and PF&S, the existence of a trait
for butyrate-producing bacteria Ruminococcus is in-keeping with previously reported associations
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between Ruminococcus abundance and frailty [40]. Indeed, Oscillospira represents a more enigmatic and
under-studied anaerobic butyrate producer (Clostridium clusters IV) often associated with leanness [44],
with a metabolism and physiology not fully understood [44,45]. However, the overall apparent
dysbiotic shift of gut microbiota towards a greater abundance of butyrate-producing bacteria in
PF&S similar to what was observed in higher functioning people may indicate a positive role for
these microbes in muscle function. Indeed, butyrate, by reinforcing tight junction assembly and
enhancing intestinal barrier function [46], may prevent endotoxin translocation and reduce systemic
inflammation [47]. Short-chain fatty acids (SCFAs), including butyrate, also promote fatty acid
oxidation, thereby improving muscle bioenergetics [48] and limiting myosteatosis [49,50]. On the
other hand, reduced SCFA production may trigger insulin resistance and result in increased fatty
acid deposition within the muscle. The ensuing lower muscle quality may further promote insulin
resistance, feeding a vicious circle that contributes to the onset and progression of PF&S [51,52].
Whether and how Ruminococcus and Oscillospira abundance impacts muscle metabolism and function
in the context of PF&S warrants further investigation. In this regard, it is noteworthy that the
abundance of Bacteroides was increased by aerobic training in healthy older women, which was
associated with improved cardiorespiratory fitness [53]. Variations in Ruminococcus in association with
Eubacterium and Eggerthella were also identified in frail nursing-home residents compared with fit
matched community-dwellers [36,37]. This finding was attributed to different dietary patterns and, in
particular, to long-term protein supplementation among nursing-home residents [40]. Indeed, diet
influences gut microbiota composition and functionality, which may ultimately impact skeletal muscle.
While high protein intake has been endorsed as a strategy against sarcopenia [54], protein-enriched
diets may shift bacterial metabolism towards AA degradation and fermentation [55]. Hence, the role
of gut microbes as transducers of nutrient signaling to the host implies the need of monitoring the
composition and function of gut microbiota during nutritional interventions for sarcopenia.

This view is strengthened by the presence of the AAs aspartic acid and threonine among the most
relevant mediators in the SO-CovSel model.

Aspartic acid, together with asparagine and glutamic acid is among the AAs providing amino
groups and ammonia for the synthesis of glutamine and alanine, whose carbon skeletons can solely
be used for the de novo synthesis of Kreb’s cycle intermediates and glutamine [56]. Notably, we
previously showed that higher serum levels of aspartic acid, asparagine, and glutamic acid were among
the descriptors of the AA signature of older persons with PF&S [10].

Threonine is an essential AA (EAA) that must be provided with the diet to meet nutritional
requirements and is relevant for muscle protein turnover and overall metabolism [57]. The finding of
threonine as a contributor to the SO-CovSel model in discriminating PF&S participants is in-keeping
with a recent work reporting levels of several EAAs, including threonine, as inversely associated with
sarcopenia in community-dwelling older adults [58]. Low plasma levels of EAAs were also found in
severely frail older people [59]. These findings may be associated to malnutrition (both quantitative
and qualitative), a common underlying factor of frailty and sarcopenia [60].

Finally, the relationship observed between the abundance of specific intestinal bacteria, metabolic
markers, and serum levels of distinct inflammatory biomolecules suggests the existence of an additional
pathway through which changes in gut microbiota may impinge on PF&S pathophysiology. A
relationship among gut microbiota composition, chronic inflammation, and age-related conditions
was shown in pre-clinical models [61] but not in humans. Furthermore, altered gut microbiota
composition has been hypothesized to contribute to anabolic resistance and muscle wasting through
promoting chronic inflammation [62,63]. Age-associated alterations in intestinal mucosa permeability
(i.e., “leaky gut”) and the resulting systemic absorption of bacterial products may further ignite
systemic inflammation [64-66]. Although our investigation does not provide mechanistic elements
to support such a hypothesis, the relevance of systemic inflammation to PF&S has previously been
shown [11]. From this perspective, systemic inflammation would represent one of the effectors of the
“gut-muscle axis” that has recently been proposed to contribute to the development of PF&S [23,63,67].
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Hence, untangling the relationship among gut microbiota, metabolic changes and muscle homeostasis
in advanced age represents a highly promising research area to devise new interventions against PF&S.

Although reporting novel findings, our study presents some limitations that need to be
acknowledged. Participants with PF&S had higher BMI than controls, indicative of a sarcopenic obesity
phenotype. Because this body composition profile is intrinsic to the PF&S condition [27], the relative
contribution of low muscle and excessive adiposity to systemic inflammation, metabolic changes,
and gut microbiota composition could not be discerned. The cross-sectional design of the present
investigation does not allow inferring causality about changes in gut microbiota and the development
of PF&S. Nevertheless, the presence of a gut-muscle axis actively involved in the genesis of frailty and
sarcopenia is supported by other studies (reviewed in [67]). Here, for the first time, we show that
specific relationships exist among gut microbiota, systemic inflammatory mediators, and metabolic
alterations in older adults with PF&S. The relatively small size of the study population comprising
only Caucasian people calls for a cautious interpretation of results and impedes generalization of
findings to other ethnic groups. Because of the limited sample size, the possible influence of numerous
factors, including diet, physical activity, co-morbid conditions, and medications, could not be taken
into account in the analysis. Finally, although a fairly large number of metabolic and inflammatory
biomolecules were assayed, it cannot be excluded that more robust associations between gut microbiota
composition and PF&S might have been obtained through the analysis of a larger range of biomediators.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/1/65/s1,
Table S1: Differential abundance analysis of bacterial taxa at phylum, family, and genus level in participants
with physical frailty and sarcopenia (PF&S) and nonPF&S. Table S2: Serum concentrations of nonsignificant
inflammatory mediators, amino acids, and derivatives in participants with and without physical frailty &
sarcopenia (PF&S).
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Abstract: End-stage renal disease patients have insufficient renal clearance capacity left to adequately
excrete metabolic waste products. Hemodialysis (HD) is often employed to partially replace renal
clearance in these patients. However, skeletal muscle mass and strength start to decline at an accelerated
rate after initiation of chronic HD therapy. An essential anabolic stimulus to allow muscle maintenance
is dietary protein ingestion. Chronic HD patients generally fail to achieve recommended protein
intake levels, in particular on dialysis days. Besides a low protein intake on dialysis days, the protein
equivalent of a meal is extracted from the circulation during HD. Apart from protein ingestion, physical
activity is essential to allow muscle maintenance. Unfortunately, most chronic HD patients have
a sedentary lifestyle. Yet, physical activity and nutritional interventions to support muscle maintenance
are generally not implemented in routine patient care. To support muscle maintenance in chronic
HD patients, quantity and timing of protein intake should be optimized, in particular throughout
dialysis days. Furthermore, implementing physical activity either during or between HD sessions may
improve the muscle protein synthetic response to protein ingestion. A well-orchestrated combination of
physical activity and nutritional interventions will be instrumental to preserve muscle mass in chronic
HD patients.

Keywords: muscle wasting; exercise; nutrition; kidney disease

1. Introduction

Chronic kidney disease (CKD) is currently a public health problem with a global prevalence of 10%
and the cause of approximately 33 million disability-adjusted life-years worldwide [1,2]. Development
and progression of CKD are associated with the age-related decline in renal function, especially
in individuals with hypertension and diabetes mellitus [3-5]. Therefore, the rapid ageing of our
population is expected to further increase prevalence of CKD and its progression to end-stage renal
disease (ESRD) [6,7]. The glomerular filtration rate in ESRD patients is below 15 mL/min/1.73 m? and
insufficient to adequately remove metabolic waste products and fluids from the body [8,9]. Due to the
accumulation of metabolic waste products in their body, ESRD patients experience phenotypic changes
that resemble the ageing process, with a progressive loss of skeletal muscle mass and strength [10].
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To prevent lethal consequences of metabolic waste product accumulation in ESRD patients,
hemodialysis (HD) can be used to partially replace renal solute removal [11]. Over the past decades,
survival of patients undergoing HD has improved substantially [12,13]. However, prevention of the
adverse effects of HD on body composition has made less progression. After initiation of chronic
hemodialysis (CHD) therapy, the age-related loss of skeletal muscle mass and strength accelerates and
patients typically develop impairments in physical function [14-17]. Protein-energy wasting, a severe
state of malnutrition, is observed in 28%-54% of CHD patients [18,19]. Loss of skeletal muscle mass
and strength predisposes CHD patients to frailty and substantially reduces their quality of life [20].
Furthermore, the decline in skeletal muscle mass and strength is associated with higher hospitalization
and mortality rates in CHD patients [20-22]. As the duration of CHD treatment is associated with its
detrimental effects on body composition, the improved survival rate of CHD patients will generate
new challenges for healthcare [14]. This emphasizes the need to understand and counteract skeletal
muscle mass and strength loss in CHD patients.

2. Muscle Maintenance

Skeletal muscle mass is regulated through a dynamic balance between continuous synthesis and
breakdown of muscle proteins. The muscle protein pool has shown to possess a turnover rate of 1%-2%
per day, allowing skeletal muscle tissue to adapt to circumstances such as changes in physical activity
pattern (e.g., muscle hypertrophy following resistance-type exercise training) [23]. Ingesting several
protein-containing meals throughout the day results in a sinusoidal pattern of subsequent increases
and decreases in skeletal muscle protein synthesis and breakdown rates [24]. Skeletal muscle protein
synthesis rates are high during post-prandial periods and low during post-absorptive periods, whilst
skeletal muscle protein breakdown rates follow a reverse pattern. Muscle maintenance is achieved
when skeletal muscle protein synthesis rates equal skeletal muscle protein breakdown rates over
a given period.

Protein ingestion is an essential requirement to maintain skeletal muscle mass. After consumption,
dietary protein is absorbed as amino acids in the intestine, with a large fraction being subsequently
released into the circulation [25]. The release of amino acids into the circulation following protein
ingestion elevates plasma amino acid concentrations for a post-prandial period of up to 5 h [26].
These circulating plasma amino acids serve as precursors for de novo synthesis of muscle protein [27].
However, amino acids are more than simply building blocks for muscle protein synthesis, as they
can function as signaling molecules. The post-prandial increase in plasma essential amino acid
concentrations, and leucine in particular, stimulates anabolic signaling through several molecular
pathways, such as the mammalian target of rapamycin complex 1 (mTORC1) pathway [28,29].
This post-prandial anabolic signaling increases skeletal muscle protein synthesis rates and inhibits
proteolysis, allowing net muscle protein accretion [27].

Muscle loss can be attributed both to an increase in muscle protein breakdown as well as to
a decline in muscle protein synthesis rates. Previous work has reported increased muscle proteolysis
in CHD patients due to inflammation, metabolic acidosis, and the dialysis procedure itself [30-33].
Furthermore, it has been suggested that the muscle protein synthetic response to feeding is impaired in
patients with CKD [34]. Whereas a maximal post-prandial muscle protein synthetic response has been
reported after ingesting up to 20 g of a high-quality protein in healthy young adults, a lesser response
has been observed in older individuals [27,35,36]. More recently, van Vliet et al. were unable to detect
a measurable increase in skeletal muscle protein synthesis rates in CHD patients following ingestion
of a meal containing 20 g protein [37]. The latter suggests that CHD patients suffer from a blunted
muscle protein synthetic response to feeding, a phenomenon that has been coined anabolic resistance.
In healthy elderly individuals, it has been shown that the anabolic resistance of skeletal muscle
tissue can be overcome through ingesting a greater amount of protein (at least 30 g of a high-quality
protein) [38] and/or performing a bout of resistance-type exercise prior to feeding [39]. When tailored
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specific to CHD patients, these anabolic strategies may prove essential to attenuate or even prevent the
accelerated loss of skeletal muscle mass and strength in ESRD patients undergoing HD.

3. Dietary Protein Intake in ESRD Patients on HD

For healthy young adults, the recommended dietary protein intake to achieve a net balance between
muscle protein synthesis and breakdown rates has been set at 0.8 g protein/kg body weight/day by the
World Health Organization [40,41]. This level of protein intake may not be sufficient to support muscle
maintenance in CHD patients. According to the National Kidney Foundation K/DOQI Clinical Practice
Guidelines, these patients are recommended to ingest >1.2 g protein/kg body weight/day [42—-45].
However, CHD patients generally do not meet this recommended level of protein intake. Previous
studies in this population have observed a dietary protein intake of 0.9-1.0 g protein/kg body
weight/day [46-51]. Especially on dialysis days, factors such as time constraints and reduced appetite
make it difficult for patients to consume ample dietary protein [52]. As a result, dietary protein intake
in CHD patients has been reported to be ~0.8 g protein/kg body weight on dialysis days compared to
~1.0 g protein/kg body weight on non-dialysis days [50].

In addition to low protein intake, another factor compromises plasma amino acid availability on
dialysis days. During HD, both metabolic waste products as well as circulating amino acids are able
to diffuse through the semipermeable dialysis membrane [11]. The diffusion into the dialysate results
in a considerable extraction of circulating amino acids throughout HD [30,53-56]. We have recently
shown that during a single HD session, ~12 g amino acids are extracted from the circulation in CHD
patients who ingest their habitual diet during HD [57]. This amount equals the quantity of amino
acids that is released into the circulation following ingestion of a typical meal (containing 20-25 g
protein). Loss of circulating amino acids causes a significant decline of plasma amino acid concentrations
throughout HD [55,57]. Moreover, Ikizler et al. showed that in fasting CHD patients, plasma amino acid
concentrations remain low for at least 2 h after cessation of HD [30]. The HD-induced decline in plasma
amino acid concentrations has been shown to cause substantial catabolism of skeletal muscle tissue in
fasted CHD patients [58,59]. The continuous extraction of amino acids throughout HD stimulates skeletal
muscle tissue to release amino acids into the circulation [60,61]. This homeostatic process attenuates
the decline in plasma amino acid concentrations and may prevent subsequent detrimental effects on
organs that are necessary to sustain life [62]. In addition, the decline in plasma amino acid concentrations
reduces the availability of precursors for de novo synthesis of muscle proteins during and following HD.
To allow a muscle protein synthetic response during this period, the extraction of circulating amino acids
should be compensated for through amino acid and/or protein administration.

Provision of protein-rich nutrition during HD is often recommended to increase dietary protein
intake on dialysis days [63—-66]. Ingestion of 40-60 g protein has been shown to prevent the HD-induced
decline in plasma amino acid concentrations in multiple studies [58,59,67,68]. Furthermore, Pupim et al.
demonstrated that ingestion of 57 g protein resulted in a positive forearm amino acid balance throughout
HD [58]. Thus, HD-associated skeletal muscle catabolism may be prevented through ingestion of
sufficient protein during HD. Several studies have also observed long-term beneficial effects of protein
supplementation during HD, such as an increase in lean body mass, improvement in physical function,
and decrease in mortality [69-71]. However, data from our lab [57] and others [56,67] indicate that
protein ingestion during HD is also accompanied by an increase in amino acid extraction, presumably
due to a higher subsequent plasma-dialysate diffusion gradient (Figure 1). Due to this extraction
following protein ingestion during HD, less amino acids become available to stimulate muscle protein
synthesis rates and serve as precursors for de novo synthesis of muscle protein. Considering the
anabolic resistance of skeletal muscle tissue that is also present in this population, CHD patients will
need to ingest well above 20 g high-quality protein during HD to allow a post-prandial increase in
skeletal muscle protein synthesis and an inhibition of proteolysis.
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Figure 1. Conceptual overview of the effects of hemodialysis, protein ingestion, and physical activity
on the muscle protein synthetic and proteolytic response. The extraction of amino acids during
hemodialysis (HD) stimulates muscle protein breakdown (MPB) rates due to decreased plasma amino
acid concentrations. Protein ingestion can maintain, or even increase, plasma amino acid concentrations
throughout HD, which increases muscle protein synthesis (MPS) rates, while it may attenuate the
HD-induced increase in MPB rates. However, elevated plasma amino acid concentrations also increase
the amount of amino acids that are extracted during HD. Physical activity before or during HD may
increase the use of plasma amino acids for de novo MPS, and thereby reduce the amount of amino
acids that are extracted from the circulation during HD. Dashed lines in green represent processes

that support muscle maintenance, whereas dashed lines in red represent processes that compromise
muscle maintenance.

However, high quality (animal-derived) protein is rich in phosphorous [72]. In CHD patients,
an increased dietary protein intake may lead to hyperphosphatemia or the need for phosphate
binders. Furthermore, it has been suggested that an increased dietary protein intake in CHD patients
provides more uremic toxin precursors and leads to higher uremic solute concentrations between
HD sessions [73]. Recently, our laboratory has shown that the ingestion of branched-chain ketoacids,
which contain no phosphorous or nitrogen, significantly stimulates skeletal muscle protein synthesis
rates in healthy elderly individuals [74]. Ketoacid supplementation in CKD patients has been shown
to reduce the generation of toxic metabolic waste products, while maintaining a good nutritional

status [75]. However, it remains to be established whether ketoacid supplementation could support
muscle maintenance in CHD patients.

4. Physical Activity in ESRD Patients on HD

Another key component for muscle maintenance is physical activity. Physical activity and exercise
stimulate skeletal muscle protein synthesis rates, with post-absorptive muscle protein synthesis rates
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being elevated for up to 24 or even 48 h [76,77]. Furthermore, physical activity performed prior to food
intake augments the post-prandial muscle protein synthetic response to feeding [78-81]. In contrast,
a decline in physical activity reduces the muscle protein synthetic response to feeding [82-84].
In other words, whereas physical activity makes skeletal muscle tissue more sensitive to the anabolic
properties of amino acids, muscle disuse leads to anabolic resistance of skeletal muscle tissue [85].
In support, daily exercise has been shown to increase skeletal muscle protein synthesis rates throughout
the day [86], while a decline in physical activity has been shown to lower daily muscle protein synthesis
rates [87]. Consequently, ample physical activity has been associated with a reduced age-related loss of
muscle mass and strength [88,89], whereas a decline in the level of physical activity (e.g., during bed rest
or limb immobilization) has been shown to induce a rapid decline in muscle mass and strength [90,91].

According to the Physical Activity Guidelines for Americans, patients with chronic diseases should
follow the key physical activity guidelines for healthy adults to achieve substantial health benefits [92].
These guidelines recommend patients to perform at least 150-300 min per week of moderate-intensity
aerobic exercise, 75-150 min of vigorous-intensity aerobic exercise per week, or an equivalent combination
of both. In addition, muscle-strengthening activities that involve all major muscle groups should be
performed at least twice per week. However, these guidelines do not contain specific recommendations
for CHD patients. The Renal Association Clinical Practice Guideline on Hemodialysis recommends that all
CHD patients without contraindication should perform at least 30 min of supervised moderate-intensity
exercise during every dialysis session [93]. In addition, the guideline states that CHD patients should
be encouraged to undertake physical activity on non-dialysis days. In line with this recommendation,
it has recently been suggested that mortality rates are reduced in CHD patients who perform at least
4000 steps on non-dialysis days [94].

However, CHD patients typically adopt a sedentary lifestyle and spend less time being physically
active than healthy adults [95,96]. In the United States, almost 50% of CHD patients perform exercise
once or less than once per week [96]. A HD session represents a long (3—4 h) sedentary period, which
often hinders CHD patients to engage in physical activity and, as such, dialysis treatments contribute
to the lower physical activity levels [97,98]. Gomes et al. observed that CHD patients took 4362 + 2084
and 7007 + 3437 steps on dialysis and non-dialysis days, respectively, compared to 8792 + 2870 steps
taken by age-matched healthy controls [98]. The low habitual physical activity level in these patients is
another key factor responsible for the accelerated loss of muscle mass and strength in CHD patients [17].
Interventions in CHD patients targeted to preserve or even increase muscle mass should not only
provide nutritional support but also increase physical activity levels to maximize their impact.

5. Interventions to Support Muscle Maintenance in ESRD Patients on HD

Physical activity interventions for CHD patients may implement exercise during HD (intradialytic) or
between HD sessions (interdialytic). A recent meta-analysis by Clarckson et al. reported no differences
in the efficacy of intradialytic when compared with interdialytic exercise on improvements of physical
function in CHD patients [99]. Due to exercise intolerance, CHD patients typically show low adherence and
poor compliance to long-term unsupervised physical activity intervention programs [100]. HD sessions
represent an opportunity to integrate supervised physical activity in the weekly routine of CHD patients.
Intradialytic physical activity is considered safe and shows greater adherence rates than interdialytic
physical activity [100-102]. Furthermore, supervision of intradialytic exercise sessions provides the
opportunity to prescribe a patient-specific and progressive exercise program. Physical activity during
HD has some limitations compared to interdialytic physical activity, such as constrains regarding exercise
intensity and upper limb exercises. On the other hand, intradialytic physical activity provides distraction for
CHD patients during their treatment and has been shown to improve their quality of life [101]. Therefore,
we would advocate the implementation of an intradialytic exercise program in lifestyle interventions
designed for (sedentary) CHD patients.

In addition to timing, the type of exercise is an important determinant of its potential to support
muscle maintenance. Resistance-type exercise training is considered most potent to augment muscle
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mass and strength. In healthy adults, resistance-type exercise training has been shown to induce a robust
increase in both skeletal muscle mass as well as strength [103-105]. Furthermore, resistance-type
exercise also sensitizes skeletal muscle tissue to the anabolic properties of amino acids and, as such,
increases the post-prandial muscle protein synthetic response to feeding [78,79,81]. In support, it has
been reported that a single bout of resistance-type exercise performed prior to HD increases amino acid
uptake by muscle tissue following intradialytic protein ingestion [106]. Intradialytic resistance-type
exercise programs have shown to increase skeletal muscle strength, thereby improving physical
function outcome measures such as the 6-min walk test [99,107-110]. In a systematic review of nine
trials that assessed progressive resistance-type exercise training in ESRD patients on HD, Chan and
Cheema concluded that resistance-type exercise training can effectively induce regional skeletal muscle
hypertrophy [111]. However, due to inconsistent results of previous studies [69,112-118], it remains
unclear whether resistance-type exercise can increase skeletal muscle mass on a whole-body level in
CHD patients.

Protein ingestion during recovery from resistance-type exercise is required to achieve a positive
net protein balance and, as such, to allow net muscle protein accretion [76]. Due to practical matters,
the majority of studies that assessed the impact of resistance-type exercise training in CHD patients
implemented their training sessions before or during HD [119]. As circulating amino acids are extracted
during HD, recovery from those exercise sessions typically occurred during conditions of reduced
amino acid availability. This may have attenuated the anabolic effects of the exercise training programs.
Furthermore, the combination of amino acid extraction during HD and the anabolic resistance of
skeletal muscle tissue in CHD patients likely increases the amount of protein that is required following
intradialytic resistance-type exercise. We suggest that at least 30 g protein should be provided to CHD
patients during recovery from resistance-type exercise performed immediately prior or during HD to
allow a muscle protein synthetic response.

Besides protein ingestion during recovery from exercise, it has been advocated that every main
meal (breakfast, lunch, and dinner) should contain 20 g high-quality protein to optimally stimulate
muscle protein synthesis rates throughout the day [120,121]. We suggest that CHD patients should
ingest well above 20 g high-quality protein per main meal to compensate for the blunted muscle protein
synthetic response to feeding, recognizing that additional measures to prevent hyperphosphatemia
might be necessary. In addition, ingesting a protein-rich snack prior to sleep, especially on training days,
may further support muscle mass maintenance [24]. Though the impact of these nutritional strategies
has not been assessed in CHD patients, they would likely be supplemental in the prevention of protein
malnutrition in this population. Effectiveness of any nutritional intervention largely depends on
long-term adherence and compliance. However, adherence to dietary interventions in CHD patients is
often poor due to barriers such as dialysis time, motivation, and lack of social support [122]. Therefore,
CHD patients should be advised on protein options that are easy to prepare, convenient to consume,
and have an acceptable taste.

A well-orchestrated lifestyle intervention program combining exercise and nutritional
interventions for CHD patients is required to attenuate or even prevent the loss of muscle mass,
strength, and functional capacity in this population. For such a multimodal interventional approach
to be effective, a (more) personalized supervision of CHD patients provided by a team of healthcare
specialists with physical activity and nutritional expertise is required. A close collaboration between
nephrologists, physical therapists, and dietitians in both research and clinical care will be essential to
improve the health and well-being of the growing number of CHD patients.

6. Conclusions

The gradual loss of skeletal muscle mass in CHD patients accelerates after initiation of intermittent
HD treatment. Muscle protein breakdown rates in CHD patients are increased, while muscle protein
synthesis rates fail to match this increase due to insufficient protein ingestion, amino acid extraction
during HD, and the prevalence of anabolic resistance. Protein intake of CHD patients should be increased
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on dialysis days to compensate for extraction of circulating amino acids during HD and to compensate
for the blunted muscle protein synthetic response to feeding in these patients. Implementing structured
physical activity in the daily routine of CHD patients represents a feasible strategy to increase the skeletal
muscle protein synthetic response to protein ingestion and, as such, to alleviate anabolic resistance.
More insight in the impact of protein ingestion and exercise in CHD patients on both dialysis as well as
non-dialysis days is required to develop more effective nutritional and exercise intervention programs
that can attenuate or even prevent muscle loss in CHD patients.
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Abstract: This study aims to explore the association between malnutrition diagnosed according to
both the Global Leadership Initiative of Malnutrition (GLIM) and the European Society of Clinical
Nutrition and Metabolism (ESPEN) criteria and the onset of sarcopenia/severe sarcopenia, diagnosed
according to the European Working Group on Sarcopenia in Older People 2 (EWGSOP2) criterion,
in the sarcopenia and physical impairment with advancing age (SarcoPhAge) cohort during a
four-year follow-up. Adjusted Cox-regression and Kaplan-Meier curves were performed. Among the
534 community-dwelling participants recruited in the SarcoPhAge study, 510 were free from sarcopenia
at baseline, of whom 336 had complete data (186 women and 150 men, mean age of 72.5 + 5.8 years)
to apply the GLIM and ESPEN criteria. A significantly higher risk of developing sarcopenia/severe
sarcopenia during the four-year follow-up based on the GLIM [sarcopenia: Adjusted hazard ratio
(HR) = 3.23 (95% confidence interval (CI) 1.73-6.05); severe sarcopenia: Adjusted HR = 2.87 (95% CI
1.25-6.56)] and ESPEN [sarcopenia: Adjusted HR = 4.28 (95% CI 1.86-9.86); severe sarcopenia:
Adjusted HR = 3.86 (95% CI 1.29-11.54)] criteria was observed. Kaplan-Meier curves confirmed this
relationship (log rank p < 0.001 for all). These results highlighted the importance of malnutrition
since it has been shown to be associated with an approximately fourfold higher risk of developing
sarcopenia/severe sarcopenia during a four-year follow-up.

Keywords: sarcopenia; EWGSOP2; malnutrition; GLIM; SarcoPhAge

1. Introduction

Malnutrition is a major cause of adverse health consequences, such as impaired physical
function [1], hospitalization [2], and mortality [3,4] in older people. One of the most prominent
features of malnutrition is that it is a reversible disease, and a wide variety of effective therapeutic
approaches are available and adaptable to the different etiologies and patient requirements [5,6].

