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Preface to ”Clostridioides difficile Infection”

This book collects multidisciplinary research articles focused on Clostridioides difficile infection.

The contributions collected here shed some light on grey areas of our knowledge of Clostridioides

difficile, including regional Clostridioides difficile phenotypic and genotypic patterns, the Clostridioides

difficile infection clinical course and the mortality rate in different settings and patient case-mix, the

levels of Clostridioides difficile toxins in patients’ sera, and novel, promising therapeutic approaches.

This collection serves as a valuable reservoir of knowledge for scientists and researchers in the field

of infectious diseases.

I would like to thank the scientific community who showed interest in and submitted

manuscripts to this collection. I am grateful to the Editor-in-Chief of Antibiotics, Professor Nicholas

Dixon, and to the Managing Editor, Ms. Monica He, for her unvaluable support. Special thanks go to

my mentor, Professor Nicola Petrosillo, who introduced and always supported me in my career and

research interests, and to my beloved family, Patricia and Meletta-Flaminia.

Guido Granata

Editor
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The Gram-positive, anaerobic bacterium Clostridioides difficile (CD) represents the
most common cause of nosocomial diarrhea worldwide and is responsible for increased
morbidity and mortality, and prolonged hospital stays [1,2]. Indeed, despite the large
number of scientific publications exploring the epidemiology and the clinical management
of Clostridioides difficile infection (CDI), there is still a huge need for studies that could
clarify some important aspects of this complex disease.

First, the clinical spectrum of CDI varies in severity from asymptomatic carriage and
self-limited, mild diarrhea to severe colitis, toxic megacolon, and death [3]. Mortality
rates in CDI vary widely between studies, from less than 2% up to 17% [4–6]. Besides the
well-known risk factors for CDI, there is a need for tools to early identify CDI patients,
particularly patients at high risk for severe CDI, and recurrence of CDI [4,7].

Another issue is hospital spreading of CD. Understanding the routes of in-hospital
and community CD transmission is crucial to develop specific interventions to reduce the
spread of CDI. The definition and validation of antimicrobial stewardship programs on
CD prevention may reduce CDI incidence, even during the COVID-19 pandemic [8].

A further uncertainty is placed on the molecular pathogenesis of CDI, including a
more exhaustive description of the interplay between CD, the gut microbiota, and host
immunity, as well as the exact role of CD toxins, i.e., toxin A, toxin B, and binary toxin.

Finally, no less important is the high recurrence rate observed with the currently
available CDI therapy. Recurrences currently represent one of the major challenges in the
management of CDI, resulting in higher hospitalization costs and in increased morbidity
and mortality rates [3,4,9]. The currently recommended first-line antimicrobial therapy
is represented by oral vancomycin or fidaxomicin for the first episode. Recently, new
innovative approaches, based on non-antimicrobial compounds, i.e., monoclonal anti-toxin
antibodies, fecal microbiota transplantation, live bacterial vaccines, and CD vaccines, have
been developed. However, further studies are needed to confirm the efficacy and safety of
these approaches.

This Special Issue includes ten full research articles and one review article. These
contributions shed rays of light on several gray areas of our knowledge of CDI, including
regional CD phenotypic and genotypic patterns, the CDI clinical course and the mortality
rate in different settings and patient case-mix, the levels of CD toxin A and toxin B in the
serum of CDI patients, and several novel therapeutic approaches.

The report by Wongkuna et al. showed data addressing ribotypes, toxigenicity, and
antimicrobial susceptibility profiles of two series of CD isolates in Thailand [10]. The
authors compared two series of CD isolates, including 50 isolates collected from 2006 to
2009 and 26 isolates collected from 2010 to 2012. Interestingly, as ribotype 017 was the most
common in both groups, 18 ribotyping patterns previously unknown were identified in the
region. This work provides evidence of temporal changes in CD strains in Thailand [10].

The contribution by Novakova et al. reported the local phenotypic (toxigenicity, an-
timicrobial susceptibility) and genotypic (PCR ribotypes, genes for binary toxins) patterns
of CD isolates from CDI patients hospitalized in the region of northern Slovakia, reporting
a high prevalence of CD ribotype 176 and ribotype 001 [11].
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Regarding CDI pathogenesis, the work by Di Masi et al. presented a novel semi-
quantitative diagnostic method to measure the serum levels of CD toxins, i.e., toxin A and
toxin B [12]. By the use of this new assay, the authors report the detection of toxemia in
33 out of the 35 CDI cases included in the study. The relationship between toxin A serum
levels and CDI severity was also assessed, reporting that, at the time of CDI diagnosis, the
proportion of severe CDI cases with a toxin A serum level >60 pg/µL was higher than
in mild CDI cases (29.4% versus 66.6%, p = 0.04) [12]. Of interest, this study showed that
toxemia is much more frequent than expected in CDI patients, and that high serum levels
of toxin A correlate with CDI severity [12].