In 2016, the World Health Organization launched the World Report on Ageing and Health,
an action plan to promote initiatives towards a better ageing process [7]. The European Society of
Clinical Nutrition and Metabolism (ESPEN) followed the WHO's strategy, revisited the concepts of
malnutrition and nutrition-related diseases. ESPEN developed malnutrition criteria [8] and guidelines
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on the definition and terminology of clinical nutrition [9] which unified the terminology to be
used in malnutrition and nutrition-related diseases, i.e., sarcopenia, frailty, cachexia/disease-related
malnutrition, and starvation-related underweight [8], and organized them as a conceptual tree of
nutritional disorders [9]. The ESPEN approach is a two-tier process: In the first step, patients are
identified as being at risk of malnutrition by any validated screening tool; in the second step,
malnutrition is defined by a combination of weight loss, low body mass index, and low muscle mass [8].

The efforts by the WHO and ESPEN to shed light on malnutrition and nutrition-related diseases
have been followed by the largest societies of clinical nutrition and metabolism. In the malnutrition
field, the Global Leadership Initiative on Malnutrition (GLIM) [10] launched the GLIM criteria, the first
international definition of malnutrition [11]; in the sarcopenia field, the European Working Group on
Sarcopenia in Older People has published the revised European consensus on definition and diagnosis
(EWGSOP2) [12], which updates the most widely acknowledged previous definition.

The GLIM criteria are a three-step approach, first, patients are identified by any validated screening
tool, and second, they are diagnosed for presence of, at least, one phenotypic (weight loss, low body
mass index, and low muscle mass) and one etiologic criteria (reduced food intake or assimilation or
disease burden and inflammation). A third step is severity grading, which is based on the phenotypic
criteria. The EWGSOP2 consensus follows this same three-step approach, first, screening by SARC-F
questionnaire, and second, patients are diagnosed in presence of low muscle strength and low muscle
mass. The third step is severity grading, based on the impairment of physical performance. The GLIM
and EWGSOP2 criteria are harmonized definitions that share muscle mass as a criterion to enhance
the comparability of studies [13], and sarcopenia has loss of muscle function as its most highlighted
differential feature [14].

Nutritional intake is one of the most important modulators in human health, and an inadequate
balance between intake and expenditure is the main cause of malnutrition [14] and nutrition-related
diseases [13,15]. The association between a poor balanced diet with reduced micro and macronutrients
and the presence of sarcopenia at baseline in community-dwelling older people has been recently
described by our research group [16]. Likewise, malnutrition must be decisive for the onset of
sarcopenia. However, the prospective associations between the two diseases remain unknown, and the
incidence of sarcopenia in longitudinal studies is truly unexplored.

Our research group has followed the call to action launched by the GLIM and ESPEN to shed
light on the overlap between malnutrition and nutrition-related diseases [10]. Our objective is to assess
the relationship between baseline malnutrition according to the GLIM and the ESPEN criteria and
the incidence of sarcopenia and severe sarcopenia in the sarcopenia and physical impairment with
advancing age (SarcoPhAge) cohort during a four-year follow-up.

2. Materials and Methods

This was a prospective, descriptive study cohort. The Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) statement was followed [17].

2.1. Population

Participants from the SarcoPhAge cohort were included in this study. The protocol of the
SarcoPhAge study has been detailed elsewhere [18]. Briefly, the SarcoPhAge cohort is a Belgian
population-based cohort developed in Liege (Belgium) involving 534 community-dwelling participants
65 years of age and older. Participants were recruited in 2013 from press advertisements and general,
geriatric, osteoporosis, rehabilitation, and rheumatology outpatient clinics and were followed up each
year (TO/baseline and T1, T2, T3, T4, corresponding, respectively, to one year, two years, three years,
and four years of follow-up) with a clinical examination and questionnaires. No specific exclusion
criteria related to health or demographic characteristics were applied, except for the exclusion of
individuals with an amputated limb or with a BMI above 50 kg/m2. Written informed consent was
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provided by participants, and the study was approved by the ethics committee of our institution
(reference 2012/277).

The outcome measure was the incidence of sarcopenia/severe sarcopenia measured annually, i.e.,
the number of new cases each year, which were cumulated.

2.2. Data Collection

2.2.1. Malnutrition Diagnosis

Malnutrition was diagnosed at baseline (T0) according to the two most updated definitions of
malnutrition: The ESPEN [8] and the GLIM criteria [19].

The ESPEN criteria [8] propose two ways to diagnose malnutrition. Alternative one: Body mass
index (BMI) <18.5 kg/m?. Alternative two: Unintentional weight loss combined with a low age-related
BMI (<20 kg/m? in <70 years or <22 kg/m? in >70 years) or low fat-free mass index (FFMI) (<17 kg/m?
in men and <15 kg/m? in women).

The GLIM criteria [19] require at least one phenotypic criterion and one etiological criterion,
as summarized in Table 1.

Table 1. Summary of phenotypic and etiological criteria of the Global Leadership Initiative on
Malnutrition (GLIM) definition.

Phenotypic

A weight loss >4.5 kg in the past year was reported and used as a
Weight loss threshold [20]. Unintentional weight loss was obtained by clinical
interview at baseline.

BMI (kg/m?) was considered reduced if <20 kg/m? or <22 kg/m? in
participants younger and older than 70 years, respectively [19].

FFMI <17 kg/m2 in men and <15 kg/m2 in women or ALMI <7 kg/m2
in men and <5.5 kg/m? in women was used as a threshold [12,19].

BMI

Reduced muscle mass

Etiological

The first Mini-nutritional Assessment- Short Form (MNA-SF) [21] item
was used to determine reduced food intake: “Has food intake declined
over the past 3 months due to loss of appetite, digestive problems,

Reduced food intake or assimilation  chewing or swallowing difficulties?” Severe and moderate decreases
were considered positive answers [21]. Chronic gastrointestinal
conditions that adversely impact food assimilation or absorption of
nutrients were also considered.

Interleukin-6 (IL-6) and insulin-like growth factor 1 (IGF-1) were
selected as biomarkers to assess inflammation, following
recommendations by the Targeting Aging Biomarkers Workgroup for
the selection of blood-based biomarkers for geroscience-guided
clinical trials [22].

Quartiles for IGF-1 and IL-6 in our own data were calculated in both
sexes, and the lowest quartile was considered as a sex-specific
threshold: IGF-1 <88 ng/mL in men and <82 ng/mL in women and
IL-6 >3.84 pg/mL in men and >2.99 pg/mL in women [23]. The number
of diseases was recorded; disease burden was not assessed.

Disease burden and inflammation

2.2.2. Sarcopenia Diagnosis

For sarcopenia diagnosis, we applied the latest criteria published by the EWGSOP, the EWGSOP2
criteria [12]. A complete diagnosis of sarcopenia was performed at baseline and at each time of
follow-up (T1, T2, T3, and T4). The incidence of sarcopenia was thereby measured.

Confirmed sarcopenia was considered when participants presented both of the following:
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(1) Low muscle strength (expressed in kg). Muscle strength was measured with a handgrip hand-held
dynamometer (Saehan Corporation, MSD Europe Bvba, Brussels, Belgium) calibrated at the
beginning of the study and at each year of follow-up for 10, 40, and 90 kg. We followed
standardized procedures by asking participants to squeeze as hard as possible three times per
hand. The highest value of the six measurements was considered in our analyses (Southampton
protocol) [24]. Low muscle strength is defined as <27 kg in men and <16 kg in women [12].

(2) Low muscle mass. Muscle mass was measured with a dual X-ray absorptiometer (Hologic
Discovery A, USA), which was calibrated daily. Fat-free mass and appendicular lean mass,
obtained from whole-body DXA scans, were divided by height squared (kg/m?) to obtain the
fat-free mass index and appendicular lean mass index (ALMI) values, respectively. A low muscle
mass is defined as FEMI <17 l(g/m2 in men and <15 l(g/m2 in women or ALMI <7 l(g/m2 in men
and <5.5 kg/m? in women.

Moreover, if a person also presented low physical performance (measured by the Short Physical
Performance Battery test [24] through the assessment of balance, walking speed, and the chair stand
test with <8 points as the threshold, or measured by a 4 m gait speed test with <0.8 m/s as the threshold),
that person was considered to have “severe sarcopenia”. Physical performance was measured following
the standardized assessment recommended by the European Society for Clinical and Economic Aspects
of Osteoporosis, Osteoarthritis, and Musculoskeletal Diseases (ESCEO) [25].

2.3. Covariates

During the annual follow-up of the SarcoPhAge participants, a large number of covariates were also
collected. Among these variables, we recorded the number of comorbidities that the participants were
affected by and the number of drugs consumed, self-reported by each individual; the cognitive status,
assessed by the mini-mental state examination (MMSE) [26]; the participants functional limitations in
instrumental activities of daily living (IADLs), measured with the Lawton scale [27]; as well as the
physical activity level, self-reported as the time spent in different physical activities in the past seven
days based on the Minnesota Leisure Time Activity Questionnaire below, an established cut-off based
on sex [28].

2.4. Statistical Analysis

The normality of the variables was checked by examining the histogram, the quantile-quantile
plot, the Shapiro-Wilk test, and the difference between the mean and the median values.
Quantitative variables following a Gaussian distribution were expressed as the mean + standard
deviation; quantitative variables not following a Gaussian distribution were expressed as the median
(25th percentile-75th percentile). Qualitative variables were described by absolute and relative
(%) frequencies.

First, the number of participants diagnosed with sarcopenia according to the EWGSOP?2 criteria
was measured. We excluded those participants from our database to allow us to measure the incidence
of sarcopenia from a sample of participants free from the disease.

Second, the number of participants diagnosed with malnutrition according to either GLIM or
ESPEN criteria was measured. To assess agreement between the criteria, we reported the Cohen
kappa coefficient and its 95% confidence interval (CI) (overall concordance rate). Participants’ baseline
characteristics were compared between those diagnosed with malnutrition with either the ESPEN
criteria or the GLIM criteria and those not diagnosed with malnutrition through a Student’s t test for
quantitative variables that followed a normal distribution, the Mann-Whitney U test for quantitative
variables that did not follow a normal distribution, and a x? test for qualitative or binary variables.

Third, the incidence of sarcopenia and severe sarcopenia was measured each year, i.e., number of
new cases each year, which were cumulated. For both the ESPEN and GLIM definitions of malnutrition,
the incidence of sarcopenia/severe sarcopenia was measured in each group (malnourished versus
well-nourished) and compared using a %2 test. Since survival data were available (months of follow-up),
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we also applied the Cox proportional hazards model, giving the hazard ratio (HR) and 95% CI to
measure the risk of developing sarcopenia/severe sarcopenia across four years of follow-up according to
the baseline nutritional status. A crude HR as well as an adjusted HR were calculated, taking into
account covariates that could potentially impact on muscle health and nutritional status: Sex, age,
the number of concomitant diseases, the number of drugs, cognitive status, and the level of physical
activity [18,29-32]. To avoid over adjustment with sarcopenia, we chose not to include BMI as a
covariate. Survival curves were evaluated using the Kaplan-Meier method to explore the influence of
malnutrition on the risk of developing sarcopenia/severe sarcopenia. Log-rank tests were performed.

Data were processed using the SPSS Statistics 24 (IBM Corporation, Armonk, NY, USA) software
package. All results were considered statistically significant at the 5% critical level.

3. Results

3.1. Population and Diagnosis of Malnutrition

Of the 534 older adults included in the SarcoPhAge study, 510 were free from sarcopenia,
as diagnosed with the EWGSOP2 definition, and they constituted our baseline population. Of those
510 participants, 416 were interviewed throughout the four-year follow-up period (94 individuals
were either lost to follow-up, refused to participate, were unable to continue the study, or were dead)
(Figure 1).

Total participants in the SarcoPhAge
study
N =534

!

Participants without sarcopenia at

baseline
N=510

!

Participants interviewed throughout the

4-year follow-up
N=416

l

Total participants with data available for

the diagnosis of malnutrition according to
the ESPEN and GLIM criteria
N =336

Figure 1. Flow chart of the study. European Society of Clinical Nutrition and Metabolism (ESPEN) and
sarcopenia and physical impairment with advancing age (SarcoPhAge).

Finally, only 336 participants had the blood samples available that were needed to assess
inflammation for the diagnosis of malnutrition according to the GLIM criteria. Our final study
population at baseline was therefore composed of 336 participants (Figure 1), 55.4% women,
aged 72.5 + 5.8 years with a mean of four concomitant diseases per participant and a mean of
5.6 daily consumed drugs per participant. The population was free from cognitive disorders, with an
MMSE mean score of 28.3 + 1.8 points out of 30 (Table 2).
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Malnutrition, according to the ESPEN criteria, was present in 19 individuals (5.65%) and,
according to the GLIM criteria, was present in 59 individuals (17.6%). Agreement between both
definitions was low, with a Cohen kappa coefficient of 0.30 (95% CI 0.16-0.43). Once diagnosed with
either the ESPEN or the GLIM criteria, malnourished participants presented a significantly lower BMI,
a lower amount of lean mass, and ALMI as well as a lower muscle strength (the latest being applicable
for male participants only) than well-nourished individuals (all p-values < 0.05). Participants diagnosed
with malnutrition using the GLIM criteria also presented a higher number of concomitant diseases
than well-nourished participants (p = 0.005). No other significant differences between groups were
observed for the collected characteristics of the population.

3.2. Incidence of Sarcopenia

From baseline to four years of follow-up, 46 new cases of sarcopenia (13.7%) and 26 new cases
of severe sarcopenia (7.74%) were reported. In participants diagnosed with malnutrition at baseline,
regardless of the criteria used for the diagnosis, the incidence of sarcopenia was significantly higher than
that in well-nourished individuals (Table 3). Among the 19 individuals with malnutrition according to
the ESPEN criteria, seven (36.8%) developed sarcopenia throughout the four-year follow-up period,
compared to 12.3% in the group of well-nourished participants. After adjusting for age, sex, the number
of concomitant diseases, the number of drugs consumed, cognitive status, and the level of physical
activity, an HR of 4.28 (95% CI 1.86-9.86) was found, revealing that malnourished participants,
according to the ESPEN criteria, had a 4.28-fold higher risk of becoming sarcopenic within four
years. The HR for severe sarcopenia was 3.86 (95% CI 1.29-11.54). Among the 59 individuals with
malnutrition according to the GLIM criteria, 16 (27.1%) developed sarcopenia, compared to 10.8%
among well-nourished participants (p = 0.001). An adjusted HR of 3.23 (95% CI 1.73-6.05) was found for
the association with sarcopenia and of 2.87 (95% CI 1.25-6.56) for the association with severe sarcopenia.

Figure 2 depicts the analysis of the four-year incidence of sarcopenia and severe sarcopenia for
participants with baseline malnutrition according to the GLIM and ESPEN criteria. Still, confirmed
with Kaplan-Meier analyses, a significant impact of malnutrition on the onset of sarcopenia and severe
sarcopenia was found, regardless of the definition used for malnutrition (log rank p < 0.001 for all
Kaplan-Meier curves) (Figure 2A-D).

@ A | ® ‘.

Surval

© ‘. : (D)

Folowup (montns)

-7t Subjects without malautrition

1 Subjects with matoutrition

< Subjects without malautrition, censored

—— Subjects with malnutrition, censored
Figure 2. (A) Incidence of sarcopenia in participants with or without malnutrition according to
the ESPEN criteria; (B) incidence of severe sarcopenia in participants with or without malnutrition
according to the ESPEN criteria; (C) incidence of sarcopenia in participants with or without malnutrition
according to the GLIM criteria; and (D) incidence of severe sarcopenia in participants with or without
malnutrition according to the GLIM criteria.
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4. Discussion

Our study had the objective to explore the association between malnutrition diagnosed according to
both GLIM and ESPEN criteria and the onset of sarcopenia and severe sarcopenia. Using the SarcoPhAge
study population, we found an approximately fourfold higher risk of developing sarcopenia in patients
meeting the ESPEN criteria and a threefold higher risk in patients meeting the GLIM criteria during a
four-year follow-up, and this association was independent of the number of concomitant diseases,
the number of drugs, cognitive status, and the level of physical activity at baseline.

The prevalence of malnutrition at baseline in our sample cohort of community-dwelling older
people by using the GLIM criteria (17.6%) was three times higher than the prevalence obtained by
applying the ESPEN criteria (5.65%), a prevalence that might serve as a reference in community-dwelling
older populations in the absence of previous reference values. This is consistent with previous studies:
A prevalence of malnutrition according to the ESPEN criteria of 7.3% and with a higher mortality risk
(adjusted HR = 4.4 (95% CI: 1.7-11.3)) during a seven-year follow-up period in the EPIDOS-Toulouse
study was found [4]. A study conducted in advanced cancer patients assessed the prevalence of
malnutrition according to the GLIM criteria (by using FEMI to measure reduced muscle mass) and the
association with mortality; a prevalence of 72.2% and an odds ratio of 1.87 (95% CI 1.01-3.48, p = 0.047)
for six-month mortality were found [33]. In hospitalized patients with hematological malignancy,
the prevalence of malnutrition according to the GLIM criteria was 25.8%, and the one-year mortality
risk HR was 2.39 (1.36-4.20, p = 0.002) [34]. In outpatients with liver disease under evaluation for liver
transplantation, the prevalence of malnutrition according to the GLIM criteria was 25% [35]. The high
prevalence and the strong relationship with clinical adverse consequences observed for the GLIM
criteria might be due to the criteria that form the definition, as all of them are important predictors of
poor prognosis and unintentional weight loss [36].

Regarding the incidence of sarcopenia, 13.7% of the participants in the SarcoPhAge cohort
study developed sarcopenia during the four-year follow-up period, and 7.7% developed severe
sarcopenia, with a significantly higher incidence in malnourished individuals. In our study, the ESPEN
criteria seemed to be slightly more related to the incidence of sarcopenia than the new GLIM criteria.
The links between malnutrition and sarcopenia have already been explored in several cross-sectional
studies: In older patients with advanced chronic disease (Stages 3b-5) by using the malnutrition
inflammation score (MIS) for the diagnosis of malnutrition and the EWGSOP2 for the diagnosis of
sarcopenia [37], in older patients with chronic pulmonary disease by using the ESPEN [38] and the
EWGSORP2 [38] criteria, and in older people discharged from post-acute care by using the ESPEN and
the EWGSOP criteria [39]. However, the cross-sectional study design did not allow the authors to
establish cause-effect relationships. Unfortunately, there are few longitudinal studies on malnutrition
and sarcopenia that allow us to compare our findings. The multicenter prospective Gruppo Lavoro
Italiano Sarcopenia—Trattamento e Nutrizione (GLISTEN) study provided an incidence of sarcopenia
in hospitalized older people in acute care during a hospital stay, with 15% of new cases of sarcopenia
during hospitalization (10 days) [40]. The GLISTEN study did not assess the potential impact of
malnutrition on the onset of sarcopenia but highlighted that a higher incidence seemed related to ADL
disability and the length of bed rest. Moreover, they highlighted a decreased probability of developing
sarcopenia in patients with a higher BMI and higher skeletal muscle index [40]. Our results indicated
that malnutrition seems to be one of the risk factors for sarcopenia, but the onset of sarcopenia is more
than likely multifactorial, with other factors, such as sedentary lifestyle, inflammatory biomarkers,
and poor balanced nutrition, that should be investigated in longitudinal cohort studies for their role as
risk factors.

The role of malnutrition in the onset of sarcopenia identified in our study could partially be
explained by the fact that some nutritional factors, such as protein, vitamin D/calcium, and the
acid-base balance of the diet, play an important role in maintaining muscle mass [41] and, consequently,
muscle strength and physical performance. This overlap between malnutrition and sarcopenia is
observed throughout their management. Indeed, the treatment of sarcopenia is based on a combined
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intervention of nutritional therapies and resistance training, with a higher influence of the second
one, particularly high-intensity resistance training (i.e., 80% 1-Repetition Maximum) to gain maximal
strength or low-intensity resistance training (<50% 1 RM) to induce strength gains [42]. The therapeutic
interventions for malnutrition have been recently revisited and updated in the ESPEN guidelines
of clinical nutrition and hydration in geriatrics [6] and are mostly based on food fortification [6],
which is more feasible to be administered in older people than the recommended management
of sarcopenia [42,43]. Our findings might be of interest in the development of early therapeutic
interventions targeted at individuals who meet malnutrition criteria but are free from sarcopenia at
baseline [43,44] in relation to the concept of “impactability”, a term used in public health management
strategies “to identify patients who are most likely to benefit from a therapeutic intervention” [45].
The placebo-controlled design of those eventual trials might present ethical issues, as malnutrition
should be treated once diagnosed [6]. Very recently, considering the closer overlap between sarcopenia
and malnutrition, a new clinical syndrome proposal was made, those of malnutrition sarcopenia
syndrome (MSS) [46].

Strengths and Limitations

The assessment of sarcopenia and malnutrition, according to the most updated definitions,
should be highlighted as a novelty and strength of our study. Indeed, a recent review of nutrition and
sarcopenia screening tools highlighted the lack of standardization and use of validated and highly
recognized tools to diagnose both malnutrition and sarcopenia [46]. In our study, we did not apply
the screening part of both definitions. Screening could be very useful in clinic research to avoid a full
diagnosis in participants for whom the screening revealed a low risk of malnutrition. However, since
we had a dataset with all participants, we had sufficient data to directly apply the diagnostic criteria
for our whole population.

A limitation of the study is that we measured only the causal relationship between malnutrition
and sarcopenia in the sense of malnutrition being a risk factor for sarcopenia. Assessing the incidence
of malnutrition in individuals with sarcopenia at baseline during the four-year longitudinal follow-up
is an interesting topic for further research to better interpret the knowledge derived from our current
findings and to complete the current knowledge about the pathophysiology of sarcopenia throughout
the lifespan [13]. In the same vein, the dynamic aspect of malnutrition could also be considered
with an analysis that does not only focus on the baseline prevalence of malnutrition but that also
takes into account the incidence or the new-onset of malnutrition as a risk factor for sarcopenia.
Unfortunately, in the present study, we did not have the sufficient materials to measure the malnutrition
according to both criteria at each time of data collection. There was also a potential selection bias
linked to cohort studies, as volunteers might present better health status than the general population.
Our results are therefore non-representative of the population of interest and could not be generalized
to other populations. Because our people with sarcopenia were probably in better health than the “true”
population of people with sarcopenia, the association measured in our study could have been somewhat
underestimated. Finally, the fact that we used an existing dataset for these analyses implies, first,
that we could have missed some important covariates that could explain the incidence of sarcopenia
outside of malnutrition and, second, that no power size has been calculated. However, even with a low
prevalence of malnutrition in our sample (1 = 19 for ESPEN, 1 = 59 for GLIM), a significant relationship
with the incidence of sarcopenia has already been found. We can then assume that a larger sample size
and a larger number of malnourished individuals will result in an even more important difference.

5. Conclusions

In conclusion, malnutrition was found to be a strong predictor of sarcopenia and severe sarcopenia
during a four-year follow-up. Our research suggests that both the ESPEN and GLIM criteria might be
early indicators to identify those individuals free from the disease that might develop sarcopenia in
the upcoming years and to shed light on the physiopathology of sarcopenia throughout the lifespan.
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Abstract: Hochu-ekki-to (Bojungikgi-Tang (BJIGT) in Korea; Bu-Zhong-Yi-Qi Tang in Chinese),
a traditional herbal prescription, has been widely used in Asia. Hochu-ekki-to (HET) is used to
enhance the immune system in respiratory disorders, improve the nutritional status associated
with chronic diseases, enhance the mucosal immune system, and improve learning and memory.
Amyotrophic lateral sclerosis (ALS) is pathologically characterized by motor neuron cell death and
muscle paralysis, and is an adult-onset motor neuron disease. Several pathological mechanisms
of ALS have been reported by clinical and in vitro/in vivo studies using ALS models. However,
the underlying mechanisms remain elusive, and the critical pathological target needs to be identified
before effective drugs can be developed for patients with ALS. Since ALS is a disease involving
both motor neuron death and skeletal muscle paralysis, suitable therapy with optimal treatment
effects would involve a motor neuron target combined with a skeletal muscle target. Herbal medicine
is effective for complex diseases because it consists of multiple components for multiple targets.
Therefore, we investigated the effect of the herbal medicine HET on motor function and survival in
hSOD1%%4 transgenic mice. HET was orally administered once a day for 6 weeks from the age of
2 months (the pre-symptomatic stage) of hSOD15%4 transgenic mice. We used the rota-rod test and
foot printing test to examine motor activity, and Western blotting and H&E staining for evaluation of
the effects of HET in the gastrocnemius muscle and lumbar (L4-5) spinal cord of mice. We found
that HET treatment dramatically inhibited inflammation and oxidative stress both in the spinal cord
and gastrocnemius of hSOD15%4 transgenic mice. Furthermore, HET treatment improved motor
function and extended the survival of hSOD15%34 transgenic mice. Our findings suggest that HET
treatment may modulate the immune reaction in muscles and neurons to delay disease progression
in a model of ALS.

Keywords: amyotrophic lateral sclerosis; Hochu-ekki-to; herbal medicine; muscle dysfunction; motor
neuronal cell death

1. Introduction

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is characterized by a
loss of motor neurons, muscle weakness, and spasticity [1]. ALS can be divided into familiar ALS
(fALS), which is caused by autosomal dominant mutations in genes such as superoxide dismutase
(SOD)1, and sporadic ALS (sALS). However, some gene mutations have been found to be involved in
both fALS and sALS, including mutations of TAR DNA-binding protein (TDP) 43, fused in sarcoma
(FUS), valosin-containing protein (VCP), and TATA-binding protein-associated factor 15 (TAF15) [2].

Several pathological mechanisms underlying ALS have been reported, including proteasome and
autophagy dysfunction, ER stress, oxidative stress, and mitochondrial disorders [3]. Most notably,
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a dysregulated immune response plays a critical role in disease progression, as revealed by both ALS
animal model and clinical studies [4-6].

In the central nervous system (CNS), neuroinflammation that is mediated by microglia is involved
in the pathogenesis of neurodegenerative diseases such as Alzheimer’s Disease (AD), Parkinson’s
Disease (PD), and ALS. In ALS, specific gene mutations in the CNS have been found to contribute
to immune dysfunction, including mutations of SOD1, TARDBP, and C90rf72 [7-9]. A mutant SOD1
overexpressed animal model was found to exhibit motor neuron dysfunction that was induced by
an increase in activated microglia in the peripheral nervous system and CNS [10]. In addition,
the expression of IL-6 has been reported to increase via activation of microglia and macrophages in
both an animal model of and patients with ALS [11,12]. In the muscles, alternation of neuromuscular
junction (NM]J) and muscle denervation that involves a loss of presynaptic terminals, Schwann cells,
and axonal degeneration, has been found to lead to clinical weakness and an increased disease
severity in patients with ALS [13]. Furthermore, activated macrophages reportedly surround NMJs in
symptomatic and end-stage mouse models of ALS [14], and complement factors are upregulated to
recruit macrophages in the denervated muscle of a SOD15%4 mouse model [15]. Therefore, immune
enhancers could be a candidate for attenuating disease progression and enhancing homeostasis of the
body in patients with ALS.

Herbal medicine has been widely used in Asian countries for thousands of years because of
antinociceptive, analgesic, and anti-inflammatory effects, both centrally and peripherally [16,17].
Simply put, herbal medicine can stimulate the immune system and maintain the internal balance of
the body. In the case of AD, bioactive components from herbal medicines such as Radix Polygalae,
Panax ginseng, and Ginko biloba have been shown to effectively improve AD symptoms by targeting
autophagy [18]. In ALS, many experimental studies have demonstrated that Chinese prescriptions
have anti-inflammatory and anti-oxidant effects. In patients with ALS, Chinese prescriptions, including
Jiawei Sijunzi, and Dihuang Yinzi, have been found to improve phenotype symptoms and functional
rating scales [19,20]. However, further evidence for the efficacy, mechanisms of action, and safety of
herbal medicines in the treatment of ALS is required.

Hochu-ekki-to (HET) in Japanese herbal (Kampo) medicine is similar to Bojungikgi-Tang (BJIGT)
in Korea and Bu-Zhong-Yi-Qi Tang in Chinese medicine. HET has ten component herbs, as follows:
Astragali radix (16.7%, A. membranaceus Bunge), Atractylodes lancea Rhizome (16.7%, rhizomes of
A. lancea DC.), Ginseng radix (16.7%, P. ginseng C.A. Meyer), Angelica Radix (12.5%, Angelica acutiloba
Kitagawa), Bupleuri radix (8.3%, Bupleurum falcatum L.), Zizyphi fructus (8.3%, Zizyphus jujuba Miller
var. inermis Rehder), Aurantii nobilis pericarpium (8.3%, Citrus unshu Markovich), Glycyrrhizae radix
(6.3%, Glycyrrhiza uralensis Fisch et DC.), Cimicifugae Rhizoma (4.2%, Cimicifuga simplex Worms kjord),
and Zingiberis Rhizoma (2%, Zingiber officinale Roscoe) and it was provided by Tsumura pharmaceutical
company [21,22]. In addition, Dan et al., and Yae et al., had already reported chemical profile of HET
by 3-dimensional HPLC.

HET has been used to enhance the immune system in respiratory disorders [23,24] and to improve
the nutritional status associated with chronic diseases [25]. Thus, many studies have investigated
the immunopharmacological activities of HET [26-28]. In addition, Kiyohara et al. reported that
HET enhanced the mucosal immune system [29]. Shih et al. found that HET improved learning and
memory, and had an anti-aging effects in a senescence-accelerated mouse model [29]. Furthermore,
the authors suggested that HET can penetrate the blood-brain barrier by increasing dopamine and
noradrenaline levels in the brain.

ALS causes both motor neuron death and skeletal muscle paralysis. A suitable therapy with
optimal treatment effects for patients with ALS would involve a motor neuron target combined
with a skeletal muscle target. In this sense, herbal medicine is effective for complex disease because
herbal medicine consists of multiple components. Therefore, we investigated the effect of HET on
neuroinflammation, motor function, and muscle weakness in a hSOD15%3A animal model.
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2. Materials and Methods

2.1. Animals

Male hemizygous hSOD15%4 transgenic mice and female B6SJL mice were purchased from the
Jackson Laboratory (Bar Harbor, ME, USA) and maintained as described previously [30]. hSOD16%3A
mice have a glycine-to-alanine base-pair mutation at the 93rd codon of the cytosolic Cu/Zn superoxide
dismutase gene. Male hSOD15%*4 mice were housed at 3-4 per cage under specific pathogen-free
conditions and had ad libitum access to food and water. The facilities were maintained under a constant
temperature (21 + 3 °C) and humidity (50 + 10%) with a 12 hours light/dark cycle (lights on 07:00-19:00).
All mice were treated in accordance with the animal care guidelines of the Korea Institute of Oriental
Medicine (protocol number: 13-109).

2.2. Hochu-Ekki-To (HET) Treatment

Hochu-ekki-to (HET) was purchased from TSUMURA Co. Ltd (TSUMURA, Osaka, Japan) and
diluted at 1 mg/g with autoclaved distilled water. The mice were randomly divided into three groups,
as follows: a non-transgenic mice group (nTg, n = 8), a hSOD15%4 transgenic mice group (Tg, n = 11),
and a HET treated hSOD1%%*A transgenic mice group (Tg-HET, 1 = 11) (Figure 1). HET (1 mg/g) was
orally administered with a disposable oral gavage syringe (FUCHIGAMI, Kurume, Japan) once a day
for 6 weeks from the age of 2 months (the pre-symptomatic stage). The dose was translated from
human to animal based on a previous study [31].

2.3. Rota-Rod Test

The rota-rod test is used to assess motor activity and balance in rodents. Mice were trained
every other day for 2 weeks to adapt to the apparatus (Rotarod, B.S Technolab Inc., Korea). During
training, the rota-rod was maintained at a constant speed of 10 rpm for 180 seconds. After the last
administration of HET, mice performed the test, and we recorded the time mice remained on the
rod before falling. Each mouse performed three trials and the average time spent on the rod was
determined for each group.

2.4. Foot Print Test

The day before mice were sacrificed, the footprint test was used to measure gait. To record
stride length, mice hind paws were stained with nontoxic water-soluble black ink, and the alley floor
(70 cm length, 6 cm width, and 16 cm height) was covered with white paper to absorb the ink. Each
mouse performed three trials and the average of stride length was determined for each group.

2.5. Survival Test

To measure lifespan, male transgenic mice were randomly divided into the following treatment
groups: distilled water-treated ALS mice (n = 8) and ALS mice treated with HET for 6 weeks
(n = 8/group). Death was defined according to our previous paper [32].

2.6. Tissue Preparation

Body weight of mice was measured and mice were anesthetized using pentobarbital sodium
(Entobar, Hanlim Pharm, Co., Ltd., Seoul, Korea) and perfused with phosphate-buffered saline (PBS).
The gastrocnemius muscle and spinal cord of the mice were dissected and stored at —80 °C until
use. The gastrocnemius muscle weight was recorded and the average value for each group recorded.
For hematoxylin and eosin (H&E) staining, the gastrocnemius muscle of the mice was fixed in 4%
paraformaldehyde at 4 °C before embedding in paraffin. The tissues were cut into transverse sections
(5 um thick) using a microtome (Leica biosystems, IL, USA) and mounted on glass slides.
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2.7. Western Blotting

For Western blotting, the gastrocnemius muscle and lumbar (L4-5) spinal cord of mice were
homogenized in radioimmunoprecipitation assay buffer (50 mM, Tris-HCI (pH 7.4); 1% Nonidet P—40;
0.1% sodium dodecyl sulfate; 150 mM NaCl) containing protease and a phosphatase inhibitor cocktail
(Thermo, Waltham, MA, USA). Homogenized tissues were centrifuged at 20,800 x g for 15 minutes at
4 °C. The protein concentration was determined using the Bicinchoninic Acid Assay Kit (Pierce, IL,
USA). The samples (20 pug of protein) were denatured with sodium dodecyl sulfate sampling buffer,
separated using SDS-PAGE electrophoresis, and transferred to a Polyvinylidene difluoride membrane
(Bio-Rad, Hercules, CA, USA). Membranes were incubated in a blocking solution (5% skim milk in
TBS) for 1 hour at room temperature then incubated in the various primary antibodies (anti-iba-1,
anti-GFAP, anti-TLR4, anti-BAX, anti-HO1, anti-transferrin, anti-CD11b, anti-Ferritin, anti-tubulin,
and anti-actin) overnight at 4 °C. The next day, blots were washed and incubated with horseradish
peroxidase-conjugated secondary antibodies, and then visualized using the SuperSignal West Femto
Substrate Maximum Sensitivity Substrate (Thermo Fisher Scientific, Waltham, MA, USA). For detection
of the other antibodies, membranes were stripped in a stripping buffer (Thermo Fisher Scientific,
Waltham, MA, USA). The blots were analyzed using the ChemiDoc imaging system (Bio-Rad, Hercules,
CA, USA), which were then quantified using the NIH Image] program (National Institutes of Health,
Bethesda, MD, USA).

2.8. H&E Staining and Immunohistohcemistry

For H&E staining, the paraffin sections were de-paraffinized in xylene and rehydrated in a
graded alcohol series (100%, 95%, 80% ethanol), followed by deionized H,O. Slices were incubated in
hematoxylin (Sigma-Aldrich Corp., St. Louis, MO, USA) for 6 minutes and washed under flowing
distilled water for 5 minutes, then incubated in eosin for 45 seconds, dehydrated (95%, 100%, xylene),
and mounted using a Histomount medium (Sigma-Aldrich Corp.). Immunohistochemistry was
performed with previous paper described [32]. In brief, de-paraffinized slides were incubated with
3% hydrogen peroxide (H,O,) and 5% bovine serum albumin (BSA) in 0.01% PBS-Triton X-100
(Sigma-Aldrich, Oakville, ON, Canada). The sections were incubated with anti-IL-13 (Abcam,
Cambridge, UK) and then secondary antibody. For observation, the ABC kit and 3,3’-diaminobenzidine
(DAB)/H,O; substrate were used with a hematoxylin counterstain. Immunostained tissues were
observed with a light microscope (Olympus, Tokyo, Japan). The central nuclei (as a marker of abnormal
nuclei) were counted and expressed as a percentage: the number of myocytes with central nuclei
divided by the total number of myocytes in each captured image. For the quantification of myocyte
cross-sectional area (CSA), the average area of individual myocytes was measured using the NIH
Image] program.

2.9. Statistical Analysis

All values are expressed as the mean + SEM. The results were analyzed using a one-way analysis of
variance (ANOVA) followed by the Newman-Keuls’s post hoc test for multiple comparisons. For survival
test, the data were analyzed by Kaplan-Meier survival curves. Data were analyzed using GraphPad
Prism 5.0 (GraphPad Software, San Diego, CA, USA). Statistical significance was set at p < 0.05.

3. Results

3.1. Hochu-Ekki-(HET) Extended Survival and Improved Motor Function

To examine the effects of HET on physical function, we measured the body and muscle weight
of symptomatic HET-treated hSOD15%A mice (Tg-HET). As shown in Figure 1A, body weight of
hSOD1%34 mice (Tg) was lower than that of age-matched non-Tg (nTg); however, there was no
significant difference in body weight between the Tg and Tg-HET groups. HET treatment resulted in a
1.6-fold significant increase in the weight of the gastrocnemius muscle compared to that of Tg mice
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(Figure 1B). Furthermore, we found that HET treatment resulted in a 2.8-fold improvement in motor
function in symptomatic hRSOD15%4 mice, as revealed in the rota-rod test (Figure 1C). Motor activity
was assessed by measuring stride length through the foot print test. The stride length of Tg-HET mice
was 1.5-fold greater than age-matched Tg mice (Figure 1D). Furthermore, HET treatment extended the
survival rate compared to that of Tg mice (Figure 1E). These findings suggest that HET treatment can
prevent motor neuron death and skeletal muscle paralysis in hSOD15%34 mice.
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Figure 1. Hochu-ekki-to (HET) treatment ameliorates motor activity and prolongs the life span of
a mouse model of amyotrophic lateral sclerosis (ALS). HET (1 mg/g) was orally administered once
a day for 6 weeks from the age of 2 months. (A) Comparison of body weight between the nTg, Tg,
and HET-treated Tg groups. (B) Comparison of gastrocnemius weight between the nTg, Tg, and
HET-treated Tg groups. (C) Motor function was measured by the rota-rod test in all groups. (D) The
representative average of stride length (1 = 7/group) of each group, measured using the foot print test.
(E) Survival rate was calculated by Kaplan-Meyer analysis in Tg and HET-treated Tg (n = 8/group).
Data are shown as the mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. nTg: non-transgenic mice,
Tg: hSOD16%4, Tg-HET:HET-treated hSOD15%A.

3.2. Hochu-Ekki-To (HET) Reduces Neuroinflammation and Oxidative Stress in the Spinal Cord of
hSOD1%%A Mice

In our previous study, we found that hSOD15%3 transgenic mice had increased neuroinflammation,
indicated by an increase in CD11b, GFAP, Iba-1, and TLR4 (inflammatory proteins in spinal cord) [33,34].
To investigate the effect of HET on neuroinflammation of the spinal cord in hSOD15%A mice, we
investigated the expression of neuroinflammation-related proteins (Iba-1, GFAP, and TLR4) using
immunoblotting. As shown in Figure 2A,B, the expression levels of Iba-1, GFAP, and TLR4 in the
spinal cord were significantly greater by 18-, 2.1-, and 2.8-fold in symptomatic Tg mice compared
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to those of nTg mice. However, HET treatment dramatically reduced the levels of Iba-1, GFAP, and
TLR4 proteins by 2.3-, 2.7-, and 1.7-fold compared to that of Tg mice. In addition, proinflammatory
cytokine, IL-1 immunoreactivity was increased in anterior horn of spinal cord of symptomatic Tg
mice, but it was reduced by treatment with HET (Figure 2C). Furthermore, we found evidence for
anti-neuroinflammatory effects of HET, and observed a reduction of oxidative stress in the spinal cord
of Tg mice. Oxidative stress-related proteins HO1, transferrin, and BAX were significantly lower by
7-, 2.6-, and 1.6-fold in the spinal cord of Tg-HET mice compared to that of age-matched Tg mice
(Figure 2D,E). Taken together, HET treatment seems to enhance neuroimmune systems to maintain
motor neuron survival and consequently improve motor function in the ALS animal model.
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Figure 2. Hochu-ekki-to (HET) increases anti-inflammation and anti-oxidative stress effects in the spinal
cord of an ALS mouse model. (A) Representative Western blots on inflammatory protein levels of Iba-1
(a marker of microglia), GFAP (a marker of astrocytes), and TLR4 in the spinal cord of each group (nTg,
Tg, and Tg- HET). Tubulin was used as a loading control. (B) Quantification of the expression level of
Iba-1/Tubulin, GFAP/Tubulin, and TLR4/Tubulin in each immunoblot. (C) Representative images of
IL-1p immunoreatcivity in the anterior horn of the spinal cord in each group. Scale bars = 100 pm (D)
Representative images of oxidative stress-related proteins (BAX, HO1, and Transferrin) in the spinal
cord of each group mice. (E) Quantification of the expression levels of BAX/Tubulin, HO1/Tubulin,
and transferrin/Tubulin. Data are presented as the mean + SEM (n = 3/group). * p < 0.05, ** p < 0.01,
## 1 < 0.001. nTg: non-transgenic mice, Tg: hSOD16%A, Tg-HET:HET-treated hSOD16%34,

3.3. Hochu-Ekki-To (HET) Attenuates Muscle Dysfunction

In our previous study, we found that HO1, Transferrin, BAX, and Ferritin (as oxidative stress-related
proteins) were increased in the spinal cord of hSOD15%4 mice [35,36]. To examine the effect of HET
on the weakness of skeletal muscle during ALS progression, we investigated the expression level
of inflammatory and oxidative stress-related proteins in the gastrocnemius muscle of symptomatic
hSOD1%%4 mice. The smaller myocytes with abnormal nuclei that had moved to the center of the cells
in the gastrocnemius of hSOD16%3A mice. As shown in Figure 3A,B, we found that the percentage of
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central nuclei was increased by 7.8-fold in the gastrocnemius muscle of symptomatic hSOD15%*4 mice
compared to nTg mice (Figure 3B). In addition, the average CSA of myocytes was reduced by 2.2-fold
in symptomatic hRSOD15%*4 mice compared to nTg mice (Figure 3B). However, HET treatment led to
decrease 4.8-fold in the percentage of central nuclei and increase 2.4-fold the average CSA of myocytes
in the gastrocnemius of hSOD16%34

In addition, myocyte was small in the gastrocnemius muscle of symptomatic hSOD15%%4 mice.
However, HET treatment inhibited the muscle atrophy seen in the gastrocnemius by H&E staining
(Figure 3). This suggests that HET treatment can reduce muscle damage and inflammation in the
gastrocnemius of symptomatic hSOD15%4 mice. To address this hypothesis, we investigated the
expression level of inflammatory proteins including CD11b and GFAP and oxidative stress-related
proteins such as Ferritin, HO1, and BAX in gastrocnemius of symptomatic hSOD15%4 mice.

As expected, HET treatment significantly reduced the expression levels of GFAP and CD11b by
1G93A

mice.

1.7- and 2.5-fold, respectively, in the gastrocnemius of hSOD mice (Figure 4A,B). In addition,
proinflammatory cytokine, IL-1f3 immunoreactivity was increased in the gastrocnemius of symptomatic
Tg mice, but it was reduced by treatment with HET (Figure 4C). Furthermore, HET treatment
significantly reduced the levels of Ferritin, HO1, and BAX by 1.9-, 1.6-, and 2.2-fold, respectively, in the
gastrocnemius of hSOD1%%*A mice (Figure 4D,E). These findings suggest that HET treatment may

boost the immune system to protect from muscle loss and damage in this model of ALS.
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Figure 3. Hochu-ekki-to (HET) treatment has a protective effect against muscle atrophy in the
gastrocnemius of an ALS mouse model. (A) Representative images of H&E staining showing the muscle
atrophy condition, such as smaller myocytes and abnormal nuclei in gastrocnemius of hRSOD15%%4 mice.
Arrowheads indicate abnormal nuclei (central nucleation) in myocytes. (B) Abnormal nuclei were
expressed as a percentage of abnormal nuclei (left panel). Quantified average myocyte cross-sectional
area (CSA) (right panel). Scale bar = 50 um Data are presented as the mean + SEM (n = 3/group).
*p <0.05. nTg: non-transgenic mice, Tg: hSOD16%34, Tg-HET:HET-treated hSOD16%34,
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Figure 4. Hochu-ekki-to (HET) treatment enhances anti-inflammation, anti-oxidative stress effects,
and regulates autophagy in the gastrocnemius of an ALS mouse model. (A) Representative Western
blots of inflammatory related proteins, CD11b and GFAP, in the gastrocnemius of each group. Actin
was used as a loading control. (B) Quantification of the expression levels of CD11b/Actin and
GFAP/Actin. (C) Representative images of IL-13 immunostaining in the gastrocnemius of each group.
Scale bars = 100 um (D) Representative images of oxidative stress-related proteins (Ferratin, HO1, and
BAX) in the gastrocnemius of each group. (E) Quantification of the expression levels of Ferritin/Actin,
HO1/Actin, and BAX/Actin. Data are presented as the mean + SEM (n = 3/group). * p < 0.05, ** p < 0.01.
nTg: non-transgenic mice, Tg: hSOD16%4, Tg-HET:HET-treated hSOD16%34,

4. Discussion

ALS is a disease with complex pathological mechanisms and no effective drug treatment. Herbal
medicine is composed of multiple components and is used for multi-targets. In addition, herbal
medicine focuses on boosting the immune system and maintaining an internal balance of the body.
To investigate the possibility of using herbal medicine as treatment for ALS, we investigated the effect
of HET treatment on the spinal cord and skeletal muscle in an animal model of ALS.

Neuroinflammation in the brain occurred via microglial proliferation and astrocytic hypertrophy.
Microglia are immune cells in the CNS that play a role in clearing pathogens through phagocytosis
and play a critical role in homeostasis [37]. Microglial cell activation increases the expression of
inflammatory cytokines such as IL-6 and IL1p and leads to oxidative stress and neuroinflammation,
which results in augmented microglial NADPH-derived ROS accumulation [38,39]. In ALS, microglial
activation is correlated with neuroinflammation and disease progression [40]. Correspondingly,
minocycline treatment has been found to reduce neuroinflammation and microglial activation in
clinical trials with patients with ALS [41]. However, it is not effective in patients with ALS who have
other neurological disorders. Hence, herbal medicine may be a good, more effective candidate for
protecting neurons and skeletal muscle from degeneration, primarily because herbal medicine contains
multiple compounds and targets. In this study, HET treatment reduced the expression levels of CD11b
and GFAP in the spinal cord and gastrocnemius of symptomatic hSOD15%*4 mice. This suggests
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that HET treatment can enhance the body’s immune system and extend the survival rate of these
mice. As expected, we found that HET treatment increases gastrocnemius weight and survival rate of
hSOD15%34 mice.

Oxidative stress and inflammation are significant factors in ALS pathogenesis, and lead to motor
neuron death and severe muscle degeneration. While motor neurons control muscle function, retrograde
signals can pass from the muscle back to motor neurons via the NMJ [42]. In addition, previous
work has found that oxidative stress leading to muscle atrophy was increased in the pre-symptomatic
stages in hSOD158¢R mice [43]. In our study, we found that oxidative stress-related proteins such
as Ferritin, HO1, Transferrin, and BAX were dramatically increased in the gastrocnemius and the
spinal cord of symptomatic hSOD15%3A mice. Furthermore, HET treatment significantly attenuated the
expression level of oxidative stress-related proteins in the muscle and spinal cord of hSOD15%4 mice.
Patients with ALS have defective energy homeostasis, and skeletal muscle degeneration is a critical
factor in the pathogenesis of ALS and its symptoms. Some studies have provided consistent evidence
by demonstrating that atrophy occurred before motor neuron loss and neurodegeneration [44,45].
Furthermore, studies with patients with ALS (FALS and sALS) and animal models of ALS (hSOD16%4
and %R models) have reported increased energy expenditure and a defective energy balance due to
increased oxidative stress, mitochondrial dysfunction, and inflammation [46—48].

5. Conclusions

In this study, HET treatment improved muscle function and the survival rate via a reduction of
inflammation-related events in both the spinal cord and gastrocnemius of symptomatic hSOD16%34
mice. This suggests that HET treatment can be used to boost immune responses and homeostasis in
not only ALS, but also other neurodegenerative diseases. Since ALS is a heterogeneous disease, our
findings of a protective effect of HET against muscle atrophy should be verified using other genetic
mutation models involving ALS mice of both sexes. Furthermore, patients with ALS have a diverse
range of pathologies compared to hSOD15%*4 mice. Therefore, future work could examine tissue
or cells from patients with ALS treated with HET. Another future challenge would be to identify
the bioactive compound of HET, which is composed of ten herbs, to pinpoint the specific molecular
mechanisms underlying the positive effects of this herbal medicine.
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Abstract: An adequate intake of essential (EAA) and non-essential amino acids (NEAA) is crucial to
preserve cell integrity and whole-body metabolism. EAA introduced with diet may be insufficient to
meet the organismal needs, especially under increased physiological requirements or in pathological
conditions, and may condition lifespan. We therefore examined the effects of iso-caloric and providing
the same nitrogenous content diets, any diet containing different stoichiometric blends of EAA/NEAA,
on mouse lifespan. Three groups of just-weaned male Balb/C mice were fed exclusively with special
diets with varying EAA/NEAA ratios, ranging from 100%/0% to 0%/100%. Three additional groups of
mice were fed with different diets, two based on casein as alimentary proteins, one providing the said
protein, one reproducing the amino acidic composition of casein, and the third one, the control group,
was fed by a standard laboratory diet. Mouse lifespan was inversely correlated with the percentage
of NEAA introduced with each diet. Either limiting EAA, or exceeding NEAA, induced rapid and
permanent structural modifications on muscle and adipose tissue, independently of caloric intake.
These changes significantly affected food and water intake, body weight, and lifespan. Dietary intake
of varying EAA/NEAA ratios induced changes in several organs and profoundly influenced murine
lifespan. The balanced content of EAA provided by dietary proteins should be considered as the
preferable means for “optimal” nutrition and the elevated or unbalanced intake of NEAA provided
by food proteins may negatively affect the health and lifespan of mice.

Keywords: amino acids intake; essential amino acids; diet; extended lifespan; mice

1. Introduction

Proteins are macromolecules serving a vast array of functions within the cell, and a balanced protein
synthesis and degradation is crucial for preserving cell homeostasis. Hence, increased proteolysis and
reduced protein synthesis have been associated with the severe depletion of body protein reserves,
eventually resulting in malnutrition. This may impact the progression of several disease-associated
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conditions [1]. For example, muscle wasting in people aged over 65 years old, hospitalized for a variety
of chronic disease conditions, has been related with the disarrangement of protein balance [2].

Therefore, an adequate nutritional supply of protein may represent a relevant means for the
management of patients who are malnourished as a consequence of reduced food intake or increased
metabolic demand (i.e., chronic and acute diseases).

Dietary proteins with their various compositions of amino acids (AAs) are nitrogen (N) sources
for almost all organisms. From a nutritional point of view, AAs can be classified as non-essential
(NEAA) or essential (EAA), depending on their potential to be synthesized endogenously or not [3,4],
although the original definitions of the two terms focused on their efficiency in promoting protein
deposition [5,6].

Adequate dietary provision of AAs is essential for the growth, development, health, and survival
of animals and humans [7]. It is also established that the administration of an adequate EAA+NEAA
mix favors an increase in rat body weight, which is considered an appropriate parameter to evaluate
the success of the animal in terms of growth and wellness [3,7-9]. However, this concept should be
profoundly reconsidered if associated to lifespan. Indeed, caloric restriction and short-term caloric
deficit improve the efficiency of mitochondria in humans just as in rodents, which might have the
potential to increase their longevity [10].

Previous work by our group showed that the supplementation of a laboratory standard diet,
containing special EAA formulations, increased rodents’ lifespan in older mice [11]. At the molecular
level, such a dietary regimen was able to promote mitochondrial biogenesis and to induce organelle
ultrastructural changes in the heart, skeletal muscle and adipose tissue [12-14]. In addition, an EAA-rich
diet prevented liver damage induced by chronic ethanol consumption [15,16], boosted the effects of
rosuvastatin on the kidneys [17] and accelerated wound healing in late middle-aged rats, by promoting
collagen integrity [18]. Furthermore, in vitro data showed that variations in the EAA/NEAA ratio
might be crucial for the fate of cancer cells via the induction of apoptosis [19]. Taken as a whole, these
findings indicate that varying dietary EAA/NEAA ratios may affect cell metabolism.

While dietary proteins are the major source of AAs, the exact amounts of EAA contained in animal
and vegetable proteins, introduced daily with diet, are difficult to establish. Indeed, the EAA content
varies considerably depending on the source. However, any dietary protein has an EAA/NEAA ratio
<0.9 at best. In other words, we introduce a very large amount of NEAA to meet the need for EAA and
the excess of NEAA must be eliminated through complex metabolic pathways [20].

Many individual AAs have been tested by dietary exclusion studies in rodents, in order to
demonstrate their influence on metabolism and health. For example, the restriction of methionine
increases the expression of FGF21 with fall-out effects on insulin-dependent glucose uptake [21]. Other
studies have been carried out in rodents with the restriction of branched-chain-AAs [22] or leucine
alone [23], assessing their effects on various metabolic aspects (e.g., improving glucose tolerance
or white and brown adipose tissue remodeling, respectively). The effects of caloric, protein and
carbohydrate restriction on animal survival and welfare have also been studied [24-26]. While the
restriction of individual AAs and groups of AAs has been looked at extensively in terms of metabolism
and ageing, no studies have been performed specifically about EAA/NEAA ratio in the context
of longevity.

Recent data from our studies on late middle-aged animals, fed for one month with iso-caloric and
iso-nitrogenous diets containing different EAA/NEAA ratios, showed significant changes in body mass
and blood parameters [27]. We therefore investigated the lifelong effects on male mice of iso-caloric
and iso-nitrogenous special diets containing five specific EAA/NEAA ratios, compared to a standard
laboratory rodent diet.
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2. Materials and methods

2.1. Animals

Three-week old outbred male Balb/C mice (Envigo, Holland) were housed in plastic cages with
white wood chips for bedding, in a quiet room under controlled lighting (12 h day/night cycle) and
temperature (22 + 1°C) conditions. Animals were regularly examined by veterinary doctors for their
health, the maintenance of normal daily and nocturnal behavioral activities, and for criteria of increased
disease burden, according to ethics standards for animal studies. The experimental protocol was
conducted in accordance with the directives of the Italian Ministry of Health and complied with
‘The National Animal Protection Guidelines’. The Ethics Committee for animal experiments of IZSLER
(Brescia, Italy) (the “National Reference Centre for Animal Welfare” (http://www.izsler.it)), and the
Italian Ministry of Health approved all of the procedures.

2.2. Diet Composition

We used three specific diets with different EAA/NEAA ratios ranging from 100%/0% to 0%/100%,
as previously described [27]. A summary of diet composition and EAA/NEAA ratios is shown in
Table 1.

(1) EAA-100% diet contained exclusively EAA as the source of nitrogen [11,17,18,28].

(2) EAA-30% diet (EAA-poor diet) and thus NEAA-rich diet (70% of NEAA).

(3) NEAA-100% diet contained exclusively NEAA as the source of nitrogen (thus 0% of EAA).

(4) Casein-Prot diet contained only whole casein protein of highest quality.

(5) Casein-AA (casein-like) diet contained free AAs equivalent to the composition of casein
(EAA/NEAA = 49/51).

(6) A commercial standard rodent laboratory diet (5tD) (Mucedola srl, Milan, Italy) was also used.

The Casein-Prot and Casein-AA diets were used as special test diets, since no composition of
AAs in StD proteins was available even for the producer, and we needed to test the safety of life-long
nutrition by free AAs.

All special diets provided quantitatively equal amounts of lipids, carbohydrate and micronutrients.
All diets were thus iso-caloric and provided the same amounts of nitrogen, although nitrogen content
was provided by different formulations of AAs or proteins, according to those presented in Table 1. All
special diets were prepared for Nutriresearch s.r.1. (Milan, Italy) by Dottori Piccioni (Milan, Italy) in
accordance with AIN76-A/NIH-7 rules [29].

Animals were randomly assigned to one of the six groups. Each group was fed exclusively with a
specific diet [i.e., EAA-100% diet (n = 30), Casein-AA diet (n = 30), Casein-Prot (1 = 30), StD (n = 40),
EAA-30% diet (n = 30), or NEAA-100% diet (n = 30)]. All animals had free access to food and water.
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Table 1. Diet composition.

Nutrients EAA-100% Casein-AA Casein-Prot  StD EAA-30% NEAA-100%
KCal/Kg 3995 3995 3995 3952 3995 3995
Carbohydrates % 61.76 61.76 61.76 54.61 61.76 61.76
Lipids % 6.12 6.12 6.12 7.5 6.12 6.12
Nitrogen % 20* 20* 20" 21.8° 20 * 20*
1 . 0
Proteins: % of total 0 0 100 95.93 0 0

nitrogen content
Free AAs: % of total

. 100 100 0 4.07 100 100
nitrogen content
EAA/NEAA (% in grams) 100/0 49/51 - - 30/70 0/100
Free AAs composition (%)
L-Leucine (bcaa) 31.25 9.5 - - 9.4 -
L-Isoleucine (bcaa) 15.62 6 - - 4.7 -
L-Valine (bcaa) 15.62 6.5 - - 4.7 -
L-Lysine 16.25 7 - 0.97 6.24 -
L-Threonine 8.75 4 - - 2.7 -
L-Hystidine 3.75 2.8 - - 1.1 -
L-Phenylalanine 2.5 5 - - 0.8 -
L-Cysteine - 0.8 - - - -
L-Cystine 3.75 - - 0.39 1.1 -
L-Methionine 1.25 2.5 - 0.45 0.4 -
L-Tyrosine 0.75 5 - - 2.6 1.0
L-Triptophan 0.5 1.3 - 0.28 0.01 -
L-Alanine - 3.2 - - 24.0 35.0
L-Glycine - 24 - 0.88 10.39 15.0
L-Arginine - 3.4 - 1.1 13.5 14.0
L-Proline - 9.5 - - 8.2 12.0
L-Glutamine - 9.5 - - 3.0 12.0
L-Serine - 5.1 - - 4.1 6.0
L-Glutamic Acid - 9.5 - - 2.5 2.0
L-Asparagine - 3.5 - - 0.79 2.0
L-Aspartic Acid - 3.5 - - 11 1.0

* Nitrogen (%) from free amino acids (AAs) only. ° Nitrogen (%) from vegetable and animal proteins and added
AAs. " whole casein protein. EAA-100% = free essential amino acid-exclusive diet; Casein-AA = Casein-like free
AAs diet; Casein-Prot = Casein whole protein diet; StD = Standard diet; EAA-30% = free essential amino acid-poor
diet; NEAA-100% = non-essential free amino acid-exclusive diet. The black line represents the limit between EAA
(above) and NEAA (below). beaa = branched-chain amino acids.

2.3. Data and Sample Collections

Body weight (BW), mean food and water consumption (g/days and mL/day, respectively) were
calculated weekly in all groups. Mortality was monitored daily.

Animals from the two groups fed with NEAA-100% and EAA-30% had a mortality > 70% at
the 7th week, and all those still surviving were euthanized for ethical reasons linked to a drop in
weight, as discussed in results. Five animals from each of the other groups were euthanized after 12
and 18 months to check their morphometric and clinical parameters. Specifically, BW and nose—tail
length (body length, BL) were measured. Blood samples from the hearts and urine from the bladders
were immediately collected for further analysis. Glycaemia was also measured by a glucometer in
venous blood samples collected from tail veins. Subsequently, the heart, kidneys, liver, spleen, triceps
surae, retroperitoneal white adipose tissue (rpWAT) pad and brown adipose tissue (BAT) were quickly
removed and weighed [30].

2.4. Blood and Urine Analysis

Blood samples were collected either in tubes containing the K3-EDTA anti-coagulant for cell
count analysis, or in tubes without anti-coagulants for serum separation. The blood cell count was
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performed with a Cell-Dyn 3700 laser-impedance cell counter (Abbott Diagnostics Division, Abbott
Laboratories, IL, USA). Serum and urine levels of albumin and creatinine were assessed with an
ILab Aries (Instrumentation Laboratory, Lexington, MA, USA) automatic analyzer. Serum levels of
haptoglobin (Hpg) [31] and the neutrophils to lymphocytes ratio (NLR) [32,33] were also assessed as
inflammatory markers. These analyses were carried out by personnel of the “Division of Laboratory
Animals” of IZSLER (Brescia, Italy).

2.5. Statistical Analysis

Differences between experimental groups were evaluated by one-way analysis of variance
(ANOVA) followed by a Bonferroni test or Student t-test when appropriate. All analyses were
performed using the Primer of Biostatistics software, with statistical significance set at p < 0.05.

Spearman (1) regression values were calculated and reported where appropriate. A Mantel-Cox
test (z) was used to test survival differences between diets [34].

3. Results

The average survival time was markedly reduced in animals fed with the two diets where EAA
were absent or deficient. Indeed, NEAA-100% diet allowed a lifespan of 44.56 + 3.85 days, while the
lifespan of EAA-30%-fed animals was slightly prolonged at 53 + 1.97 days, on average <20%. Animals
fed with Casein-Prot and Casein-AA diets survived for maximum 14 and 16 months, respectively.
StD-fed animals survived for maximum 22 months. The longest survival time (25 months) was
observed for the EAA-100%-fed animals (Figure 1). The percentage of EAA in the diet is correlated
with survival (r = 0.901, p < 0.001).

Mice survival

90

80
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60

a0

30

20

10 -

0 T T T T T T T T T T T T T T T T T T T T T T T d
w12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
months

——StD —B—EAA-100% =—f=—(asein-AA =—®=—(Casein-Prot —@=EAA-30% —@=—NEAA-100%

Figure 1. Percentage of mice’s survival according to diet. Animals fed with NEAA-100% and EAA-30%
diets (orange and brown lines) had shorter lifespans when compared to StD (blue line). It is interesting
to observe the different survival curves between the animals fed with the diet containing casein whole
protein (light-green line) and those fed with free AAs of casein (dark-green line). In addition, note
the longest survival of the mice fed with EAA-100% diet (red line). Mantel-Cox test: Casein-AA vs.
Casein-Prot, z = 3.95, p < 0.001; Casein-AA vs. StD, z = 5.17, p < 0.001; EAA-100% vs. StD, z =2.28,p =
0.0226; EAA-30% vs. NEAA-100%, z = 0.21, p = 0.83.

3.1. Parameters Evaluation after 2 Months

3.1.1. Body Weight (BW) and Length (BL)

BW and BL are determined by the quality of nitrogen intake. For the diets poorest in EAA,
NEAA-100% and EAA-30% diets, there is a rapid mortality correlating with BW loss (r = 0.92, p < 0.000)
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and also BL (r = 0.99, p < 0.000) when compared to all diets. A relatively modest increase in EAA
provided by Casein-AA or Casein-Prot diet (which each contain about 19% more EAA than EAA-30%
diet), drives a BL increase comparable to those observed in EAA-100% diet and StD. On the contrary,
BW is most increased by StD and either Casein-Prot or Casein-AA diet. Instead, EAA-100% diet allows
a growth in BL comparable to StD, Casein-Prot and Casein-AA.

EAA-100% diet induced the smallest BW increase among animals fed all diets compatible with
prolonged lifespan. That is, the BW of EAA-100%-fed animals, while increasing if compared with the
diets poorest in EAA (NEAA-100% and EAA-30%), is significantly less increased (p < 0.001) when
compared to both StD and either Casein-Prot or Casein-AA diets.

The BW and BL of mice fed with Casein-Prot and Casein-AA diets were comparable to those of
animals fed StD (see Table 2).
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3.1.2. Food and Water Consumption

The amounts of food and water consumed daily were influenced markedly by different diets.
NEAA-100%-fed groups rapidly stopped growing in BL and showed a dramatically rapid BW loss
similar to that of EAA-30% (Figure 2A), although the food consumption and therefore caloric intake
of NEAA-100% during the first two weeks was significantly higher than any other diet except StD.
With the proceeding of BW loss, and particularly in the 80% animals surviving after the sixth week,
food consumption also declined, and all animals died in the following two weeks (Figure 2A,B).
In NEAA-100%-fed animals, a striking difference between the grams of daily food intake, and thus
calories, and BW was evident. Indeed, NEAA-100% and EAA-30%-fed animals progressively decreased
in BW although their caloric intake was similar to that of EAA-100%-fed animals. Indeed, the correlation
(r) between NEAA-100% or EAA-30% food intake and BW was —0.3 or —0.5, respectively. On the
contrary, there was a higher correlation between EAA-100% food intake and BW (r = 0.9, p < 0.001)
(Figure 2A,B). Only in the case of the NEAA-100% group, water consumption increased significantly
from the first week of treatment (p < 0.001, about six-fold), and then decreased progressively to around
the average water intake in StD-fed animals, before dying (Figure 2C).

A . G Water intake (mL/day)
Body weight B Food intake (g/day) o o
26 45
* =
» ‘ , .
20 354 T o« o® x 79
: : ‘]
£ 14 325 g5
g1 3 * T4
& 2 * g
b 15 3
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421 0,5 i =
0 T T T T T T 1 0 0 T T T T T 1
Ow 1w 2w 3w 4w 5w 6w 1w 2w 3w 4w 5w 6w 1w 2w 3w 4w 5w 6w

weeks
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Figure 2. Comparison between BW (A), food (g/day) (B), and water (mL/day) consumption (C)
(mean + sd) of animals fed with NEAA-100% and EAA-30% diets, StD and EAA-100% diet after 6
weeks. NEAA-100% and EAA-30% diets drive rapid BW decrease, whereas EAA-100% diet slowly
increases BW compared to StD (A). Note that EAA-100% diet was consumed in the same amount as
NEAA-100% and EAA-30% diets (B). NEAA-100%-fed animals showed a higher water intake compared
to StD, whereas EAA-30% and EAA-100%-fed animals had a lower water consumption than StD
(C). Black square, EAA-100%; gray rthombus, NEAA-100%; gray triangle, EAA-30%; gray circle, StD.
ANOVA and Bonferroni t-test, * p < 0.05 vs. all diets.

3.1.3. Organ Weights

The weights of specific organs (organ weight, OW) in animals fed with NEAA-100%, EAA-30%
and EAA-100% diets were significantly lower than those in animals fed with StD. The weights of
the kidneys, livers, BAT and triceps surae of the animals fed with NEAA-100% and EAA-30% diets
were significantly less than those of the EAA-100%-fed animals. The OW of animals was similar in
both NEAA-100% and EAA-30% diets but, interestingly, the rpWAT was near absent in those groups
(Table 2).

3.1.4. Blood and Urinary Parameters

The two groups fed with NEAA-100% and EAA-30% diets had altered blood and urine parameters
when compared to StD and EAA-100%-fed mice. This is especially evident in the reduction in blood
concentration of hemoglobin and albumin, in the increase in neutrophils to lymphocytes ratio (NLR),
and in the reduction of albumin and increase of creatinine in the urine. Blood and urine parameters
from the EAA-100%-fed group did not differ from those of the StD-fed group, except for the Hpg value
which was found to be lower (Table 3).
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3.2. Parameter Evaluation after 12 Months.

3.2.1. Body Weight and Length

After one year of follow-up, BW and length were still determined by the quality of nitrogen intake.
The growth of mice on Casein-Prot-based diets did not differ from that of StD-fed mice. On the contrary,
the EAA-100%-fed animals showed a more modest increase in BW, which remained significantly lower
than the BW of the StD, Casein-Prot and EAA-100%-fed groups (Figure 3A, Table 2).
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Figure 3. BW (A), food (B) and water (C) consumption (mean =+ sd) according to StD, EAA-100%,
Casein-Prot and Casein-AA diets during the whole survival period of mice. After about eight months,
EAA-100%-fed mice significantly increase their water consumption (C), although food consumption (B)
and BW (A) remain unchanged. See text for description. Black square, EAA-100%; gray rhombus, StD;
gray triangle, Casein-AA; gray circle, Casein-Prot. ANOVA and Bonferroni t-test: * p < 0.05 vs. all diets.

3.2.2. Food and Water Consumption

The Casein-AA, Casein-Prot and EAA-100%-fed animals showed a substantially comparable
daily food intake (g/day). All those groups registered a daily food consumption that was significantly
reduced compared to that of the StD-fed animals, from the 4™ month onwards. Water consumption
(ml/day) was similar among StD, Casein-AA and Casein-Prot, whereas EAA-100%-fed mice showed a
significantly increased water consumption starting from the eighth month and continuing all along the
remaining follow-up (Figure 3C).

3.2.3. Organ Weights

Comparable to BW, mice from the EAA-100% group showed the lowest OW except for spleen.
In particular, kidney and triceps surae weights were significantly lower than those recorded in all other
groups. The heart weights of the EAA-100%-fed animals were significantly lower than in the StD
and Casein-AA groups, whereas the rpWAT weights were lower in EAA-100% than in both StD and
Casein-Prot groups. Liver weight was significantly higher in the StD and Casein-Prot and Casein-AA
groups than in EAA-100%. BAT weight in EAA-100% was significantly lower than the Casein-Prot
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group, while animals fed with Casein-AA and Casein-Prot diets had a significantly increased triceps
surae weight, when compared to the StD group. Interestingly, the Casein-AA diet induced a significant
weight decrease for rpWAT, similar to that observed in EAA-100%-fed animals. On the other hand,
rpWAT weights of mice fed Casein-Prot did not differ from those of mice fed with StD (Table 1).

3.2.4. Blood and Urinary Parameters

Serum concentrations of Hpg were markedly increased (about fifty times, p < 0.001) in animals
fed with the Casein-AA and Casein-Prot diets as compared to StD-fed animals. In addition, mice fed
with the Casein-AA and Casein-Prot diets had increased levels of serum and lowered levels of urinary
albumin and creatinine. On the other hand, EAA-100%-fed animals had normal blood parameters and
urinary concentrations of albumin and creatinine, and also showed a significantly lower Hpg level
even compared to the StD-fed mice (Table 3).

3.3. Parameter Evaluation after 18 Months.

3.3.1. Body Weight and Length.

After 18 months, only animals fed with the StD and EAA-100% diets survived (Figure 1).
EAA-100%-fed animals had lower BW than the StD-fed animals, whereas BL did not vary (Table 2).
The fur appearance and spontaneous motor activity of EAA-100%-fed animals seemed to be preserved
far better than in StD-fed ones. In fact, the animals fed with EAA-100% showed greater vitality than
the others and often clung to the cage, keeping themselves suspended without difficulty.

3.3.2. Food and Water Consumption

The food consumption of EAA-fed animals was consistently lower than in StD-fed ones (Figure 3B).
On the contrary, EAA-100%-fed animals showed a progressively and significantly increased water
consumption (Figure 3C).

3.3.3. Organ Weights.
All OW of EAA-100%-fed animals were significantly smaller than StD-fed animals (Table 2).

3.3.4. Blood and Urinary Parameters

EAA-100%-fed mice had lower NLR, lower Hpg and higher serum albumin levels in comparison
to StD-fed mice. Noticeably, urinary albumin losses were also the lowest in EAA-100%-fed animals
(Table 3).

3.4. Parameter Evaluation after 22 Months

After 22 months, we were able to measure only BW and BL of the few surviving animals, i.e., four
animals fed with StD and nine animals fed with the EAA-100% diet (Table 2). The four StD-fed mice
died a few days after these last measurements. The EAA-100% fed mice, albeit showing lower BW,
appeared vital, with thick and shiny furs (Figure 1). The last mouse died at the age of 25 months and
belonged to the EAA-100% group.

4. Discussion

The main result of our study was the observation that the lifespan of mice was affected by the
quality of the AAs content in the diets. Here, we have shown that the EAA-100%-fed animals lived the
longest, although they had the lowest total energy (calories) intake, and the lowest BW compared to
animals fed with the other diets, while growth in BL was unaffected. These observations confirm and
extend previous studies in mice whose diets were supplemented with particular EAA blends, where a
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prolonged lifespan paralleled improved mitochondrial biogenesis and other parameters connected
with healthy aging [11-13].

Furthermore, we also showed that the EAA-30% diet induced a progressive BW decrease by rapid
loss of muscle mass and stopped growth in BL. This was followed by precocious death.

The diet without EAA (alias NEAA-100% diet) quickly arrested development and induced a rapid
decay of animals’ health, as the availability of EAA is, for instance, the main promoter of muscle protein
anabolism [35]. However, the effects of NEAA-100% and EAA-30% diets were similar, suggesting
that diets providing even a relatively modestly unbalanced lowering of the EAA/NEAA ratio, in our
case a diet only about <20% poorer in EAA than the Casein-Prot and Casein-AA diets (common food
proteins), may trigger a severe catabolic imbalance leading to body consumption and premature death.
Since the animals fed with NEAA-100% and EAA-30% diets ate less than those fed with StD, at least in
the last weeks of their short lives, this could lead to the obvious conclusion that the effects were due
to quantitative (and thus caloric) malnutrition. However, the daily consumption of the NEAA-100%
and EAA-30% diets was comparable to the consumption of the EAA-100% diet, but in this latter case,
the’animals survived the longest and even longer than the StD-fed animals, albeit with reduced growth
in weight (BW), but not length (BL). On this basis, we suggest that the EAA/NEAA ratio played a more
prominent role than calories in ensuring animal well-being and survival.

Special NEAA-100% and EAA-30% (thus NEAA-70%) diets strongly reduced the mass of organs
and determined a complete loss of rpWAT with a proportional decrease of BAT. This was unexpected,
especially for the EAA-30% diet, suggesting again that a minor reduction in the EAA/NEAA ratio
(EAA were <20% lower than in the Casein diets) can lead to extremely serious consequences for
the whole body. In addition, we observed that malnutrition induced by NEAA-100% and EAA-30%
diets led to a decrease in serum hemoglobin and albumin values. This was probably due to reduced
protein synthesis and higher turnover, dependent on a poor EAA availability. However, direct and
inhibitory effects exerted by elevated plasma NEAA on albumin synthesis cannot be excluded. In fact,
this would be in agreement with previous observations in adult animals [27] and in undernourished
patients [36,37].

Significant changes, induced by NEAA-100% and EAA-30% diets, were also observed for serum
Hpg levels. Hpg is a hemoglobin-binding protein synthesized in the liver and released into the
circulation, where it acts as an acute phase reactant protein. In fact, it increases during acute conditions
such as infection, injury, tissue destruction, some cancers, burns, surgery or trauma, in response to
inflammation. On the contrary, it decreases under other pathological conditions such as chronic liver
disease, hematoma and hemolytic anemia. Because Hpg levels become depleted in the presence of
large amounts of free hemoglobin, a decreased Hpg is considered a good marker of hemolysis [38,39].
In our experimental setup, the NEAA-100% and EAA-30% diets induced a sharp decrease in the serum
Hpg level, but also induced higher NLR, with a concomitant decrease in hemoglobin concentration,
red blood cell number and spleen mass. So, we believe that the very low level of Hpg observed in
NEAA and EAA-30% diets was due not only to hemolytic events, but also to an impairment of Hpg
synthesis by the liver. We also observed that the EAA-100% diet reduced Hpg level, but not NLR ratio,
more than StD. This confirms that EAA have anti-inflammatory activity as observed previously [11,40].

All special diets were consumed in significantly lower quantities than StD, thus leading to a
decreasing proportion of caloric intake. It is possible that StD has a more pleasing taste than other diets.
However, in our recent work, we have observed that when mice can choose between special diets
and StD, the StD is not the first choice [27]. Instead, previous studies have indicated an association
between increased plasma AA concentration and decreased appetite [41]. So, the quick and free
AAs availability provided by special diets can trigger satiety signals, thereby decreasing food intake.
Interestingly, in the case of the diets containing casein, low intake did not influence BW and OW in
comparison to StD. This suggests that caloric intake is not the only parameter that influenced BW. This
agree with previous works showing that EAA/NEAAA ratio plays a pivotal role in changes in body
composition [3,9,27]. In addition, according to previous authors, a difference in BW and OW between
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EAA-100% diet and StD was observed, and we believe that this depends on the slowdown in growth
caused by the EAA-100% diet.

Curiously, NEAA-100%-fed mice had an early and sharp increase in water intake without
an increase in water retention. This finding agrees with previous observations in adult mice [27].
We believe that this may be related to enhanced muscle proteolysis and hyperosmolarity due to the
increased release of different N-related products (such as creatinine) into the bloodstream. Indeed,
all NEAA-100% and EAA-30%-fed mice had higher urinary creatinine levels compatible with muscular
wasting induced by EAA deficiency. On this basis, we propose that animals fed with these diets could
be used as an experimental model for muscle loss, since such a model would be inexpensive, easy to
reproduce, and can be efficiently reversed by re-nutrition.

Besides StD, in line with previous studies [29,42], as a comparison we used two diets containing,
respectively, casein in the form of the whole protein (Casein-Prot) or in the form of free AAs (Casein-AA)
equivalent to the composition of casein, establishing a composition of reference (see Table 1). This was
suitable for the purpose of comparing a whole protein needing digestion to its free AAs composition,
which was more rapidly and completely available for absorption. Casein is a widely used protein in
rodent pellets, but it has been shown not to provide sufficient amounts of sulphur-containing AAs, and
therefore should be integrated with other proteins from animal sources in order to match the animals’
needs for sulphur-providing AAs [29].

We compared two casein diets (-Prot and -AA) to evaluate possible biological differences between
feeding proteins, which must be digested prior to absorption, and free AAs. Our choice was dictated
by the fact that, unfortunately, an AAs composition of the commercially available StD was not
available, since it contains 15% of unspecified “fish-based proteins” whose AAs composition is
unknown to producers. On the contrary, casein-based diets were fully controlled in terms of AAs
composition. Furthermore, an earlier study showed that the minimum concentration of casein which
supports adequate growth, reproduction and lactation in mice was 13.6%, supplying 5.9 mg of total
nitrogen/Cal [43]. Our Casein-Prot diet provided a 20% concentration of protein, thus ensuring
adequate amounts of nitrogen to support growth, albeit with the cited and well known deficiencies
in methionine and cisteine that identify this protein as not fully adequate to maintain a maximally
prolonged life [29]. This is why we found that animals fed with Casein-Prot and Casein-AA diets had a
drastically reduced survival in comparison to StD. Furthermore, Casein-Prot-fed animals lived shorter
than Casein-AA-fed animals. These results might be interpreted on the basis of two main points:
First, protein digestion was incomplete, since efficiency of protein digestion is <80% [44], indigested
proteins contribute to fecal composition, and may thus have influenced both intestinal microbiota
and promoted syntheses of some toxic metabolites [35,45]; second, the more efficient absorption of
free AAs, coupled with the reduced metabolic costs of producing digestive enzymes [46] may have
been responsible for survival differences. Thus, in line with previous clinical studies [47], we have
shown here that the ingestion of EAA in a free form is a more efficient anabolic stimulus than the
ingestion of a similar amount of AAs in the form of proteins, and that this kind of superior N intake
can significantly affect life expectancy.

Animals fed with casein diets had no evident modifications of BW and BL, but lifespan was
shorter compared to those on StD. However, although the animals ate significantly less calories and
macronutrients than those on StD, their muscle mass increased significantly. This is in line with a
previous work which has shown that casein protein intake could stimulate muscle protein synthesis
without influencing lipid metabolism [48]. This observation opens some questions about the possible
puzzling roles of methionine and cysteine in controlling protein syntheses and healthy life in humans
and rodents. It is interesting to notice also that, by a different protocol, methionine restriction has
been linked to improved lifespan in rodents, but administration of cisteine in a ratio suitable to match
total sulphur containing amino acids needs, and also reducing methionine-linked toxicity, was not
contemplated [20,49].
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In any case, after 12 months, animals fed with casein diets had higher serum albumin (particularly
in those fed with the Casein-Prot diet). High serum albumin, concomitantly with decreased urine
albumin, suggests an improvement in both globular blood proteins synthesis and nephron function [50].
However, both casein diets also resulted in very high values of Hpg, suggesting that these diets
provided some deficit-inducing high levels of chronic inflammation and potentially leading animals to
their premature death when compared with StD or EAA-100% diet.

Indeed, after 12 months, the urinary creatinine excretion in the Casein-Prot-fed mice was lower,
whereas the blood creatinine was higher than in the StD-fed animals. This finding would suggest an
impairment of kidney function [51], although urinary albumin losses were unaffected. On the contrary,
in Casein-AA-fed mice, although their urinary creatinine level reached lower values than in StD-fed
mice, blood creatinine did not differ from that of StD-fed mice. This would suggest a more beneficial
effect on the kidneys by the free AAs intake and absorption, when compared to feeding the whole
proteins. Perhaps this unidentified mechanism also provides some effects connected to a potential
advantage responsible for the longer lifespan observed in Casein-AA-fed animals when compared to
the Casein-Prot-fed animals.

Animals fed with the EAA-100% diet survived longer than all other groups. This is in agreement
with a previous study showing that this particular EAA-blend supplementation improves mitochondrial
biogenesis, thus increasing lifespan [11]. However, we also observed that these mice had slower body
growth and were always (at all times) smaller than those fed with control diets. However, since no
significant difference in food consumption was observed between EAA-100% and other special diets,
the weight difference was not attributable to the amount of calories introduced, but was very likely
due to the quality of nitrogen (thus of AAs) present in the diet. This is in agreement with a recent work
where animals fed with a special blend of EAA-100% diet for one month showed similar outcomes [27].
Furthermore, other studies have demonstrated that a prolonged life is correlated with a smaller body
size, both in mice [52] and in humans [53], an effect also provided by caloric restriction, which also
supports our thesis.

Unexpectedly, in animals fed with EAA-100% diet, we also observed a progressive increase in
water intake after eight months on this diet, although hematologic and urinary parameters did not
differ from StD-fed mice. Unfortunately, to our knowledge, there is no literature that can help us to
explain this behavior which, however, had no adverse effect upon or even promoted animal health.

We also observed that the EAA-100% diet reduced inflammation, as suggested by the lower
Hpg level found in animals on this diet, even when compared to StD. This is in agreement
with the anti-inflammatory activity of EAA observed in previous experimental [11,40] and clinical
settings [1,54,55]. Those effects on inflammation modulation could represent one of the mechanisms
underpinning the longer lifespan reached by these animals.

The EAA-100% and Casein-AA diets induced a partial loss of rpWAT. rpWAT is a very plastic
tissue capable of storing and releasing lipids in response to metabolic needs. A WAT decrease suggests a
change in the balance of substrates used for energy production and/or an increased energy expenditure.
However, it has been shown that mice fed with an L-leucine-deficient diet quickly reduced in their
fat mass and lipogenic activity [56]. Our Casein-AA diet contained an adequate amount of L-leucine,
whereas the EAA-Ex diet contained an even higher amount of L-leucine. Therefore, other factors
besides leucine concentration are probably involved in fat loss. The reason why free AAs decreased
rpWAT, and through which mechanisms, remains unclear, and further studies are necessary to have a
clear picture of the mechanisms involved. In our opinion, it is the nitrogen quality in food, and not the
amount of caloric intake, that determines the balance of deposited/consumed rpWAT in our study.

4.1. Clinical Implications

Our data suggest that it may be useful to reconsider some aspects of metabolic roles of dietary
nitrogen supply in animals, as well as in humans. NEAA should be considered hidden enemies
introduced through proteins, which, when introduced in excess, shorten lifespan and probably directly
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modulate, inhibit or blunt the synthetic activities promoted by EAA. We believe that integrating the
nitrogen supply provided by diets through the supplementation of EAA, in order to increase the
EAA/NEAA ratio to at least >1, should be the pivotal intervention that may most efficiently improve
the life expectancy of malnourished people of any age.

The usual paradigm of clinical nutrition assumes that whatever is lacking should be provided.
However, this does not seem to be true for NEAA. A better alternative would be the provision of
sufficient amounts of balanced formulations of EAA, because these would better promote and maintain
those metabolic pathways responsible for the synthesis of the NEAA as needed, and also of their
precursors and derivatives. Indeed, balanced formulations of EAA and the unbalancing of EAA/NEAA
ratios >1, promote the gene expression and activity of mTOR, PGC-1-alpha, SIRT-1, eNOS and also
promote mitochondriogenesis [11]. These factors are known to be involved with optimal metabolic
performances in any physiological or pathological condition and at any age, and also are effective
in vitro in inducing apoptosis in cancer cells [19]. An unresolved question is now if NEAA, on the
contrary, inhibit some of the pathways epigenetically activated by EAA.

4.2. Study limitations

Our study has some limitations that need to be discussed. We used an EAA-100% formulation
tailored to human needs, and thus presently used as a nutritional supplement for humans. Furthermore,
the impossibility, in our experimental settings, to conduct precise bromatological analyses of the AAs
content provided by the StD, so to control the possible variations that may exist among batches even
when provided by the same producer, is of some concern and causes possible unexpected bias.

We also did not separately evaluate the contributions of individual AAs with respect to body
changes. However, these probably had a mild influence on the overall results of the study. Therefore,
investigating the effects of individual, or of a few, AAs, although interesting from a doctrinal point
of view, would not reflect the complexity of nutritional needs and survival requirements linked to
optimal animal nutrition and metabolism. This complexity is also demonstrated by testing with a
known deficiency diet, such as that based only on casein protein and the peculiar amino acids ratios
provided by casein.

5. Conclusions

We investigated the effects of different diets providing the same amount of carbohydrates, lipids,
micronutrients and nitrogen, but containing various proteins or free EAA/NEAA ratios, on lifespan in
mice. To our knowledge, this is the first report showing that diets providing nitrogen as free EAA are
compatible with a prolonged lifespan in mice. The most relevant finding of our study was the inverse
relationship between NEAA dietary content and lifespan. On the contrary, the diet with the highest
amount of EAA increased lifespan and maintained low BW, while reducing systemic inflammation
and preserving a balanced protein metabolism. On the contrary, the diet with a reduction of just less
than 20% in EAA content compared to that usually provided by food proteins (about 45/49%) triggered
the rapid catabolic processes characterized by rapid muscle mass loss, and led to precocious death of
animals. We confirmed that casein, although among the reference proteins for rodents, is a protein
that does not allow a lifespan comparable to that allowed by standard laboratory diets and providing
adequate amounts of sulphur-containing AAs, which are insufficiently present in casein. However, in
casein diets we could observe that a formulation of free AAs reproducing casein AAs content promoted
the longest survival, in our opinion probably consequent to a more elevated absorption of methionine
and cisteine.

It is commonly claimed that lifespan is affected by the amount of calories consumed [57]. Our data
suggest that this is an oversimplified assumption. On the contrary, lifespan is conditioned by EAA
and NEAA dietary content, since this ratio modulates phenotypic modifications in different organs,
especially adipose and muscle tissues, and induces profound biological modifications. If we evaluate
a diet in terms of the extension of lifespan, the total AAs content provided by any dietary protein
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should not be considered the optimal parameter. Indeed, our study suggests that an elevated intake
of NEAA, provided by normal nutritional and food proteins, negatively affects health and correlates
with lifespan, at least in mice. So, the concept of "optimal nutrition", being very hard to define anyway
because it depends on so many variables (the aims of diet, sex, age, health, environment, species etc.),
should be deeply revised on the basis of the present data. We think that the ratio among EAA and
NEAA is the most likely factor responsible for the health-promoting effects of proteins in any diet, and
eventually for prolonged or reduced survival, at least in rodents.

These data also led us to the question of why some AAs are provided exclusively with diet,
whereas others can be synthesized by the organism itself. The origin and evolutionary significance
of the relationships between EAA and NEAA is not known. We suggest as an hypothesis worth to
be further explored, that the excessive introduction of NEAA may trigger certain natural selection
mechanisms connected with the shortening of lifespan.
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Abstract: The effects of lactate on muscle mass and regeneration were investigated using mouse
skeletal muscle tissue and cultured C2C12 cells. Male C57BL/6] mice were randomly divided into
(1) control, (2) lactate (1 mol/L in distilled water, 8.9 mL/g body weight)-administered, (3) cardio
toxin (CTX)-injected (CX), and (4) lactate-administered after CTX-injection (LX) groups. CTX was
injected into right tibialis anterior (TA) muscle before the oral administration of sodium lactate
(five days/week for two weeks) to the mice. Oral lactate administration increased the muscle weight
and fiber cross-sectional area, and the population of Pax7-positive nuclei in mouse TA skeletal muscle.
Oral administration of lactate also facilitated the recovery process of CTX-associated injured mouse
TA muscle mass accompanied with a transient increase in the population of Pax7-positive nuclei.
Mouse myoblast-derived C2C12 cells were differentiated for five days to form myotubes with or
without lactate administration. C2C12 myotube formation with an increase in protein content, fiber
diameter, length, and myo-nuclei was stimulated by lactate. These observations suggest that lactate
may be a potential molecule to stimulate muscle hypertrophy and regeneration of mouse skeletal
muscle via the activation of muscle satellite cells.

Keywords: lactate; skeletal muscle; hypertrophy; regeneration; muscle satellite cell

1. Introduction

Muscle satellite cells are known as skeletal muscle-specific stem cells that reside between the basal
lamina and sarcolemma of mature myo-fibers [1]. Muscle satellite cells, which express the paired box
transcription factor 7 (Pax7), are normally quiescent but become activated in response to exercise or
injury [2-4]. Activated muscle satellite cells proliferate and undergo differentiation into myoblasts.
Then the myoblasts differentiate and fuse into preexisting myofibers or fuse to form new myofibers,
which result in skeletal muscle hypertrophy or regeneration [5-7].

Muscle satellite cells are considered to play a crucial role in exercise-associated muscle hypertrophy
in human skeletal muscles [6,8] even though the studies using rodent models indicated that satellite
cells may not contribute to exercise-associated hypertrophy of skeletal muscle [9,10]. Furthermore,
exercise-associated stimuli, such as mechanical and heat stresses, are proposed to be potential stimuli
to activate the regenerative process of injured skeletal muscle [11-13]. However, the mechanism of
exercise-induced hypertrophy and regeneration of skeletal muscle is not fully elucidated.
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Recent studies demonstrate that the number of biologically active molecules, so-called myokines,
are released from resting as well as contracting skeletal muscle cells [14]. It is generally accepted that
intensive exercise induces the release of lactate from contracting skeletal muscle. Extracellular lactate
is re-uptaken by skeletal muscle to utilize it for an energy source [15,16]. On the other hand, the
previous study using C2C12 skeletal muscle cells showed that a high level of extracellular lactate
changed the expression of follistatin and myostatin [17], which regulate the proliferation of muscle
satellite cells [18]. Furthermore, we recently demonstrated extracellular lactate-associated C2C12
myotube hypertrophy by activating the anabolic intracellular signals, such as p42/44 extracellular
signal-regulated kinase-1/2 (ERK1/2) pathway [19], which stimulates muscle cell proliferation and
differentiation [20-22]. Judging from published results, we hypothesize that increasing extracellular
lactate level, which is generally induced by intensive exercise, may induce muscle hypertrophy as well
as regeneration of injured skeletal muscle by activating muscle satellite cells.

In the present study, we investigated the effects of oral lactate administration on hypertrophy and
regeneration in mouse skeletal muscle. Since previous studies have reported that an increase of satellite
cells, which is caused by extracellular stimuli including electrical and heat stimulation [11,23], facilitated
muscle regeneration, we evaluated the population of satellite cells following lactate administration.
The effects of lactate on the formation of myotubes were also investigated by using cultured C2C12 cells.

2. Materials and Methods

2.1. Animal Experiments

All animal experimental procedures were conducted in accordance with the Guide for the Care
and Use of Laboratory Animals, as adopted and promulgated by the National Institutes of Health
(Bethesda, MD, USA). The Animal Use Committee of Toyohashi SOZO University (A2016003, A2017002)
approved the procedures of animal experiments in this study. Male C57BL/6] mice aged 8-week old
were used. To investigate the effects of lactate on skeletal muscle hypertrophy or regeneration, mice
were randomly divided into control (C) and lactate-administered (L) groups (1 = 24), or cardio-toxin
(CTX)-injected (CX) and lactate-administered after CTX injection (LX) groups (1 = 28). All mice were
housed in a clean room controlled at approximately 23 °C with a 12/12 h light-dark cycle. Solid diet
and water were provided ad libitum.

Muscle injury-regeneration cycle was induced by injecting 0.1 mL cardiotoxin (CTX, 10 umol/L in
physiological saline, Sigma-Aldrich, St. Louis, MO, USA) of Naja naja atra venom into right tibialis
anterior (TA) muscles in the CX and LX groups. After epilation of right hind limb with a commercial
hair remover for human, injection of CTX into right TA muscle was performed using a 27-gauge
needle. During this procedure, all mice were under anesthesia with intraperitoneal injection of sodium
pentobarbital (50 mg/kg) [23].

In the L and LX group, sodium lactate (1 mol/L in distilled water, 8.9 mL/g body weight, Otsuka
Pharmaceutical Factory, Inc., Naruto, Tokushima, Japan) was administered to the mice by using an
oral sonde 5 days a week for 2 weeks after CTX injection. The dose (or amount) of lactate was selected
considering the previous rat study [18]. The same volume of ultrapure water was administered to the
C and CX groups. In a pilot study, the changes of blood lactate concentration, which was collected
from the tail vein of mice after oral lactate administration, were evaluated using the Lactate Pro2 blood
lactate test meter (ARKRAY, Inc., Kyoto, Japan). Before the administration of lactate, the blood lactate
concentration of mice (n =7) was 2.9 + 0.2 mmol/L (Table 1). Two hours after the lactate administration,
blood lactate level significantly increased up to 4.1 + 0.3 mmol/L. Similar to this observation, the oral
administration of lactic acid to rats led to a rise in the blood level [24].
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Table 1. Blood lactate concentration of mice following orally administered sodium lactate.

Pre 2h 6h 24h
Concentration, mmol/L 29+02 41+03% 29+038 3.0+04

Pre: before oral lactate administration (base line); 2 h, 6 h, and 24 h: 2, 6, and 24 h after the lactate administration.
Values are means + SEM. n = 7. T and §: p <0.05 vs. Pre and 2 h, respectively.

Mice were sacrificed by cervical dislocation under anesthesia with intraperitoneal injection of
sodium pentobarbital (50 mg/kg) 1 and 2 weeks after CTX injection. Immediately after the sacrification,
right TA muscle was excised. Dissected TA muscles were rapidly weighed and frozen in isopentane
cooled in liquid nitrogen. All samples were then stored at —80 °C until analyses.

Serial transverse cryo-sections (8-um thick) of the samples were cut at —20 °C and immediately
mounted onto glass slides. Sections were stained to analyze the cross-sectional area (fiber CSA) of
muscle fibers by hematoxylin and eosin (H&E), and the profiles of Pax7-positive nuclei by a standard
immuno-histochemical technique [23]. Monoclonal anti-Pax7 antibody (Developmental Studies
Hybridoma Bank, Iowa, IA, USA) was used for the detection of muscle satellite cells [3]. The sections
were fixed in 4% paraformaldehyde, and were then post-fixed in ice-cooled methanol. After blocking
by using 1% Roche blocking reagent (Roche Diagnostic, Penzberg, Germany), sections were incubated
with the primary antibodies for Pax7 and rabbit polyclonal anti-laminin (Z0097, DakoCytomation,
Glostrup, Denmark). Following an incubation period at 4 °C, sections were incubated with secondary
antibodies for Cy3-conjugated anti-mouse IgG (Jackson Immuno Research, West Grove, PA, USA)
and with fluorescein isothiocyanate-conjugated anti-rabbit IgG (Sigma-Aldrich) at room temperature.
Nuclear counterstaining was performed in a solution of 4’,6-diamidino-2-phenylindole dihydrochloride
(DAPI, Sigma-Aldrich). The number of Pax7-positive nuclei located within the laminin-positive basal
membrane per muscle fiber (approximately 250 fibers) from each muscle was calculated. Using H&E
stained sections, mean fiber CSA was measured from approximately 250 fibers of each muscle using
the National Institutes of Health Image J 1.38X (NIH, Bethesda, MD, USA) software for Windows.

2.2. Cell Culture Experiments

Mouse myoblast-derived C2C12 cells (6 x 10* cells/well) were cultured on 6-well culture plates,
coated with type I collagen (Biocoat, Corning, NY, USA). Cells were maintained in 2 mL of growth
medium that consisted of Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific,
Yokohama, Japan) supplemented with 10% heat-inactivated fetal bovine serum containing high glucose
(4.5 g/L glucose, 4.0 mM L-glutamine, without sodium pyruvate) for proliferation. During the third
day of the proliferation phase (at ~80% confluence), the culture medium was then changed to the same
amount of differentiation medium, which consisted of DMEM supplemented with 2% heat-inactivated
horse serum containing low glucose (1.0 g/L glucose, 4.0 mM L-glutamine, and 110 mg/L sodium
pyruvate) for differentiation, as was described previously [19]. Every 2 days, cells were replenished
with fresh differentiation medium and cultures were maintained for 5 days. All cells were maintained
at 37 °C, under a humidified atmosphere with 5% CO, and 95% air.

Sodium lactate was administered into the conditioned medium throughout the differentiation
phase. The concentration of lactate was set at 20 mM in the conditioned culture medium, which took
into account previous studies using skeletal muscle cells [19,25]. Ultrapure water alone was added to
the conditioning medium for the control group (1 = 6 well in each group).

The images of myotubes at the 5th day of the differentiation phase were visualized at
x40 magnification using a calibrated color imaging camera (DP12, Olympus, Tokyo, Japan) set
up to a phase contrast light microscope (CK40, Olympus). In order to measure the myotube diameter,
we used a modified method of a previous study [26]. We first randomly selected fields of view from
6 wells of each condition. Using Image ], the diameters of at least 100 myotubes in each well were
measured at three randomly selected portions taken along the length of the myotube. Then, the average
diameter of a myotube was calculated as the mean of three measurements. The myotubes were also
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used for the evaluation of myotube length and the myo-nuclei number as described below. Cells were
fixed with 4% paraformaldehyde. After blocking, cells were incubated with the primary antibodies for
skeletal myosin (M4276, Sigma-Aldrich). Cells were then incubated with the secondary antibodies
for Cy3-conjugated anti-mouse IgG. Then nuclei were counterstained with DAPI. Since a muscle cell
containing 3 or more nuclei was considered to be a myotube [27], the myotube length and myonuclei
number in differentiated myotubes (>2 myonuclei) were measured using Image J.

In addition, the myotubes at the 5th day of differentiation were used to analyze muscular protein
content as described below. In order to extract protein from C2C12 cells, the cells were lysed in a cell
lysis reagent (CelLytic™-M, Sigma-Aldrich), in accordance with the previously reported method [19].
The cells in each well were rinsed twice in 1 mL of ice-cooled phosphate-buffered saline. The cells of
each well were then scraped into 0.3 mL of cell lysis reagent on ice. The cell lysate was sonicated and
centrifuged at 20,000 g at 4 °C for 10 min. The supernatant was collected for the analysis of protein
content. Protein content in the supernatant was determined using the Bradford technique (protein
Assay kit, Bio-Rad, Hercules, CA, USA) and bovine serum albumin (Sigma-Aldrich) as the standard.

2.3. Animal Experiments

All values were expressed as means + SEM. In animal experiments, the statistically significant level
of blood lactate concentration was analyzed using one-way analysis of variance (ANOVA) followed by
the Tukey-Kramer test. Other significant levels were tested using a two-way (lactate administration
and time) ANOVA for multiple comparisons followed by the Tukey-Kramer test. When a significant
interaction between main factors was observed, one-way ANOVA followed by the Tukey-Kramer
test was performed. Statistically significant levels in cell experiments were evaluated using unpaired
Student’s t-test following F-test. The significance level was accepted at p < 0.05.

3. Results

3.1. Effect of Lactate on Skeletal Muscle Hypertrophy

The body weight, TA muscle weight, and fiber CSA in response to oral lactate administration were
shown in Figure 1. There was no significant difference in body weight between groups. A significant
increase in the absolute TA muscle weight and the muscle weight relative to body weight was observed
in the lactate-administered L group (Figure 1A, p < 0.05). Similarly, the fiber CSA in the L group was
significantly larger than that in the C group (Figure 1B, p < 0.05).

There was no significant change in the population number of Pax7-positive nuclei a fiber of TA
muscle in the C group during the experimental period. In the L group, the population of Pax7-positive
nuclei was significantly increased (200% and 138% at 1 and 2 weeks after lactate administration,
respectively), compared with that in the C group (Figure 1C, p < 0.05).
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Figure 1. (A) Effects of oral lactate administration on body weight (BW) and tibialis anterior (TA) weight
in mice. Effect of oral lactate administration on the TA muscle fiber cross-sectional area (CSA) (B) and
the number of Pax7-positive nuclei per muscle fiber (C). Representative images of histochemical and
immuno-histochemical staining in TA muscle are shown. Arrowheads indicate the Pax7-positive nuclei.
Scale bar = 50 um. TA weight/BW: relative TA weight to BW. C: control group. L: lactate-administered
group. 1W and 2W: 1 and 2 weeks of lactate administration, respectively. Values are means + SEM.
n = 6 per group. a: Significant main effect of lactate, p < 0.05. *: p < 0.05.

3.2. Effect of Lactate on Skeletal Muscle Regeneration

Many regenerating fibers with centrally located nuclei in CTX-injected TA muscle were observed
1 and 2 weeks after the injection (Figure 2B). There was no significant change in body weight of not
only CX but also LX groups during the experimental period (Figure 2A). Both TA muscle weight
(24% and 29% of absolute and relative levels, respectively) and fiber CSA (44%) 2 weeks after CTX
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injection increased, compared with those 1 week after the injection. Two weeks after CTX injection,
lactate administration-associated increase in the absolute TA muscle weight was observed (p < 0.05).
A significant main effect of lactate administration was observed in the relative muscle weight as well
as fiber CSA (p < 0.05).
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Figure 2. (A) Effects of oral lactate administration on BW and TA weight in cardio-toxin (CTX)-injected
mice. Effect of oral lactate administration on CTX-injected TA muscle fiber CSA (B) and the
number of Pax7-positive nuclei per muscle fiber (C). Representative images of histochemical and
immuno-histochemical staining in CTX-injected TA muscle are shown. Arrowheads indicate the
Pax7-positive nuclei. Scale bar = 50 um. CX: CTX-injected group. LX: lactate-administered after the
CTX-injection group. 1W and 2W: 1 and 2 weeks after CTX injection, respectively. See Figure 1 for
other abbreviations. Values are means + SEM. n = 7 per group. a and b: Significant main effect of
lactate and time, respectively. p < 0.05. *: p < 0.05.
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One week after CTX injection, the population of Pax7-positive nuclei was increased (0.08/myofiber),
compared with that in the C group (0.02/myofiber). Furthermore, the additional increase in the
population of Pax7-positive nuclei was observed in the lactate-administered LX group, when compared
with the CX group, 1 week after CTX injection (p < 0.05).

3.3. Effects of Lactate on Myotube Formation

We examined the effects of lactate on myotube formation of C2C12 cells. The typical images of
myotubes, on the 5th day of differentiation, with or without lactate in the medium were shown in
Figure 3. In the lactate-administered cells, myotubes have a wider diameter, longer length, and more
myonuclei compared with the control. A significant increase in the myotube diameter and muscular
protein content was induced by lactate (Figure 3A,B, p < 0.05). Lactate administration also increased
myotube length as well as myo-nuclei number (Figure 3C, p < 0.05).
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Figure 3. Myo-tube diameter (A), muscular protein content (B), myo-tube length, and myonuclei
number (C) of C2C12 cells in response to lactate. Scale bar = 300 um. Values are means + SEM. n =6

wells per group. *: p < 0.05.

4. Discussion

The present study demonstrated that oral lactate administration induced muscle hypertrophy
accompanied with an increase of Pax7-positive nuclei in mouse TA muscle. In injured TA muscle, the
increase of muscle mass and Pax7-positive nuclei population was stimulated by lactate administration.
Furthermore, lactate-induced myotube formation including higher protein content, wider diameter,
longer length, and more myo-nuclei were observed in C2C12 cells.

105



Nutrients 2019, 11, 869

4.1. Muscle Hypertrophy

In the present study, oral lactate administration increased TA muscle weight and fiber CSA in mice.
This is the first report showing the effect of lactate on skeletal muscle mass in animals. Furthermore,
the population of Pax7-positive nuclei in TA muscle was increased by lactate administration. Since the
previous study using C2C12 skeletal muscle cells reported that extracellular lactate increased follistatin
and decreased myostatin expressions involved in the proliferation of satellite cells [17,18], oral lactate
administration-associated increase of blood lactate concentration may enhance the proliferation of
muscle satellite cells. Recently, we demonstrated an extracellular lactate-associated increase in the
diameter of C2C12 myo-tubes [19]. These observations suggest that lactate administration, which
could increase blood lactate levels, stimulated the hypertrophy of skeletal muscle with the activation of
muscle satellite cells. Training with a blood flow restriction, which is exercise with vascular occlusion,
is known to increase muscle size [28,29] and the blood lactate level [29,30] in humans. Therefore, there
is a possibility that the blood lactate level may contribute to muscle size following occlusion training.

4.2. Muscle Regeneration

In the present study, increase in muscle weight and fiber CSA in CTX-injected TA muscle was
observed during a 2-week experimental period. In addition, the population of Pax7-positive nuclei
was increased by CTX injection. These phenomena are consistent with the previously reported
data in mice [23]. Larger muscle mass and Pax7-positive nuclei population were also observed in
lactate-administered mouse, which suggests that lactate stimulates the regenerative potential of injured
skeletal muscle by activating muscle satellite cells.

4.3. Myotube Formation

In the present study, lactate increased the myotube diameter and protein content in C2C12 cells.
These results are supported by the previous report that lactate caused the activation of anabolic signals
for hypertrophy and myogenesis in skeletal muscle cells [18]. Our previous data also showed that
extracellular lactate increased the diameter of C2C12 myotubes in a dose-dependent manner [19].
In addition, the present study demonstrated that extracellular lactate caused the extension of the
myotube length and the increase of the myonuclei number. Therefore, it was suggested that lactate
may stimulate the fusion of myoblasts, which results in myotube formation. This contributes to muscle
hypertrophy and regeneration [5-7].

It has been a debatable argument that various metabolites, including lactate, may be involved in
exercise-associated skeletal muscle hypertrophy [31]. In the present study, cell culture experiments
demonstrated lactate induces an increase in muscle mass even though no myotube contraction is
observed. On the other hand, lactate may also stimulate the hypertrophic effects of physical activity on
skeletal muscle, since mice moved freely immediately after the administration of lactate in the present
study. Additional results are needed to elucidate the difference and interaction between lactate and
muscle contraction in skeletal muscle hypertrophy.

5. Conclusions

The present study demonstrated oral lactate administration-associated hypertrophy and
regeneration of mouse skeletal muscle. Extracellular lactate might contribute to the regulation
of skeletal muscle plasticity.
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Abstract: Aging is accompanied by profound changes in many physiological functions, leading to a
decreased ability to cope with stressors. Many changes are subtle, but can negatively affect nutrient
intake, leading to overt malnutrition. Poor oral health may affect food selection and nutrient intake,
leading to malnutrition and, consequently, to frailty and sarcopenia. On the other hand, it has been
highlighted that sarcopenia is a whole-body process also affecting muscles dedicated to chewing
and swallowing. Hence, muscle decline of these muscle groups may also have a negative impact
on nutrient intake, increasing the risk for malnutrition. The interplay between oral diseases and
malnutrition with frailty and sarcopenia may be explained through biological and environmental
factors that are linked to the common burden of inflammation and oxidative stress. The presence of
oral problems, alone or in combination with sarcopenia, may thus represent the biological substratum
of the disabling cascade experienced by many frail individuals. A multimodal and multidisciplinary
approach, including personalized dietary counselling and oral health care, may thus be helpful to
better manage the complexity of older people. Furthermore, preventive strategies applied throughout
the lifetime could help to preserve both oral and muscle function later in life. Here, we provide an
overview on the relevance of poor oral health as a determinant of malnutrition and sarcopenia.

Keywords: sarcopenia; nutrition; oral health; older people; malnutrition; swallowing; life course approach

1. Introduction

Advancing age is characterized by a progressive decline in multiple physiological functions,
leading to an increased vulnerability to stressors and augmented risk of adverse outcomes [1-3].
During the aging process, several factors may affect body shape from both clinical and functional
perspectives. Reduction in smell and taste senses, poor appetite (the so-called “anorexia of aging”), and
decreased energy expenditure may all contribute to poor nutrition. Moreover, illnesses, medications,
as well as poor oral health (for example, due to teeth loss and poorly fitting dentures) can exacerbate
anorexia [4-6]. Nutritional status among older people may be also influenced by living or eating alone,
poor financial status, dismobility, and decreased ability to shop or prepare meals [7,8]. Psychosocial
factors including loneliness, sleep disorders, dementia, and depression are also recognized to have a
negative impact on the dietary intake of older subjects [9].
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Furthermore, with aging, there is a progressive loss in muscle mass and strength, whereas fat
mass and fat infiltration of muscle increase [10,11]. Sarcopenia is the term, introduced for the first
time in 1988 by Irwin Rosenberg, to indicate the pathologic reduction in muscle mass and strength
leading to a poor function [12,13]. Interestingly, in recent years, it has been highlighted that sarcopenia
is not limited to lower limbs, but is a whole-body process [14-16], also affecting the muscles devoted to
chewing and swallowing [10,17], with a negative impact on food intake. In fact, atrophy of muscles
critical for the respiratory and swallowing functions has been reported [14,18-22].

The variety of dental problems experienced by older people can result in chewing difficulties
determining changes in food selection, thus leading to malnutrition and consequently to frailty [23]
and sarcopenia [10,23]. Poor oral status may also predispose one to a chronic low-grade systemic
inflammation through periodontal disease [24,25], which has an increased prevalence in those who
are not able to perform the daily oral hygiene procedures [26], and it is a well-known risk factor
in the pathogenesis of frailty [27] and sarcopenia [28]. Furthermore, periodontal disease has been
associated with faster decline in handgrip strength [29], and recent studies showed an association
between chewing difficulties and frailty [24].

Therefore, a hypothetical triangle oral status-nutrition—-sarcopenia, exposing the older person to
the frailty disabling cascade, may be suggested, as seen in Figure 1.
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Figure 1. Overview of the interplay between poor oral status, malnutrition, and sarcopenia.
GI—gastrointestinal.

2. Oral Changes with Aging

Poor oral health is not an inevitable part of aging since good care throughout the life course can
result in the maintenance of functional teeth later in life [24]. Throughout a lifetime, the oral cavity
experiences a variety of physiological modifications, such as enamel changes, fractures lines and stains,
as well as dentin exposure and darkening of the tooth. At the same time, in the inner part of the tooth,
several changes, such as the deposition of secondary dentin reducing the size of the pulp chamber and
canals, may also occur [30]. Furthermore, in older people, tooth wear is frequently observed, affecting
more than 85% of all the teeth groups in both the mandible and maxilla [31]. Additionally, a loss in
terms of elastic fibers in the connective tissue has been documented and, subsequently, the oral mucosa
becomes less resilient [32].
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However, older people, especially those who are institutionalized or with limited financial
resources, may experience problems to access oral care. Furthermore, it has been documented that
older people frequently have difficulty expressing complaints and assign low priority to oral health until
dental problems become intolerable [33]. Oral problems among older people have been implicated in a
high prevalence of tooth loss, dental caries, periodontal disease, xerostomia, and oral precancer/cancer
lesions [34]. Periodontitis and dental caries are very common diseases, especially in older people, and
are considered the main cause of tooth loss [35].

Around the age of 70, there is also a peak of root/cementum caries, as a result of both tooth
retention and major exposure of these surfaces following periodontal support loss. Moreover, older
people are at higher risk of periodontitis since it is a cumulative disease, especially with regard to the
multirooted teeth [36].

2.1. Edentulism

Edentulism is a pathological condition characterized by multiple missing teeth; it can be partial
or total. The etiology of tooth loss includes factors such as predisposition, diet, hormonal status,
coexisting diseases, hygiene habits, and use of dental clinics. Additionally, edentulism may result from
an unsuccessful periodontal treatment or important carious lesions [37,38]. Dental disease and loss of
teeth are not part of normal aging, but if this occurs, it is probably a result of neglected oral hygiene
and/or an inadequate treatment [39,40]. Edentulism is exacerbated when masticatory function is not
restored with dental prostheses [41]. Tooth loss affects the individual ability to chew determining
an alteration of food choices [42]. Indeed, edentulous people are at greater risk of malnutrition than
dentate or partially dentate individuals [43], and, consequently, with an increased susceptibility to
sarcopenia and frailty [25]. Tooth loss is also a risk factor for disability, since it impedes self-sufficiency
and worsens the quality of life [42].

2.2. Dry Mouth

Saliva is pivotal for bolus formation and consequently is also related to the sensory and textural
experience. Xerostomia is a clinical condition characterized by an excessive sensation of dryness in the
mouth, which is not necessarily linked to salivary gland hypofunction [30,44]. Xerostomia is estimated
to affect 25-50% of older individuals [45]. Etiologic factors include polypharmacy (especially with
antihypertensives, antidepressants, and antipsychotics) [46], diseases, poor general health, female sex,
and older age [47,48]. Furthermore, radiation for head and neck cancers can damage salivary glands,
leading to permanent xerostomia [49]. With aging, there is also a reduced salivary flow in salivary
glands, which cannot be explained only on the basis of medications [50]. In fact, salivary hypofunction
and xerostomia are two distinct constructs that are frequently improperly used interchangeably [33].

However, it has been reported that nearly one third of older adults complaining of xerostomia
do not present any reduction of the salivary flow or saliva secretion. This suggests a psychological
component may be involved when reporting the symptom [30]. Nonetheless, hyposalivation may
seriously compromise chewing function and early digestive process. A reduced quantity of saliva can,
in fact, affect the preparation of the alimentary bolus and the swallowing [51].

2.3. Periodontal Disease

Periodontitis is described as a chronic inflammatory disease that affects the supporting tissues
of the teeth, leading to a progressive destruction of the periodontium [52]. It can also cause mobility
and displacement of the remaining teeth and is often linked to difficulty in chewing. Prevalence
of periodontal disease, considering a periodontal index score of 4 (deep pockets), ranges from
approximately 5% to 70% among older people [53]. Periodontitis is a cumulative disease; therefore,
it becomes increasingly severe as the person ages [30]. Poor oral hygiene is a critical determinant of
periodontitis since it leads to the formation of dental plaque containing microorganisms [54]. Systemic
risk factors for periodontal disease also include other behaviors, such as smoking, medical conditions (i.e.,
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poorly controlled diabetes, obesity, stress, osteopenia), and inadequate dietary consumption of calcium and
vitamin D [55]. Since periodontitis share some characteristics with other systemic inflammatory diseases,
a relationship between periodontitis and other inflammatory pathologies (i.e., diabetes, cardiovascular
diseases, adverse pregnancy outcomes, and rheumatoid arthritis) has been proposed [56].

In recent years, the role of the diet in periodontitis has been highlighted. To date, it has been
documented that a diet poor in fruit and vegetables and therefore in micronutrients may lead
to a greater inflammatory response of periodontal tissues that support the tooth. Interestingly,
a recent systematic review of the relationship between dietary intake and periodontal health in
community-dwelling older adults, reported positive associations between periodontal disease and
lower intakes of docosahexaenoic acid, vitamin C, vitamin E, f-carotene, milk, fermented dairy
products, dietary fiber, fruits and vegetables, and higher intakes of omega-6/omega-3 ratio and
saturated fatty acids [57]. Additionally, micronutrient deficiencies can negatively affect healing
following periodontal surgery [58]. At the same time, the loss of dental elements due to periodontitis
can negatively affect the nutritional status of the patient, resulting in a discomfort during chewing and
leading to a selection of soft and easy-to-chew foods.

2.4. Dental Caries

Dental caries is a multifactorial infectious disease characterized by the demineralization and
destruction of the dental substance: enamel, in fact, is susceptible to acid dissolution over time.
The pathological changes of the dental structure may have serious consequences, ultimately leading to
the breakdown of the teeth themselves [59]. The prevalence of dental caries varies between 20% and
60% in community-dwelling older people and 60% and 80% in care home settings [60-64]. Various
predisposing conditions to dental caries have been reported, including carbohydrate (especially simple
sugars) consumption, diabetes, and poor socioeconomic conditions [60,65-68].

With increasing age, people may experience physical and cognitive decline, which may result in
poor oral hygiene, leading to an increased incidence of caries. Over time, small lesions already filled
can need a larger dental restoration, that can lead to a tooth fracture or an endodontic treatment [30].
Endodontic therapy (also known as root canal treatment) is a necessary procedure in case of inflamed
or infected dental pulp. It consists in the removal of the pulp, both in the coronal and radicular part of
the tooth, and in its replacement with a gutta-percha permanent filling (a substance of vegetable origin
such as natural rubber). Xerostomia is closely related to a higher risk for developing caries since loss
of saliva may lead to an increased acidity of the mouth. This leads to different situations that may
contribute to the development of the dental caries: the proliferation of bacteria, the loss of minerals
from the tooth surfaces, and the loss of lubrication [69].

2.5. Impact of Oral Health on Nutritional Status

Nutrition is a key modulator of health in older persons. Inadequate intake of nutrients is a
well-known contributing factor in the progression of many diseases. This also has a significant impact
in the complex etiology of sarcopenia and frailty [70-72]. Due to a decline in many functions, including
poor oral status, dietary intake is often compromised in older people and the risk of malnutrition
is increased. Particularly, acute and chronic illnesses and medications as well as poor dentition can
exacerbate anorexia [5,70,73]. Oral problems in older individuals are associated with modifications in
food selection and, therefore, in nutrient intake [25]. Deterioration of oral health can ultimately lead
to the development of chronic conditions such as diabetes [74] and cardiovascular problems [75-77].
Masticatory performance is affected by the number of teeth in functional occlusion [78-80], the maximal
biting force [81,82], denture wearing [83] and xerostomia [84]. The functional occlusion during
mandibular closure is provided by the even and simultaneous contact of all remaining teeth (at least 20
with 10 contiguous teeth in each arch) [85].

Tooth loss has been implicated in the reduction of chewing ability and in difficulties in bolus
formation [86]. To date, it has been reported that as number of remaining teeth decrease, the bolus
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size increases leading to a dysfunctional swallowing [87]. Edentulous individuals, even when using
well-made dentures, may experience more chewing difficulties than dentate people [88]. Therefore, they
may be considered as the group more prone to changing their diet [89,90]. Older people who experience
dental problems frequently avoid harder foods such as meats, fruits, and vegetables which are typically
major sources of proteins, fiber, vitamins, and minerals [41,88,91]. The lack of these latter key nutrients
may expose older individuals to an increased risk for malnutrition, frailty, and sarcopenia [24,92].
In addition, it is well established that micronutrient deficiencies, even subtle, may lead to oxidative
stress and consequently to inflammation. Therefore, these processes can further exacerbate sarcopenia
and frailty and become a clear risk factor for periodontitis. Nutritional deficiencies may also negatively
affect the mineralization process, increasing the susceptibility to dental caries [93]. Furthermore,
undernutrition can exacerbate the severity of oral infections [94]. Indeed, with advancing age, people
show a tendency to select soft foods due to difficulty and fatigue of chewing [10,95]. However, these
latter are frequently processed foods that are high in fat and sugar and with a poor content of vitamins
and minerals, leading to fat deposition, oxidative stress, inflammation, and, consequently, increased risk
of cardiovascular disease and metabolic syndrome [88,95-97]. In fact, it is well established that obesity
leads to chronic low-grade inflammation, increasing the susceptibility to dental caries, periodontal
disease, and tooth loss [98]. The excess of energy is stored in adipocytes and leads to both hypertrophy
and hyperplasia, resulting in an abnormal adipocyte function. This may increase mitochondrial
stress and altered endoplasmatic reticulum function. Furthermore, adipocyte-associated inflammatory
macrophages can also induce oxidative stress [99]. On the other hand, it is widely recognized that an
excessive consumption of simple sugars is a major risk factor for dental caries [100,101].

Large epidemiological studies, such as the UK National Diet and Nutrition Survey (NDNS) [102]
and the US National Health and Nutritional Examination Surveys (NHANES) [103,104], reported an
association between poor dental status and inadequate dietary intake in older people. In particular, they
reported that edentulous subjects, with and without prosthesis, consumed less fruits and vegetables.
Moreover, decreased protein and micronutrient intake, together with increased carbohydrate
consumption, has been reported in people with less than 21 teeth [104].

3. Sarcopenia and Oral Status

Sarcopenia, defined as the progressive and accelerated loss of muscle mass and function, is a
major determinant of several adverse outcomes including frailty, disability, and mortality [13,105].
Although sarcopenia is a condition commonly observed with the aging process, it can also occur
earlier in life [106]. Since 2016, sarcopenia has been recognized as an independent condition with an
International Classification of Disease, 10th Revision, Clinical Modification (ICD-10-CM) Diagnosis
Code [107]. Recently, the European Working Group on Sarcopenia in Older People (EWGSOP) [106]
updated their consensus on definition and diagnosis (EWGSOP2). In this revised consensus, low muscle
strength is considered a key characteristic of sarcopenia, and poor physical performance is identified as
indicative of severe sarcopenia. Moreover, EWGSOP2 have recommended specific cut-off points to identify
and characterize the sarcopenic condition, and provide an algorithm that can be used for case-finding.

Sarcopenia has a complex multifactorial pathogenesis, which involves lifestyle habits (i.e., malnutrition,
physical inactivity), disease triggers, and age-dependent biological changes (i.e., chronic inflammation,
mitochondrial abnormalities, loss of neuromuscular junctions, reduced satellite cell numbers, hormonal
alterations) [108,109]. Sarcopenia is a whole-body process, affecting not only lower extremities, but also
muscles dedicated to breathing, mastication, and swallowing [14,18-22]. In particular, swallowing is a
complex mechanism involving several head and neck muscles simultaneously and in conjunction
to coordinate the entire process [110]. Several age-related changes, such as as reduction of tissue
elasticity, changes of the head and neck anatomy, reduced oral and pharyngeal sensitivity, and impaired
dental status, may contribute to different degrees to a subtle swallowing impairment, the so called
“presbyphagia”. It is usually an asymptomatic condition in which swallowing function is preserved,
but tends to slowly worsen as the aging process advances [16,111]. Presbyphagia may increase the risk
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of dysphagia and aspiration in older people, especially during acute illnesses and other stressors [112].
Moreover, reductions in muscle mass of the geniohyoid, pterygoid, masseter, tongue, and pharyngeal
muscles have been documented in older individuals [20,113-115]. Several authors also reported a
decline in the strength of the swallowing muscles with aging or sarcopenia [116]. Maximal tongue strength
decreases with aging [116-119], and there is some evidence that aging leads to a decreased jaw-opening
force in older men. Several authors also reported an association between tongue strength and handgrip
strength [120,121]. A decrease in tongue strength has been associated with a decline of activities of daily
living [122], and a reduced tongue thickness has been noted in people with low body weight [20].

Lip function is also important for feeding. In fact, poor lip muscle closure may cause leakage
through the corners of the mouth [123]. Additionally, decreased lip strength has been suggested to
occur due to sarcopenia and to be related to difficulties in eating and drinking (i.e., dysphagia) [117].
Lip force has been associated with hand grip strength and lip pendency has been associated with
aging [117,124].

Indeed, since it has been shown that skeletal muscle mass and strength decline may affect both
swallowing and general muscle groups, a new condition, called “sarcopenic dysphagia” has been
coined [22,124,125]. Swallowing muscles are characterized by a high percentage of type II fibers, which
are more easily affected by malnutrition and sarcopenia than type I muscle fibers [22]. However, some
cranial muscles, including the jaw-closers, are very different in fiber-type composition than other
skeletal muscle groups (i.e., limbs or abdomen). For instance, the masseter muscle, which originates
from the zygomatic arch, contains both type I and type II fibers, but shows a predominance of type I
muscle fibers, which are more strongly affected by inactivity rather than aging [126,127]. Given that
the meal texture of older people frequently becomes softer, less power of tongue movement and of
masseter muscle is required, which may result in decreased activity of these muscles.

Interestingly, poor oral health may predispose one to a chronic low-grade inflammatory state
through periodontal disease, which is a well-known risk factor for frailty and sarcopenia [25,128,129].
In fact, the detrimental effects of periodontitis are not confined solely to the oral cavity, but extend
systemically, leading to metabolic alterations [130], including insulin resistance [131], diabetes [131,132],
arthritis [133], and heart disease [134]. Furthermore, alterations in mitochondrial function leading to
oxidative stress through the production of reactive oxygen species (ROS) have also been reported to
mediate both oral and systemic pathologies (i.e., sarcopenia) [108,135-137]. Given their regulatory
role as signaling molecules in autophagy, it has been speculated that elevated ROS production
in periodontal disease could lead to autophagic alterations [138]. Bullon et al. [139] found high
levels of mitochondrial-derived ROS, accompanied by mitochondrial dysfunction in peripheral blood
mononuclear cells from patients with periodontitis. Moreover, oral gingiva seems to be highly
responsive to the lipopolysaccharides (LPS), which are bacterial endotoxins prevalent in periodontal
disease. In fact, gingival fibroblasts, which play an important role in remodeling periodontal soft
tissues, may directly interact with LPS. In particular, LPS from Porphyromonas gingivalis enhances the
production of inflammatory cytokines [140]. Porphyromonas gingivalis has been found to be responsible
for high mitochondrial ROS and coenzyme Q10 levels, and for mitochondrial dysfunction, given
its influence on the amount of respiratory chain complex I and III [138,139]. Indeed, LPS-mediated
mitochondrial dysfunction could explain the oxidative stress onset in patients with periodontitis.
Furthermore, Hamalainen et al. [29] reported an association between periodontitis and quicker declines
in handgrip strength.

On the other hand, as discussed in the previous section, the variety of dental problems experienced
by older people can lead to a decline in general health through poor nutrient intake, pain, and
low quality of life [25]. Poor oral status has been reported to affect 71% of patients in rehabilitation
settings [141] and 91% of people in acute-care hospitals [142], and has been associated with malnutrition,
dysphagia, and reduced activities of daily living [17]. Hence, poor oral status may lead to sarcopenia
through poor nutrient intake. Moreover, inflammation further contributes to malnutrition through
various mechanisms, such as anorexia, decreased nutrient intake, altered metabolism (i.e., elevation
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of resting energy expenditure), and increased muscle catabolism [143]. Chronic inflammation is a
common underlying factor, not only in the etiology of sarcopenia, but also for frailty. In fact, sarcopenia
and frailty are closely related and show a remarkable overlap especially in the physical function
domain [144-146]. The presence of oral problems, alone or in combination with sarcopenia, may thus
represent the biological substratum of the disabling cascade experienced by many frail individuals.

4. Interventions

The management of older people should be multimodal and multidisciplinary, especially for
those with or at risk of malnutrition [147], in order to improve different conditions (i.e., oral problems
and sarcopenia). From a practical point of view, comprehensive geriatric assessment (CGA) is
the multidimensional, interdisciplinary diagnostic and therapeutic process aimed at determining
the medical, psychological, and functional problems of older people. The CGA'’s objective is the
development of a coordinated and integrated plan for treatment and follow-up in order to maximize
overall health with aging [148]. To date, increasing evidence suggests that prosthodontic treatment in
combination with personalized dietary counselling may improve the nutritional status of patients [51].
Here, we provide an overview on the management of oral problems, malnutrition, and sarcopenia.

4.1. Oral Management

The stomatognathic system is very vulnerable over time, but with special care, it can be preserved
throughout the lifetime [30]. Nevertheless, one of the major challenges in providing both restorative
and preventive care for older adults is to check dental status on a regular basis [34]. Prevention is
pivotal to detecting oral disease as soon as possible and requires regular patient contact. However,
since it has been reported that older people frequently fail to achieve a good oral hygiene, both patients
and caregivers should be made more aware about the importance to check dental status as well as
oral hygiene.

The oral health-care professionals should develop a personalized program, in order to prevent
all the problems related to the aging process. In some cases, it is difficult to provide dental care in
the hospital setting in a short time, since in many countries there are long waiting lists (especially in
publicly funded hospitals) [149]. Therefore, private dentists also need better awareness concerning the
complexity of older people. There is, first and foremost, a need to understand the level of dependency,
the medical condition, and the physical or cognitive impairment of the patient. Secondly, it is important
to establish an oral healthcare plan that includes both professional and self-care elements [150].

The oral management of older people usually involves different aspects:

(1) For the teeth affected by carious lesions, it must be recommended that prompt treatment be
provided in order to prevent tooth loss. It would be equally appropriate for endodontic treatments
for teeth with endodontic problems.

(2) Itisvery important to monitor the periodontal status of the older patient and to provide a proper
treatment plan, such as modification of general health-risk factors and oral health-specific risk
factors, but professional hygiene or surgical procedures may also be necessary.

(3)  Prosthetic rehabilitation of the edentulous patient may help to prevent malnutrition [151] since it
restores the chewing function.

(4) Inorder to prevent problems related to the xerostomia and reduce exacerbation of carious lesions,
it may be helpful to treat with saliva substitutes.

4.2. Nutritional Interventions

As discussed above, nutrition is an important determinant of health in older people. Thereby,
it is pivotal to provide adequate amounts of energy, proteins, fluid, and micronutrients in order
to prevent or treat excess or deficiencies, and therefore improve several health-related outcomes in
terms of morbidity and mortality. A personalized approach is pivotal in order to respect individual
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preferences, needs, and to increase compliance to the diet. Nutritional status should be assessed
before each intervention, and the amount of energy and proteins should be individually adjusted with
regard to nutritional status, physical activity level, disease status, and tolerance [152]. The European
Society for Clinical Nutrition and Metabolism (ESPEN) [152], in its guidelines on clinical nutrition
and hydration in geriatrics, recommends a guiding value for energy intake of 30 kcal/kg of body
weight/day. However, as stated above, it should be adapted individually. Both ESPEN [153] and
the PROT-AGE study group [147] recommend providing a protein intake of at least 1.0 g/kg body
weight/day in older people to maintain muscle mass, increasing the intake up to 1.2-1.5 g/kg body
weight/day in presence of acute or chronic illness. Additionally, it seems that the per-meal anabolic
threshold of protein intake is higher in older individuals (i.e., 25 to 30 g protein/meal, containing about
2.5 to 2.8 g leucine) than young adults [147]. However, since older people may experience difficulty of
ingesting large amounts of proteins in a single meal, supplementation should be considered. Since
serum vitamin D levels decline gradually with aging [154,155] and have been associated with reduced
muscle mass and strength, supplementation should thus be considered in those who are deficient.

Food texture should be adapted depending on the chewing and swallowing condition in order to
avoid choking risk [10]. Harder foods may be modified to soft consistencies (i.e., bite-sized, minced,
pureed) requiring little chewing, as well as liquids, which may be thickened to render the swallowing
process slower and safer [10,156,157]. Controlling the intake of simple sugars is pivotal to prevent both
dental caries [101] and metabolic complications [158]. World Health Organization recommends to limit
the intake of free sugars to less than 10% of total energy intake to minimize the risk of dental caries [159].

Fruit and vegetables are major sources of minerals and vitamins with antioxidant properties;
therefore, their consumption should be promoted both for oral and general health. It has been
documented that excessive antioxidant supplementation could compromise both the mechanism of
adaption to exercise and have even pro-oxidant effects. Thus, supplementation in people who are not
deficient should be regarded carefully [160]. Dietary consumption of fatty fish (i.e., salmon, mackerel,
herring, lake trout, sardines, albacore tuna, and their oils), which are a major source of omega-3 fatty
acids, has been associated with a greater fat-free mass [161]. Given their antioxidant role, omega-3
fatty acid supplementation has been suggested to improve inflammatory status both in periodontal
disease [162] and sarcopenia [163]. However, more studies are needed to further elucidate the exact
time and dosage of supplementation as well as long term effects [164]. Nevertheless, consumption of
foods rich in omega-3, such as as fatty fish, should be promoted.

4.3. Exercise and Rehabilitative Strategies

Physical inactivity is considered one of the main causes of sarcopenia [165] because it determines
a resistance to muscle anabolic stimuli [166]. Moreover, it has been proposed that physically inactive
individuals may have a greater risk of periodontal disease [167]. In particular, resistance training
seems to be the most effective type of exercise to counteract sarcopenia [168]. Furthermore, since
sarcopenia is a systemic process [15,21], it has been recommended to perform a holistic training
involving all muscle groups [15]. In fact, it has been documented that both masticatory and swallowing
functions can be improved through muscle-strengthening exercises [169,170]. Several studies reported
enhancements in subjective chewing ability, swallowing function, salivation, relief of oral dryness,
and oral-health quality of life. Indeed, the synergistic effect of nutritional interventions coupled with
physical exercise may improve both muscle [164] and oral health [167]. Recently, Kim et al. [171]
reported an improvement in oral function following an exercise program which included stretching of
the lip, tongue, cheek, masticatory muscle exercise, and swallowing movements. Several studies have
been focused on swallowing rehabilitation. To date, a positive effect of expiratory muscle resistance
training has been documented in improving suprahyoid muscle activity [172,173]. Furthermore, head
lift exercises showed a beneficial impact on swallowing movements [174,175], and tongue strengthening
exercises have been reported to enhance tongue strength [176,177]. Yeates et al. [178] demonstrated
that isometric tongue strength exercises and tongue pressure accuracy tasks improved isometric tongue
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strength, tongue pressure generation accuracy, bolus control, and dietary intake by mouth. It has
also been reported that tongue exercises prevented general sarcopenia [178,179]. Indeed, swallowing
muscles training, despite its focus on swallowing function, may exert its beneficial effects systemically.

5. Conclusions

Aging is characterized by a progressive loss of physiological integrity, leading to a decline in
many functions and increased vulnerability to stressors. Many changes in masticatory and swallowing
function are subtle but can amplify disease processes seen with aging. Nevertheless, it is often
difficult to clearly distinguish the effects of diseases from the underlying age-related modifications.
Several stressors, including oral problems, may therefore negatively impact on the increasingly weak
homeostatic reserves of older individuals. As a healthy diet may have a systemic beneficial effect, oral
care also shows an important role in maintaining and improving not only oral health, but also general
health and well-being.

Overall, severe tooth loss, as well as swallowing and masticatory problems, partly contribute to
restricted dietary choices and poor nutritional status of older adults, leading to frailty and sarcopenia.
On the other hand, oral diseases might be influenced both by frailty and sarcopenia, probably through
biological and environmental factors that are linked to the common burden of inflammation and
oxidative stress.

A multidisciplinary intervention of dental professionals, geriatricians, nutritionists, and dietitians
may help to provide better care and preserve the functional status of older people. Increasing evidence
also suggests that oral care, when offered with personalized nutritional advice, may improve the
nutritional status of patients. A life course approach to prevention at a younger age, including diet
optimization and oral preventive care, as well as physical activity, may help in preserving both oral
and muscle function later in life.
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Abstract: Citrate is an intermediate in the “Tricarboxylic Acid Cycle” and is used by all aerobic
organisms to produce usable chemical energy. It is a derivative of citric acid, a weak organic acid
which can be introduced with diet since it naturally exists in a variety of fruits and vegetables, and can
be consumed as a dietary supplement. The close association between this compound and bone was
pointed out for the first time by Dickens in 1941, who showed that approximately 90% of the citrate
bulk of the human body resides in mineralised tissues. Since then, the number of published articles
has increased exponentially, and considerable progress in understanding how citrate is involved in
bone metabolism has been made. This review summarises current knowledge regarding the role of
citrate in the pathophysiology and medical management of bone disorders.

Keywords: bone metabolism; bone mineral density; bone remodelling; citrate supplement; osteopenia;
osteoporosis; kidney diseases

1. Introduction

Citrate is an intermediate in the tricarboxylic acid cycle (TCA cycle, Krebs cycle), a central
metabolic pathway for all aerobic organisms, including animals, plants, and bacteria [1,2]. In humans,
citrate is produced in the mitochondria after the condensation of acetyl coenzyme A (acetylCoA) and
oxaloacetate, which are catalysed by citrate synthase; it then enters the TCA cycle, thus becoming the
primary adenosine 5'-triphosphate (ATP) provider by which living cells harvest the energy they need
to accomplish essential and specific functions [1].

The intracellular citrate level reflects the energy status of the cell and acts as a regulator. When
the cellular ATP is abundant and the energy demand of the cells is low, the excess citrate can be
exported to the cytosol by means of a mitochondrial citrate carrier [3]. It can be used for the lipid
biosynthesis of highly proliferating cells [4] or for supporting the tissue-related functions of specialised
cells, including the mineralisation of the extracellular matrix by osteoblasts, the bone-forming cells [5].
In this regard, the close association between citrate and bone was pointed out for the first time by
Dickens in 1941 [6]. Since then, the number of published articles dealing with this topic has increased
exponentially (Figure 1), and considerable progress in understanding how citrate is involved in bone
metabolism has been made. This review summarises the current knowledge regarding the relationship
between citrate and bone pathophysiology, starting from the link with bone cells and the mineralised
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matrix, moving through the role of citrate in the onset of bone disorders, and concluding with a critical
evaluation of the clinical use of citrate supplements for the medical management of bone diseases.

PubMed citations from 1950 to 2018 regarding "Citrate and Bone"

254

216 209

142

78

7 26

1950-1959 1960-1969 1970-1979 1980-1989 1990-1999 2000-2009 2010-2018

Figure 1. Distribution of the biomedical citations indexed by PubMed over seven decades (1 = 949,
from 1949 to 2018). The search query focused on “citrate” and “bone”, with a search restricted to the
terms “Title”, “Abstract” or “Medical Subject Headings”. Only citations related to studies on humans
are included with the exception of those dealing with citrate as an anticoagulant.

2. Citrate Homeostasis: General Physiological Concepts

2.1. The Pillars of Citrate Homeostasis

There is a balance between citrate availability and elimination, depending on physiological
requirements. Basically, citrate homeostasis depends on four domains, i.e., nutritional intake, renal
clearance, cellular metabolism, and bone remodelling (Figure 2).

Citric acid is naturally contained in fruits and vegetables, particularly in citrus fruits, with
concentrations ranging from 0.005 mol/L in oranges and grapefruit to 0.30 mol/L in lemons and
limes [7,8]. Food citrate may also be produced biotechnologically by many microorganisms through
a fermentation process, and of these, Aspergillum Niger has been recognised as the most efficient
producer [9]. Industrial-scale citric acid is employed instead of fresh lemon juice in a variety of
pre-prepared meals, and it is also used as an additive in foods and beverages since it acts as a
preservative, acidity regulator, flavoring substance and emulsifying agent. In fact, due to the variety of
applications, citric acid is the most consumed organic acid in the world, leading to high commercial
interest as well as motivating scientists to discover new super-producing techniques [10].

The usual nutritional intake of citrate is approximately 4 grams per day [11] and more than 95% of
it is absorbed in the small intestine [12] by means of the sodium-dicarboxylate (NaDC) cotransporter
similar to that described in the kidney [13]. The total daily consumption of citric acid may exceed
500 mg/kg of body weight, but considering the low citrate amount in foods, both those in which it is
naturally contained and those in which it is added in artificial form, the ingestion of excessive doses is
very unlikely [14].

The dietary ingestion of citrate is able to enhance the plasma level within thirty minutes; it is then
filtered at the glomerular level just as quickly, and eventually reabsorbed according to physiological
needs [15]. In healthy individuals, the serum concentration of circulating citrate is relatively constant,
ranging from 19 to 50 mg/L with an average of 20 mg/L [16,17]. Citrate in plasma exists as ¥95%
tricarboxylate, ~4% dicarboxylate, and 1% monocarboxylate, and the majority is complexed to divalent
ions, such as calcium and magnesium. The high impermeability of the plasma membrane precludes the
cellular uptake of citrate from the extracellular fluid. Under special conditions, some cells (i.e., intestinal
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enterocytes and kidney tubular cells) express a plasma membrane citrate transporter belonging to the
“solute carrier” 13 family (Slc13, NaDC), which is essential for uptake from the gastrointestinal tract
and tubular fluid.

Dietary intake

i N
S_an®
| Renal clearance
. Plasma citrate 10-35%
Cellular metabolism 19-50 mg/L i

A TT——< . @
: ¥ > ___l_, %‘4_ NE

Urine citrate
Osteoblast Osteoclast 320-1260 mg/24 h

Citrate release
Citration of the @ following bone

00) ‘5’ s
extracellular . ?&:} @ resorption

Figure 2. The four domains of citrate homeostasis. The plasma level of citrate mainly depends on four
sources, i.e., nutritional intake, renal clearance, cellular metabolism, and bone remodelling. Food citrate
is rapidly introduced into the circulation, filtered at the glomerular level, and eventually reabsorbed
according to physiological needs. The citrate uptake from the extracellular milieu may occur only
when specific transporter proteins are expressed, i.e., sodium-dicarboxylate (NaDC)1 belonging to the
“solute carrier” 13 (Slc13) family. The citrate produced by mitochondria only marginally contributes to
citrate homeostasis, since it is almost all used by cells as an energy source, or for the synthesis of lipids
and other specific functions, i.e., citration of the extracellular matrix by the osteoblasts. In fact, the
bulk stored in bone is the main endogenous source of citrate which becomes available following the
resorption of the mineralised matrix by the osteoclasts. The mitochondrial citrate-transport protein
(CTP) is essential for the release of citrate from the mitochondria to cytosol.

However, the net balance between gastrointestinal absorption and the urinary excretion of
citrate suggests that nutritional intake cannot be solely responsible for the maintenance of plasma
homeostasis [15,17]. The cellular metabolism also has a scarce impact on citrate availability since almost
all the mitochondrial production is consumed by cells as an energy source or for supporting specific
cell functions [4,5]. Nowadays, it is well known that the main endogenous bulk of citrate is stored in
bone and is mobilised following the resorption of the mineralised matrix by the osteoclasts [17].

2.2. Citraturia as A Marker of Citrate Homeostasis and Bone Health Status

As circulating citrate is freely filtered in the glomerulus, 24-h excretion is considered to be a
valid marker for highlighting alterations of citrate homeostasis [11]. The reference values for urinary
citrate levels range from 320 to 1260 mg/24 h, with an average in males of 550 mg/24 h and in females
of 680 mg/24 h [18,19]. The higher excretion of citrate in females is in relation to the estrogenic
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rate [20] and explains the lower incidence of nephrolithiasis in premenopausal women, considering
that citrate-calcium binding is one of the main mechanisms for inhibiting stone formation [21]. Based
on the reference values for lithogenic risk, the threshold for the diagnosis of hypocitraturia is usually
fixed as less than 320 mg per day. However, hypocitraturia may be severe (citrate excretion of less than
100 mg per day) or mild-moderate (from 100 to 320 mg), but low excretion (less than 640 mg per day)
could also be a significant sign and should be monitored [18]. In general, elevated citrate excretion
may be considered a non-pathological condition which reflects the restoration of the acid-base balance
and occurs, for instance, after chronic alkali intake [22]. Low citrate excretion is a relatively common
finding, and even though the majority of patients have idiopathic hypocitraturia, there are several
medical and physiological conditions associated with this abnormality. All the conditions listed in
Table 1 may be potentially associated with skeletal disorders or, more broadly, with bone metabolism
alterations, even when there are no obvious symptoms.

Table 1. Causes of low citrate excretion.

Cause Annotation

e Acidosis increases citrate utilization by the mitochondria in the
tricarboxylic acid cycle (TCA cycle), thus decreasing intra- and
Acid-base status [16,23] extracellular availability. As a consequence, citrate reabsorption is
enhanced and urine excretion is reduced. On the contrary, alkalosis
increases citrate elimination.

Hypokalemia [16,23] e  Low potassium levels cause intracellular acidosis (see above).

e  Low intake of high-citrate content food (fruit/vegetables).
e A diet rich in animal proteins contains sulfate and phosphate
Diet [24,25] moieties which are not metabolised and are excreted as acids which
decrease urinary pH and citrate excretion.
e  High sodium intake, ketosis-promoting diet, and starvation.

e Complete form (hyperchloremic metabolic acidosis, hypokalemia,
Distal renal tubular acidosis elevated urine pH).
(dRTA) [26] e Incomplete form (normal serum electrolytes, inability to acidify
urine following an ammonium chloride load).

Chronic diarrheal syndrome e The fluid loss and intestinal alkali wasting alter the acid-base status,
[16,23] with low urinary pH and citrate retention.

e  Thiazide diuretics induce hypokalemia with resultant
intracellular acidosis.

e Acetazolamide (carbonic anhydrase inhibitor) produces changes in
urine composition which are similar to those found in dRTA.

Medications [16,23,27,28] e  Angiotensin-converting enzyme inhibitors cause a reduction in

urinary citrate by increasing the adenosine triphosphate (ATP)
citrate lyase activity.

e  Topiramate (carbonic anhydrase inhibitor) exerts a dose-dependent
effect on the renal excretion of citrate.

Strenuous physical exercise [23] e It causes lactic acidosis, producing hypocitraturia.

e With normouricemia, generally caused by dietary excess of purines
(animal proteins).

e With hyperuricemia (gouty diathesis), the urinary pH is typically
low, with increased citrate reabsorption.

Hyperuricosuria [23]
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Table 1. Cont.

Cause Annotation

e Bacteria which degrade citrate lower the urinary
Active urinary tract infection [23] citrate concentration.

e The decrease in the glomerular filtration rate causes a stepwise
Chronic kidney disease (CKD) [29] reduction in the amount of filtered citrate. Overt hypocitraturia is
usually observed in advanced stages of CKD.

e Hypocitraturia (and hypercalciuria) occurs via Na-dependent

Primary hyperaldosteronism [30] volume expansion and chronic hypokalemia.

e  Estrogen deficiency induces metabolic alteration related to the
lowering of estrogen-induced signaling onto the mitochondria
Menopause [31-34] which promotes glycolysis and glycolytic-coupled TCA cycle
function. Hormone replacement therapy restores the citrate level
which is decreased in postmenopausal women.

e All inheritable diseases, gene defects, and polymorphisms
Genetic defects [16] associated with the above mentioned conditions (additional details
in Table 2).

Modulation of citrate excretion in the kidney is influenced by multiple factors, but pH regulation,
particularly in the proximal tubule, has the strongest impact, and even a small decrease in tubular
pH significantly increases tubular reabsorption [16]. Therefore, in response to the elevated acid
load occurring in metabolic acidosis, there is a notable increase in citrate recovery with subsequent
hypocitraturia; urinary citrate excretion may be used as a laboratory parameter for monitoring the
diet- and metabolism-dependent systemic acid-base status, even in subjects without overt metabolic
acidosis [29,35,36].

The detrimental effect of acid-base imbalance on bone metabolism has been proven without
a doubt [36,37], thus suggesting that citraturia could be a noninvasive and indirect view of bone
health status. Actually, the relationship among urinary citrate excretion, bone quality parameters,
and circulating levels of bone turnover markers has been demonstrated [34,36], even if its clinical
usefulness is still controversial [37].

3. Citrate and Bone Tissue

In 1941 Dickens stated that approximately 90% of the total citrate found in the body of
“osteovertebrates” resides in mineralised tissues, but the most valuable insight was that, due to
its high binding affinity to calcium stored in the hard tissue, citrate could play a pivotal role in
regulating metabolic functions and in maintaining the structural integrity of bone [6]. Moreover,
Dickens postulated that the presence of citrate in bone is crucial for preventing calcium precipitation,
either when bone tissue is resorbed in response to lowered serum calcium or when the biomineralisation
process starts. Over time, data in the literature regarding the relationship between citrate and bone
physiology have been increasing exponentially (Figure 1), but the role of citrate in driving the structural
and functional properties of healthy bone in humans has only been partially elucidated. Early studies
were mainly aimed at searching for the origin and the role of calciotropic hormones (calcitonin,
parathyroid hormone (PTH), and vitamin D) in the regulation of its metabolism. However, these issues
have remained largely unresolved and/or highly speculative, due to the absence of necessary research
methodology and technology. Nowadays, there is adequate knowledge regarding the role of bone cells
in producing citrate, how citrate enters the crystalline structure of bone, and how it controls the size
and morphology of apatite nanocrystals.
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3.1. Citrate and Mineral Structure

Citrate is abundant in bone, representing 1-5 weight percent (wt%) of the organic components
with a density of approximately 1 molecule per 2 nm?, which implies that more than 15% of the
apatite surface area available in bone is covered by citrate molecules [38]. Before the introduction of
modern analytical techniques, the testing methods to evaluate bone tissue composition were entirely
limited to classic wet-chemical analyses. At that time, the evidence of a higher amount of the citrate
metabolic activity in bone as compared to other tissues, such as kidney or liver, was a significant
breakthrough. These findings allowed hypothesising that bone tissue was endowed with the special
capacity of producing and storing a high concentration of citric acid, and suggested the role of citrate in
regulating the mineralisation process [39]. On the one hand, citrate may influence the amount of mineral
deposition by complexing calcium-phosphate (CaP) and favouring its precipitation; on the other hand,
if citrate exceeds the amount incorporated in the bone matrix, it could even reverse the mineralisation
phase, thus functioning as a solubilising agent which recalls calcium ions. Hu et al. (2010) have proven
that citrate is not a dissolved solubilising agent but is firmly bound to apatite as an integral part of the
nanocrystal structure. This could be explained by the fact that the elevated amount of citrate in the
organic fraction (5.5 wt%) provides more COO- groups than all the noncollagenous proteins in bone,
and therefore, the chances of the binding between citrate and calcium of apatite are proportionally
increased [40]. Simultaneously, Xie and Nancollas (2010) proposed a three-phase model to explain
how citrate may influence the size, longitudinal growth and thickness of apatite nanocrystals [38].
The biomineralisation process initiates with the formation of the amorphous CaP phase starting from
an oversaturated CaP solution [41] (Figure 3A). At the early stage, few citrate molecules can bind
with the surface of small-size amorphous CaP clusters, but even so, they are sufficient to slow down
particle aggregation (Figure 3B). In the next phase, the noncollagenous proteins released from bone
cells promote the amorphous CaP cluster clumping, and apatite nucleation starts within these larger
amorphous aggregates. Moreover, the presence of collagen fibrils promotes the self-assembly of the
small amorphous CaP clusters and guides their direction on the collagen surface [42] (Figure 3C). At the
final stage, the surface of mature apatite nanocrystals is fully covered by citrate, so that the increase
in thickness is inhibited whilst the growth may continue in a longitudinal direction, thus explaining
the plate-like morphology which apatite crystals exhibit in bone [38]. The final apatite structure has a
unique geometry since it does not exceed 30-50 nm in length and maintains 2-6 nm thickness [43].

By using a combination of solid-state Nuclear Magnetic Resonance spectroscopy, powder X-ray
diffraction, and the principles of electronic structure calculations, Davies et al. (2014) postulated that
citrate anions could be incorporated in a hydrated layer of the CaP structure. This binding configuration
favours the growth of the mineral crystals in a plate-like morphology and explains their propensity
to form stacks [44,45] (Figure 3D). More recently, Delgado-Lopez et al. (2017) focused on the early
mineralisation phase, taking into account the interaction between citrate and collagen [46]. By means
of an in-depth characterisation based on X-ray scattering and imaging techniques, they found that
collagen and citrate work synergically to favour the platy morphology, since both contributed to
maintaining the transient amorphous phase. The amorphous CaP clusters are figured as spherulites or
globules which gradually occupy the gap zones of the aligned collagen fibrils [43].

The results of the above-mentioned studies confirmed that citrate is an integral part of the
apatite-collagen nanocomposite, and the degree of incorporation into bone mineral, as well as the
spatial orientation in the mineral structure, play a key role in maintaining the biomechanic properties
of bone, i.e., stability, strength, and resistance to fracture. In light of its structural role, citrate has been
used to explain the changes in the bone microarchitecture typical of some diseases [47]. In addition,
a series of citrate-based materials for orthopaedic applications have been developed to favour the
osteoinductive and osteoconductive properties of scaffolds for bone tissue engineering [48,49], as well
as to promote bone healing in other surgical procedures [50-52].
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Figure 3. Citrate in the formation of the mineral matrix. The figure combines the theories proposed
by different authors regarding the role of citrate in the mineralisation process [38,40,43-45]. (A) The
amorphous calcium-phosphate (CaP) phase originates from an oversaturated CaP solution, and the
mineralisation process starts when the organic phase (citrate, collagen fibrils, and noncollagenous
proteins) is available in the bone microenvironment. (B) At the early stage, few citrate molecules bind
with the amorphous CaP and the particle aggregation is slowed down. (C) In the next phase, the
noncollagenous proteins released from bone cells favour CaP aggregation and apatite nucleation while
the collagen promotes the self-assembly of CaP and guides the aggregate deposition on the collagen
surface. (D) When the surface is fully covered by citrate, the thickness increase is inhibited (2-6 nm),
while longitudinal growth continues up to 30-50 nm, thus explaining the flat morphology of bone
mineral platelets. In addition, citrate forms bridges between the mineral platelets which can explain
the stacked arrangement which is relevant to the mechanical properties of bone.

3.2. Citrate and Bone Cells

Once the presence of high concentrations of citrate in bone tissue was proven and the role of citrate
in the mineralisation process clarified, the main goal of research in this field was to understand what
the source of citrate in bone tissue was. Costello et al. (2012) demonstrated that murine osteoblasts
were able to secrete citrate [53], thus laying the groundwork for additional studies which elucidated the
metabolic process. Basically, the mechanisms were similar to those demonstrated in the prostatic cell,
which is the other highly specialised cell capable of releasing high levels of citrate into the extracellular
fluid. The elevated level of citrate production is due to the low activity of mitochondrial aconitase.
This enzyme activity is suppressed by the zinc (Zn?*) that is accumulated by cells through the solute
carrier 39A (SLC39A1), also known as “zinc importer protein 1”7 (ZIP1) [54-56].

Additional studies have confirmed that human osteoblasts were citrate-producing cells, that ZIP1
expression and intracellular zinc increased during the differentiation of the osteogenic precursors
into bone-forming cells, that ZIP1 knockdown prevented the intracellular accumulation of citrate [5],
and that ZIP1 expression was promoted by bone morphogenetic protein 2 during the mineralisation
process [57]. In addition, the upregulation of the mitochondrial solute carrier 25A (SLC25A1), the
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citrate transport protein (CTP), was essential for the release of citrate from the mitochondria [56].
In order to define the gene expression patterns underlying the differentiation of mesenchymal stem cells
(MSCs) into mature osteoblasts, a large-scale transcriptome analysis starting from the bone-marrow
MSCs maintained in osteogenic medium up to deposition of mineral nodules was carried out [58].
While the role of ZIP1 was already described [5,56,59], the microarray analysis showed that solute
carrier 13A (SLC39A13), or ZIP13, was upregulated throughout osteogenic differentiation and was also
detectable during the mineralisation process [60].

As shown in Figure 4A-E, changes in the citrate metabolism occur during the whole process
of differentiation of the MSCs into mature osteoblasts. After the osteogenic commitment of resting
MSCs, a highly proliferative phase is expected, and the exportation of citrate into cytosol provides the
acetylCoA for the synthesis of the new lipids required for the assembly of the new plasma membranes
during cell duplication. Mitochondrial citrate seems to be the preferential source of acetylCoA,
since the alternative sources pose some limitations. In fact, extracellular citrate could be used for
lipogenesis; however, cellular uptake is subordinated to the expression of the specific transporter, i.e.,
“sodium-dependent citrate transporter” (NaCT; SLC13A5) [61]. AcetyilCoA could also be obtained
from plasma acetate passing through the cell membrane by means of the monocarboxylate transporter
(MCT/SLC16A). In order to use this source, the upregulation of acetylCoA synthetase is required, but
it is not highly expressed in mammalian cells [56]. Moreover, aconitase inhibition and the lack of
mitochondrial citrate affect the energy supply via the Krebs cycle, so that the bioenergetic demand for
proliferating/differentiating cells has to be satisfied by alternative sources. For instance, cytosol malate
may enter the mitochondrion by CTP in exchange for citrate and may be converted into oxalacetic acid,
which in turn may originate new citrate [56].

On the basis of recent studies, citrate released during the bone resorption phase could be considered
a matrix-derived signal which contributes to the overall process of bone remodelling within the “basic
multicellular unit” [62]. In this regard, Ma et al. have demonstrated that extracellular citrate played a
pivotal role regarding the osteogenic differentiation of MSCs [63]. This “metabonegenic” regulation
started with citrate uptake through the sodium-citrate transporter SLC13A5 followed by the activation
of energy-producing pathways leading to an elevated cell energy status, which in turn fueled the high
metabolic demands of MSCs differentiating into osteoblasts. In vitro experiments have shown that the
timing and dosage of the citrate supply were critical factors. In fact, the effects were dose-dependent and
more evident at the early stages of osteogenic differentiation, with higher proliferation and increased
expression of bone-related genes, i.e., alkaline phosphatase and alpha 1 chain of type I collagen [63].
Identical effects have also been observed in a microenvironment hostile to bone cells, for instance
using culture conditions which simulated low-grade acidosis [64]. In fact, citrate supplementation
opposed the detrimental effects resulting from extracellular acidosis, which inhibited the synthesis of
collagen and non-collagen proteins, the activity of alkaline phosphatase, and the formation of mineral
nodules [65].

Taken together, studies regarding the role of citrate in the nanocrystal structure and those showing
that osteoblasts were the specialised citrate-producing cells in bone have led to a new concept of bone
formation related to “citration”. Briefly, Costello et al. (2012) stated that ... .”when considering the
mineralisation role of osteoblasts in bone formation, it now becomes evident that “citration” must be
included in the process. Mineralisation without ‘citration” will not result in the formation of normal
bone, i.e., bone that exhibits its important properties, such as stability, strength, and resistance to
fracture” [53].
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Figure 4. Citrate metabolism, osteoblast differentiation, and mineralisation process. The figure
combines the concept of “osteoblast citration” with the main steps of the differentiation of mesenchymal
stem cells (MSCs) into bone-forming cells (osteoblasts) [5,53,56]. (A) Resting MSCs are quiescent,
nonproliferating cells which exhibit the typical mitochondrial metabolism with the oxidation of citrate
via the Krebs cycle. (B) In the presence of proper stimuli, the undifferentiated MSCs are committed
to osteogenic differentiation and, at the early phase, high proliferation is required. To accomplish
this goal, the following events are necessary: (1) the upregulation of ZIP1 which promotes the zinc
intake, (2) the accumulation of mitochondrial citrate due to the zinc-dependent inhibition of the
mitochondrial aconitase, (3) the exportation of citrate into cytosol by means of the “citrate transport
protein” (CTP/SLC25A1), (4) the use of cytosol citrate for the lipogenesis process which is essential
for cell duplication. (C,D) The citrate exportation from cytosol to extracellular fluid starts during cell
differentiation, and it is simultaneous for the synthesis and the release of amorphous CaP, collagen,
and noncollagenous proteins. (E) The “osteoblast citration” is completed when the mineralised matrix
is assembled. The role of citrate in growing the apatite nanocrystals and driving the mineralisation

process is explained in Figure 3.

4. Citrate Pathophysiology and Bone Diseases

The role of citrate in mineralised tissues poses several questions regarding the consequences of a
low bioavailability at the systemic level. For the most part, published data linking citrate alteration
with bone metabolism refer to renal diseases, acid-base imbalance or also physiological conditions such
as menopause, but there are also inheritable genetic defects which affect the TCA cycle in mitochondria
or the citrate transport. In the following paragraphs, the medical conditions in which the association
between citrate and bone health status has been implied are discussed.

4.1. Bone Health Status and Alterations of Citrate Homeostasis in Kidney Diseases

With the progressive aging of the population, epidemiological studies have shown a higher
rate of elderly-related illnesses, including the impairment of bone quality leading to osteoporosis
and decreased renal function with chronic kidney disease (CKD), which in turn may influence bone
health status [66-68]. The decrease in renal function may be mild, moderate or severe on the basis
of estimated-glomerular filtration rate (GFR) equations and is associated with the simultaneous
impairment of mineral homeostasis, including serum and tissue concentrations of phosphorus and
calcium, circulating levels of calciotropic hormones (PTH, 25-hydroxyvitamin D, 1,25-dihydroxyvitamin
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D), fibroblast growth factor-23, and growth hormone. The modifications of mineral homeostasis may
promote a loss of bone mass and an increase in bone fragility [69]. As observed by Malmgren et al.
(2015), approximately 95% of women over 75 years of age showed a mild-moderate decrease in renal
function (CKD stages 2-3) which may have had a harmful effect on bone health [70]. In a 10-year
longitudinal study, the authors evaluated the long-term influence of impaired renal function on bone
mineral density (BMD) [71]. They analysed 1044 Caucasian women from the “Osteoporosis Prospective
Risk Assessment” (OPRA) cohort and found that renal function was positively correlated with femoral
neck BMD in elderly women, although the association attenuated as aging progressed. Women with
poor renal function had a higher annual rate of bone loss over 5 years compared to those with normal
function, and markers of mineral homeostasis were more frequently altered.

High-throughput “omics” approaches, including metabolomics, have been proposed to identify
new biomarkers which could help the management of CKD patients, and TCA cycle-metabolites are
emerging as potential candidates [72]. A significantly reduced urinary excretion of citrate (-68%) has
been observed in non-diabetic patients with CKD as compared to subjects with normal renal function.
The renal expression of genes regulating the TCA cycle was decreased in subjects who had impaired
renal function, thus suggesting that mitochondrial dysfunction could be involved in the pathogenesis
of CKD [73]. Moreover, GFR positively correlated with citrate excretion, and kidney stone formers
with CKD had significantly lower urinary citrate excretion than subjects with kidney stone disease and
normal renal function [74].

To the authors’ knowledge, the link between CKD, urinary citrate and bone health status has still
not been elucidated but, taking into account the information emerging from the previous paragraphs,
it is reasonable to assume that the link exists. Some indications have derived from the data regarding
kidney stone disease, which is the paradigmatic expression of a relationship between citrate alterations,
BMD decrease and fracture risk that has been investigated since the 1970s [75]. In fact, several studies
have shown that osteoporotic fractures occurred more frequently in patients with kidney stones than
in the general population [76-79].

The connection between kidney stones and bone metabolism is related to several factors. Briefly,
kidney stones form when urine becomes supersaturated with respect to its specific components. Since
80% of kidney stones are composed of calcium-oxalate (CaOx) or CaP, the regulation of calcium
excretion plays a pivotal role in the etiopathogenesis of nephrolithiasis [80]. As urinary citrate is
able to bind calcium and prevent the growth and agglomeration of CaOx and CaP crystals, the close
relationship between low citrate excretion and kidney stone formation has been fully established [11].
The incidence of hypocitraturia varies from 20% to 60% in people who have a propensity to form stones,
either as a single abnormality or in conjunction with other metabolic disorders [16]. Hypercalciuria
may occur either when filtered calcium is abnormally increased or when its reabsorption is abnormally
decreased. The former may be associated with enhanced bone resorption which raises calcium
bioavailability at the systemic level, while the latter may be the consequence of decreased renal
function as occurs in CKD. Theoretically, reduced GFR in CKD should lead to decreased urinary
calcium concentration, but the consequences of defective tubular reabsorption are more relevant and
are responsible for the supersaturation of calcium salts. In addition, in the distal nephron, calcium
reabsorption is a PTH-dependent process, PTH being the hormone capable of stimulating the resorption
of the bone matrix in response to low, systemic calcium availability [81]. Therefore, as the decrease
in the renal function progresses, PTH levels and bone loss gradually increase, thus explaining why
kidney stones are a significant predictor of osteoporotic fracture in patients with CKD [82]. Moreover,
when nephrolithiasis occurs, patients are frequently advised to reduce calcium intake, thus favouring a
negative calcium balance which is an additional risk factor promoting a decrease in BMD [11].

Recent findings have demonstrated that lithogenic risk factors, including hypocitraturia, are also
detectable in patients without kidney stones who exhibit osteoporosis or osteopenia, thus leading to
the hypothesis that the evaluation of lithogenic risk could have significant implications for monitoring
bone health status [34,83].
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4.2. Postmenopausal Osteopenia and “Net Citrate Loss”

Estrogen deficiency and aging are the main factors responsible for the depletion of bone mass [84],
but they are also associated with changes in urine composition which are similar to those of subjects
having an increased risk of kidney stones [11]. The circulating citrate levels and the citrate content
in bone are markedly reduced in animals with age-related or ovariectomy-induced bone loss [85].
A low citrate excretion, less severe than true hypocitraturia fixed at less than 320 mg per day, has been
described in postmenopausal women [11,33] and in subjects with a low bone mass [34,83]. Nurses’
Health Study II considered an ongoing cohort of 108,639 participants from whom information on
menopause and kidney stones was obtained. In general, postmenopausal status was associated with
lower BMD and a higher incidence of kidney stones in this cohort. Moreover, small but significant
differences in urine composition were found in 658 participants who had pre- and postmenopausal
24-h urine analyses, including a lower citrate excretion [86].

The postmenopausal decline in estrogen concentration influences the activation rate of basic
multicellular units composed of bone-resorbing osteoclasts and bone-forming osteoblasts. However,
according to Drake et al., resorption increased by 90% while formation increased by only 45% [87] and
the final result was a “net bone loss”. This imbalanced bone remodelling depends on the effects that
the lack of estrogen has on bone cells. On the one hand, the activity of the receptor activator of the
nuclear factor-« B ligand (RANKL) is promoted, a key factor in osteoclast differentiation; on the other
hand, the osteogenic precursors are destined to differentiate into adipocytes, and the survival of mature
osteoblasts is suppressed [88]. The result is the reduction of mature osteoblasts, and since they are the
cells capable of synthesising citrate [5], the consequence is lower citrate production which impairs
the quality and the stability of the bone microarchitecture [38,40]. Moreover, osteoclast differentiation
and bone resorption are energy-demanding processes, and the citrate which is synthesised cannot be
accumulated because it is essentially utilised through the citric acid cycle [89,90]. Similarly, the MSC
differentiation towards adipocytes requires more citrate as a source of cytosolic acetylCoA for lipid
biosynthesis [85]. In conclusion, according to Granchi et al., estrogen deficiency leads to a “net citrate
loss” which could explain the diminished citrate excretion observed in postmenopausal women [91].

4.3. Genetic Variations Influencing Citrate Homeostasis and Skeletal Development

The “Online Mendelian Inheritance in Man®" database (OMIM®) is a comprehensive repository
of information on the relationship between genetic variation and phenotypic expression [92].
The annotations connecting citrate homeostasis with skeletal defects are listed in Table 2, and many of
these concern Slc proteins, which are a family of solute transporters through the membranes.

Mutations of the C12/HCO3-2 exchanger AE1, encoded by SLC4A1 which is expressed in red blood
cells and in type A intercalated cells of the renal collecting tubule, may be responsible for distal renal
tubular acidosis (dRTA), with or without haemolytic anemia. The corresponding phenotype displays
defective urine acidification, nephrocalcinosis, nephrolithiasis, hypercalciuria, and hypocitraturia [93].
The clinical phenotype in patients with inherited dRTA is characterised by stunted growth with
bone abnormalities in children, as well as nephrocalcinosis and nephrolithiasis which develop as the
consequence of hypercalciuria, hypocitraturia, and relatively alkaline urine.

The same cytogenetic location of SLC4A1 (17q21.31) is involved in Glycogen storage disease Ia
which is caused by a deficiency in glucose-6-phosphatase activity that catalyses the synthesis of glucose
from glucose-6-phosphate. This enzymopathy results in a failure to maintain normal glucose control
with glycogen accumulation in the liver, kidney, and intestine. Low citrate excretion and hypercalciuria
have been described by Weinstein et al. (2001), and the combination of these metabolic alterations
correlated with the onset of nephrocalcinosis and nephrolithiasis [94]. Furthermore, there is increasing
evidence that poor metabolic control, including chronic acidosis (lactic), low muscle mass and delayed
puberty, may negatively affect BMD in half of the patients [95].

NaCT is the sodium-coupled tricarboxylate transporter predominantly expressed in the liver,
at several-fold lower levels in the testis and the brain, and at weak levels in the kidney and the heart.
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The association between the mutations of the SLC13a5 gene on chromosome 17p13 and early infantile
epileptic encephalopathy-25 with amelogenesis imperfecta has been clearly recognised [96]. More
recently, Irizarry et al. have shown that SLC13a5 deficiency led to decreased BMD and impaired bone
formation in homozygote (Slc13a5-/-) and heterozygote (Slc13a5+/-) mice [97]. As shown by Diaz et al.
(2017), the epigenetic modulation of SLC13a5 gene may also influence skeletal development, since
DNA hypermethylation and low gene expression have been found in the placenta and cord blood of
infants born small-for-gestational-age and correlated with low height and weight at birth, low BMD,
and low mineral content [98].

Bartter syndrome refers to a group of autosomal recessive disorders characterised by impaired
salt reabsorption in the thick ascending limb of the loop of Henle with pronounced salt wasting,
e.g., potassium and calcium, and hypokalemic metabolic alkalosis [99]. The antenatal variant
or Bartter syndrome type I is caused by a homozygous or compound heterozygous mutation in
the sodium-potassium-chloride cotransporter-2 gene [100]. The affected infants develop marked
hypercalciuria and, as a secondary consequence, nephrocalcinosis and osteopenia [101]. To the best of
the authors’ knowledge, low citrate excretion in patients affected by Bartter syndrome has not been
described, but citrate potassium administration is able to correct biochemical alterations [102,103].

Familial hypomagnesemia with hypercalciuria and nephrocalcinosis is an autosomal-recessive
renal tubular disorder caused by mutations in claudin-16 and claudin-19, which are members of the
transmembrane family proteins regulating calcium and magnesium reabsorption in the kidney [104].
Thorleifsson et al. have also identified claudin-14 as a major risk gene of hypercalciuric nephrolithiasis
associated with a decrease in BMD [105]. Patients can develop hypomagnesaemia, hypercalciuria,
and nephrocalcinosis, and their clinical course is often complicated by the progressive loss of kidney
function. Other biochemical anomalies consist of elevated serum PTH levels before the onset of CKD,
incomplete distal tubular acidosis, hyperuricemia and hypocitraturia [106]. Additional symptoms may
be recurrent urinary tract infections, nephrolithiasis, polyuria, polydipsia and/or failure to thrive [106].
Amelogenesis imperfecta has also been described in some patients [107].

The human gene SLC13A2 encodes the sodium-dicarboxylate cotransporter (NaDC1) which is
highly expressed in the brush-border membranes of the renal proximal tubule and intestinal cells, and
reabsorbs Krebs cycle intermediates, i.e., succinate and citrate [108]. Although to date no distinctive
phenotype has been linked with SLC13A2 variation in the OMIM database, Okamoto et al. (2006) have
hypothesised that NaDC1 alterations could play a role in the development of kidney stones by affecting
the citrate concentration in the urine [109]. The functional properties and protein expression of eight
coding region variants of NaDC1 have recently been characterised; the majority of them appeared to
decrease transport activity and were predicted to result in decreased citrate absorption in the intestine
and kidney [110]. Even if not investigated, it is reasonable to assume that effects on bone mass may
occur since these conditions influence citrate metabolism and predispose to renal stone formation
as well.

The mitochondrial CTP, coded by the SLC25A1 gene located on chromosome 22q11.21, is embedded
in the inner membrane and determines the efflux of tricarboxylic citrate from the mitochondria to
cytosol in exchange for dicarboxylic malate [111]. The high citrate concentration into cytoplasm
modulates the lipid synthesis and affects glycolysis by inhibiting phosphofructokinase-1[112]. Genetic
variations of SLC25A1 mainly lead to inheritable diseases featured by alterations of the central nervous
system (combined D-2- and L-2-hydroxyglutaric aciduria; OMIM ID: 615182) and skeletal muscle
(congenital myasthenic syndrome-23; OMIM ID: 618197) while the presence of bone defects is less
relevant. However, SLC25A1 impairment also occurs in the 22q11.2 deletion syndrome which is
characterised by congenital absence of the thymus and parathyroid glands as well as cardiac, renal and
eye anomalies, developmental delay, and also skeletal defects. As additional evidence of a relationship
between citrate transport and bone pathophysiology, it has been shown that SLC25A1 knockout in
mice causes a notable decrease in the number of osteoblasts and the amount of osteoid [113].
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As mentioned above, zinc plays a crucial role in regulating the extracellular bioavailability of
citrate in the formation of new mineralised matrix and, therefore, gene defects involving a zinc
transporter may be involved in alterations of the citrate metabolism and bone diseases. Of these,
the solute carrier 39A family (SLC39A or ZIP) controls the influx of zinc into the cytoplasm [56].
In a previous study, the authors found that SLC39A13 (ZIP13) is upregulated throughout osteogenic
differentiation, and no changes were recorded during the mineralisation process [58]. SLC39A13
gene defects have been associated with low bone mass in knockout mice [56] and spondylodysplastic
Ehlers-Danlos syndrome, type 3 (Phenotype MIM number 612350).

Table 2. Genes involved in the regulation of citrate homeostasis with a genotype/phenotype relationship
regarding skeletal development and/or bone metabolism (retrieved from the OMIM®database, last

access 25 May 2019).
Cytogenetic MIM Number: .
Gene/Locus Name Gene/Locus Location Phenotype Inheritance
Solute carrier family 4, anion
exchanger, member 1 (erythrocyte SLC4Al, AEL 179800: Distal renal Autosomal
R . EPB3, SPH4, SAO, 17q21.31 P X
membrane protein band 3, Diego tubular acidosis dominant
CHC
blood group)
Solute carrier family 4, anion
exchanger, member 1 (erythrocyte SLC4AL, AEL 611590: Distal renal Autosomal
R . EPB3, SPH4, SAO, 17q21.31 P X
membrane protein band 3, Diego tubular acidosis recessive
CHC
blood group)
Glucose-6-phosphatase, catalytic G6PC, GoPT 17q21.31 232200: Qlycngen Autosn.m al
storage disease Ia recessive
Sollu‘re carrier famll}f 13 SLC13A5, NACT, ) 615‘?05: Efirly ) Autosomal
(sodium-dependent citrate 17p13.1 infantile, epileptic .
INDY recessive
transporter), member 5 encephalopathy, 25
Solute carrier family 12 .
(sodium/potassium/chloride SLC12A1, NKCC2 15q21.1 60167: Bartter Autosomal
. 3 syndrome, type 1 recessive
transporters), member 1
. . CLDN16, PCLN1, 248250: Renal Autosomal
Claudin 16 (paracellin 1) HOMG3 3928 hypomagnesemia 3 recessive

5. Medical Management of Patients with Metabolic Bone Diseases Associated with
Citrate Alterations

5.1. Clinical Work-Up

At present, the guidelines dealing with the clinical management of metabolic bone diseases do
not highlight the role of citrate in maintaining bone integrity. Nevertheless, based on research findings,
the causes of hypocitraturia should be considered in carrying out a complete evaluation of patients
who present BMD alterations; vice versa, the accurate monitoring of BMD is advisable in subjects who
have reduced urinary citrate excretion.

Regarding laboratory investigations, citrate homeostasis should be evaluated together with all
factors which influence mineral metabolism. Although citrate excretion must be measured over a
24-h period and referred to the 24 h-urine volume, the detection of citrate levels in fasting-morning
urine (expressed as creatinine ratios) may be an addional element to complete the metabolic profile.
Urine pH can be a valid and simple indicator of acid-base balance. Laboratory testings for evaluation
of mineral metabolism have to be carried out on plasma and urine by considering renal function,
calcium-phosphorus balance, other electrolytes (in particular, potassium and magnesium), and
calciotropic hormones. In addition, bone turnover markers (BTMs), including bone-resorption and
bone formation indicators, are considered a useful and inexpensive tool for evaluating turnover rate
(high or low) and response to any treatment [114].

Quantitative assessment of BMD is mandatory for evaluating bone health status and for calculating
fracture risk [115]. Dual-energy X-ray absorptiometry (DXA), the T score (the number of standard
deviations above or below the mean for a healthy 30-year-old adult of the same sex and ethnicity), or the
Z-score (the number of standard deviations above or below the mean for the patients of the same age,
sex and ethnicity) are employed for measuring areal density (g-cm_z) at any skeletal site. The assesment
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of bone quality may be additionally explored by evaluating the trabecular bone score which reflects
bone microarchitecture [116]. “High-resolution peripheral quantitative computed-tomography” allows
an accurate assessment of bone strength; however, due to its elevated cost, the diffusion of this
technology is still limited.

Even though noninvasive techniques are preferred, bone biopsy remains a valid tool for assessing
the tissue quality in metabolic bone diseases, and it is the gold standard for estimating bone impairment
in kidney disease and for guiding the clinician in deciding proper treatment [117]. In fact, according to
the Kidney Disease Improving Global Outcomes (KDIGO) guidelines, the term renal osteodystrophy
may be used exclusively to define the histological alterations in bone morphology associated with
CKD, which can be additionally assessed using histomorphometry. Instead, without histological
confirmation, the clinical syndrome which develops as a systemic disorder of the mineral and the bone
metabolisms is generally called “CKD-Mineral and Bone Disorder” [69,118]. However, bone biopsies in
a routine work-up present some drawbacks, which are foremost the availability limited to specialised
centres, discomfort for the patients, and the length of time required to process and analyse bone tissue.

Whenever instrumental and laboratory investigations show a significant bone loss, pharmacological
treatment has to be planned according to the indications of the current guidelines, eventually adding
specific drugs in case of secondary osteoporosis. Moreover, all recommendations related to lifestyle
and dietary modifications should be explained to the patient [115]. In the presence of low urine citrate
excretion, citrate-based supplements could be recommended to prevent progressive damage to bone
and a progressive reduction in BMD.

5.2. Dietary Modification

Since hypocitraturia may depend on food habits (Table 1), dietary modifications should be
considered as a first level intervention for the medical management of citrate deficiencies. Diet is aimed
at correcting the excessive acid load and, as a consequence, the negative effects that acidosis has on
bone metabolism [119]. The acid-ash hypothesis emphasises the role of the skeleton in maintaining the
acid-base balance since the hydroxyapatite of the mineral matrix is a reservoir of alkali groups which
may be released to neutralise proton excess [120]. Acute and chronic acid loading show distinct effects,
with acute acidity first eroding the bone surface to release sodium, potassium and bicarbonate into
the circulation, while chronic acidity leads to the release of calcium and phosphate [121]. Moreover,
acidosis directly influences the activity of bone cells within the bone remodelling unit by promoting
osteoclast-mediated resorption and inhibiting bone formation by osteoblasts [65]. Hypocitraturia is a
response to the elevated acid load occurring in metabolic acidosis, since there is a notable increase in
citrate reabsorption in the renal proximal tubule when the tubular pH decreases [16]. In this regard, there
is consensus in considering citraturia as a biomarker for monitoring diet and the metabolism-dependent
systemic acid-base status, even in subjects without overt metabolic acidosis [33-35].

Under physiological conditions, the acid-base balance is strictly controlled by net endogenous
acid production related to acid and alkali dietary intake, and incomplete metabolism of organic acids.
By using proper methods, such as “net endogenous acid production” (NEAP) [122] and “potential
renal acid load” (PRAL) [123], it is possible to determine the production of acids and characterise foods
according to their ability to release acids and bases into the bloodstream. The prolonged and excessive
consumption of acid precursor foods leads to chronic low-grade metabolic acidosis which reduces
the excretion of citrate and predisposes to diseases [124], including alteration of bone health status,
especially in older subjects with diminished renal function [125]. Some authors have discarded the
acid-ash hypothesis, claiming that the increase in the diet acid load did not promote skeletal bone
mineral loss or osteoporosis [126], and the main role in regulating acid-base homeostasis should be
attributed to the kidney [127]. However, the above studies did not consider the role played by citrate
in preserving the mineralised matrix and it would be interesting to know whether the relationship
between acid dietary intake and alterations in the bone metabolism varied according to low or normal
urine citrate excretion. As supporting evidence for the link between citrate and bone health, previous
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studies have demonstrated a positive correlation between citrate excretion and radius densitometric
values in pre- and postmenopause, as well as a significant relationship between citraturia and the
prevalence of vertebral fracture in postmenopausal women [11].

The general dietary approach to counteract elevated acid load is to limit the intake of foods with a
high acidifying potential, i.e., meat (beef, pork, poultry), fish and seafood, eggs, beans and oilseeds,
in favour of foods which contribute the most to the release of bases, i.e., fruits and vegetables [128].
However, dietary modifications cannot disregard the medical history of the patients, and the best
nutritional approach should be evaluated on a case-by-case basis. For instance, in the elderly, inadequate
protein intake could be a greater problem for bone health than protein excess [129], and the intake of
high amounts of fruits and vegetables could be contraindicated in patients with CKD due to their high
potassium content [130].

The intake of foods with a high citrate content may be a valid approach to compensate for the
high demand due to acidosis or other causes of hypocitraturia [24,124]. The daily citrate intake is
approximately 4 grams, and almost all citrate introduced by exogenous sources is absorbed into the
gastrointestinal tract, arrives in the liver and is metabolised to bicarbonate [11].

Prezioso et al. (2015) examined the relationship between a diet rich in vegetables and urinary
citrate excretion [24]. Fruits and vegetables (except for those with high oxalate content) favour citrate
excretion; consequently, they decrease urinary saturation for CaOx and CaP, thus having a protective
effect on the formation of kidney stones [24]. In general, fruit intake is lower in hypocitraturic than in
normocitraturic subjects [131].

In order to provide dietary recommendations aimed at correcting hypocitraturia, Haleblian et al.
(2008) carried out an exhaustive analysis of citrate concentrations in citrus juices, noncitrus juices, and
commercially available beverages. The highest concentration was found in grapefruit juice (35% more
than in lemon juice), and a glass corresponded approximately to a 40 mEq tablet of potassium citrate.
In general, commercial beverages had lower amounts of citrate [7].

Several authors have studied the possible influence of the consumption of fruit juices (both citrus
and noncitrus) on urinary citrate excretion. Orange juice increased the excretion of urinary oxalate,
and therefore, its consumption could result in the biochemical modification of stone risk factors [132].
It should also be noted that grapefruit juice significantly increased urinary oxalate levels, but it was
not associated with an increased lithogenic risk probably due to the protective effect of the high citrate
content [133]. Regarding noncitrus juices, cranberry juice had a controversial effect on urine citrate (no
effect or an increase of 31%), but resulted in a significantly increased concentration of urinary calcium
and oxalate. In addition, diluted blackcurrant juice and melon had a positive effect in increasing
citraturia [24]. In a recent meta-analysis, Pachaly et al. aimed at systematically investigating the
effects of dietary measures on urinary citrate and nephrolithiasis [124]. They searched for randomised
controlled and crossover studies which evaluated urine citrate excretion after the intake of citrus-based
beverages, including fruit juices and soft drinks, calcium/magnesium rich mineral water, a high-fibre
diet, a low-animal-protein diet, and plant extracts. The authors identified thirteen studies involving
358 participants, the majority of whom were stone formers. Summarised estimates showed a significant
increase in citraturia levels only in subjects who consumed fruit juice and other beverages while the
other dietary modifications did not determine significant changes [7,8].

Clinical trials aimed at evaluating whether an increase in dietary citrate preserved the bone health
status are lacking. In a clinical trial, postmenopausal women were randomised into four groups, i.e.,
a diet (additional daily portion of 300 g of self-selected fruit and vegetables), two doses of potassium
citrate (12.5 and 55.5 mEq/day) and a placebo (control group). The participants were followed for two
years, and the effects on bone turnover were determined by measuring BTMs and BMD. The authors
concluded that neither potassium citrate nor fruit and vegetables influenced bone turnover or prevented
BMD loss over 2 years in healthy postmenopausal women (Table 3) [134].

In summary, natural sources of dietary citrate should be considered as a first option for preventing
kidney stone recurrence as an alternative to medical treatment [24]. From a theoretical point of view,
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published data have suggested that dietary modifications could also be effective in preserving bone
health. However, at present, there is insufficient evidence supporting the use of natural sources of
citrate as the sole treatment for preventing bone loss.

5.3. Citrate-Based Supplements

Nephrolithiasis was the first clinical condition in which oral citrate supplementation showed
therapeutic efficacy, particularly in lowering high stone recurrence rate which is more prevalent in
people with low urinary citrate levels [11]. The rationale for using citrate salts in kidney stone disease
was explained in previous paragraphs and was based on four main issues: (1) citrate salts are rapidly
absorbed through the intestine and equally rapidly filtered in the urine; (2) citrate forms calcium
citrate complexes, which in turn increase solubility and decrease the amount of free calcium in urine;
(3) citrate acts as an inhibitor of CaOx and CaP crystal growth and aggregation, and (4) in the intestine,
the complexation between calcium and citrate reduces enteric absorption of calcium, and therefore
renal excretion. A recent systematic review has demonstrated that citrate-based therapy reduced
recurrent calcium urinary stone formation compared to controls (placebo, usual care) [135]; however,
evidence was limited in children [136].

There have also been interventional clinical trials concerning the effect of citrate supplements
in preserving bone health status. As stated for dietary modifications, the rationale of the published
trials was based on the assumption that citrate-based supplements may be useful as alkalising agents
which neutralise the effects of an excessive acid load [16,65,119-121]. Other than diets rich in salt and
animal protein [128], several conditions may induce low-grade acidosis, and the majority of them
are age-related, such as menopause [33], subclinical inflammatory status [137], and decreased renal
function [68]. On the basis of this assumption, Lambert et al. (2015) carried out a meta-analysis
aimed at determining whether alkaline potassium salts, including potassium citrate and potassium
bicarbonate, had some effect on calcium metabolism and bone health [138]. The seven eligible
studies dealing with potassium citrate supplementation did not include subjects with nephrolithiasis
and/or other relevant comorbidities in order to avoid confounding factors potentially leading to
overestimation or underestimation of the intervention. Citrate salts significantly reduced calcium and
acid excretion similarly to potassium bicarbonate, but they seemed to be more effective in preventing
collagen resorption. However, insufficient data were available regarding changes in BMD, since it
was investigated in only two studies. The authors found major differences in terms of study design,
inclusion/exclusion criteria, doses, timing of supplement administration and outcome measures; this
heterogeneity represented a notable limitation for translation into a clinical setting.

In the current review, the interventional clinical trials which were primarily aimed at evaluating
the effect of citrate supplements on mineral metabolism and bone turnover were reviewed. Sixteen
eligible studies were identified which (1) recruited more than 10 subjects, (2) excluded nephrolithiasis
and other significant comorbidities and (3) reported the results related to bone health status, including
BMD and/or BTMs. Data regarding study design, population, intervention, follow-up, additional
supplementation or controlled dietary intake, as well as a summary of results and conclusions, are
shown in Table 3.
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The authors investigated the effect of potassium citrate (one clinical trial, seven randomised clinical
trials (RCTs)) [92,134,139-144], calcium citrate (four RCTs and two crossover studies) [145-150], and two
studies compared the above-mentioned treatments (one RCT, one crossover study) [139,140]. Regarding
the intervention under investigation, doses, timing of administration, and follow-up varied greatly
among the trials and, in thirteen studies, the co-administration of additional supplements was planned,
i.e., calcium carbonate and/or vitamin D3. The majority of the studies included postmenopausal
women (n = 11) while, in one study, the participants were of childbearing age. The other trials were
designed to recruit healthy individuals, i.e., males and females at least 55 years of age. The dietary
intake of calcium and/or protein and/or salts was controlled in ten studies; in five studies, the subject
consumed a free nonvegetarian diet; in one study, the management of food habits was not described.

Overall, the studies selected provided more than 1000 experimental cases and more than
900 controls. As Lambert et al. reported previously, very high heterogeneity among the studies was
observed, and therefore the meta-analysis lost its inferential value while the descriptive overview
was more informative. By examining the conclusions reported by various authors, two recurring
key points emerged: (1) an adequate calcium intake was essential in preventing bone loss in elderly
subjects and in postmenopausal women, and calcium citrate seemed to be more effective than calcium
carbonate [145-150] and (2) potassium citrate prevented the increased bone resorption caused by
menopause, chronic acidemia and high salt intake [139-144].

Additional findings regarding potassiun citrate can be summarised as follows: effectiveness may
be enhanced by combined treatment with calcium citrate [139]; positive effects have also been observed
in young women and in the absence of an excessive acid load [140]. Moreover, supplementation with
alkalising potassium citrate improved the beneficial effects of calcium and vitamin D only in osteopenic
postmenopausal women who exhibited the target conditions, namely low potassium and/or citrate
excretion and/or low urine pH [91]. Finally, one study questioned the beneficial effects of potassium
citrate since, at 24 months, no significant modifications in BTMs and BMD were recorded [134].
It should be noted that compliance may decrease by 25% over time, mainly due to gastrointestinal side
effects (approximately 10%) and costs [24].

Despite the encouraging results, a consensus statement regarding the use of citrate supplementation
for the management of metabolic bone diseases is still lacking since the heterogeneity of the current
evidence is a major limitation for identifying the best practice. Interestingly, the identification of
subjects who better respond to exogenous citrate supplementation could be the correct way to maximise
the beneficial effect of the treatment.

6. Conclusions

Since citrate is a ubiquitous metabolite with a multidimensional role in the human organism, it is
not surprising that it is involved in the pathophysiology of tissues, organs and systems. In fact, recent
data in the literature have highlighted the relationship between citrate defects and various medical
conditions with considerable financial and social impact, e.g., cancer [153], dyslipidemia [154], vascular
calcifications [155], and visual disabilities [156].

Overall, this review has highlighted the main functions of citrate, and, more specifically, focused
on the role of citrate in the pathophysiology and medical management of metabolic bone diseases,
thus identifying some key points which are summarised in Table 4.

Although interest in the role of citrate is spreading, a consensus statement regarding the use
of citrate supplementation for the management of metabolic bone diseases is still lacking, since the
heterogeneity of the current evidence is a major limitation in identifying the best practice. Even when
the study design is well planned, there are some reasons which may explain the difficulty in obtaining
unique and compelling results from clinical trials.

First, dietary supplementation cannot be regarded as a pharmacological treatment, and therefore
the effects on measurable clinical outcomes are expected to be less prominent. Hence, baseline
differences between participants which are beyond the investigator’s control become selection biases
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that attenuate the strength of randomisation and interfere with the interpretation of the results. On the
other hand, current scientific knowledge provides a sufficient background, leading the clinician and
the researcher to further investigate the beneficial effects of citrate-based treatment in depth, as proven
by multiple studies which have dealt with this matter.

At present, it can be argued that the use of citrate supplementation should be considered in the
medical management of bone diseases, but it is also reasonable to assume that the effects could be
maximised in a personalised approach in which the scientific knowledge and the clinical judgement of
practitioners are essential in identifying patients who could reap real benefits.

Table 4. The role of citrate in the pathophysiology and medical management of bone diseases.

Highlights

e  Citrate is an essential metabolite and plays a pivotal role in maintaining the acid-base balance.
e  Citrate is an essential component of bone, and serves to maintain the integrity of the skeletal nano-
and microstructures.

e  Citrate is produced by osteoblasts but, at the same time, it influences their differentiation and functionality.
e Bone tissue is the main source of citrate and is therefore a leading actor in maintaining citrate homeostasis.
e  (itrate excretion is a significant biomarker of citrate homeostasis.

e  Genetic and acquired diseases characterised by an alteration in citrate homeostasis are often accompanied
by alterations in the development and/or metabolism of bone tissue.

e  Exogenous supplementation may be a useful tool in treating medical conditions related to poor citrate
bioavailability, including bone diseases.
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