Among the contributions included in this Special Issue, a large multicenter study was
performed by members of the European Society of Clinical Microbiology and Infectious
Diseases (ESCMID) Study Group for CD [13]. This retrospective, case–control study aimed
to describe the risk factors, clinical presentation, and management of patients with CDI as
well as reporting factors associated with mortality in the 90-day period after diagnosis. In
this study, 415 CDI patients hospitalized between January 2011 and December 2019 who
died within 90 days following a CDI diagnosis formed the case group that was compared
in a 2:1 ratio to 209 control CDI patients hospitalized in the same wards over the same
time period who survived. The study found that older age, inadequate CDI therapy,
cachexia, malignancy, Charlson index, long-term facility care, elevated white blood cells,
elevated C-reactive protein, bacteremia, and cognitive impairment were independent risk
factors for mortality at day 90 [13]. Notably, the authors concluded that CDI prevention
should be primarily focused on hospitalized elderly people receiving antibiotics. For these
patients, the available preventive measures should be used all the time, instead of only
after CDI diagnosis.

Regarding the risk for the development of CDI, patients with liver dysfunction, in-
cluding nonalcoholic fatty liver disease patients and cirrhotic patients, deserve attention.
Cirrhotic patients are vulnerable to developing CDI due to their frequent admission and
infections, as well as dysbiosis and a low immune system. Considering this, variceal
bleeding secondary to cirrhosis requires antibiotics to prevent bacterial translocation, and
thus patients become susceptible to CDI. The study by Voicu et al. aimed to investigate the
risk factors for CDI in cirrhotic patients with variceal bleeding and the mortality risk in
this patient population [14]. This retrospective cohort study included 367 cirrhotic patients
with variceal bleeding, from which 25 patients were confirmed to have CDI. The authors
reported that a higher age, longer hospital stay, higher level of urea, higher Charlson index,
and the use of proton pump inhibitors were risk factors for CDI in cirrhotic patients [14].
Moreover, the authors confirmed that the MELD score was a predictor for mortality in
cirrhotic patients with CDI. Moreover, the authors proposed a model of four predictors
(age, days of admission, Charlson index, Child–Pugh score) to assess the risk of CDI in
cirrhotic patients. Of note, in this study, cirrhotic patients with CDI had significantly higher
costs compared with those without CDI [14].

The study by Šamadan et al. evaluated patients with nonalcoholic fatty liver dis-
ease and CDI, with the aim to determine whether nonalcoholic fatty liver disease is an
independent risk factor associated with CDI recurrence [15]. This retrospective cohort
study included 329 hospitalized CDI patients. Of the 329 patients included, 107 patients
(32.5%) experienced recurrence of CDI. The statistical analysis identified that Charlson
age–comorbidity index >6, age >75 years, nonalcoholic fatty liver disease, chronic kidney
disease, and immobility were risk factors associated with recurrence of CDI [15]. Therefore,
the authors identified nonalcoholic fatty liver disease as a possible new host-related risk
factor associated with recurrence of CDI and suggested that changes in the intestinal mi-
crobiota linked to the development and progression of nonalcoholic fatty liver disease are
a possible explanation of the increased risk of CDI in these patients.

Regarding the therapeutic approaches to CDI, a contribution by Ojha et al. highlighted
that teicoplanin, an antimicrobial agent approved for the treatment of other bacterial
infections, prevents the outgrowth of CD vegetative cells [16].
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Intriguingly, the manuscript by Heidebrecht et al. proposed, again, the idea to use
specific polyclonal antibodies isolated from the milk of immunized cows to treat CDI,
in contrast to the standard administration of antibiotics [17]. In this study, the authors
focused on the role of the microbiome, collecting stool samples of hamsters with CDI
treated with either bovine antibodies or vancomycin. The regeneration of the microbiome
instantly begins with the start of the antibody treatment, in contrast to the vancomycin-
treated mice, where the diversity decreased significantly during the treatment duration.
Of importance, the authors underlined that the regeneration of the microbiome was not
an antibody-induced regeneration, but a natural regeneration that occurred because no
microbiota-inactivating substances were administered [17].

This Special Issue also includes the trial by Pellissery et al. to investigate the prophy-
lactic and therapeutic efficacies of baicalin, a plant-derived flavone glycoside, in reducing
the severity of CDI [18]. In the prophylactic trial, mice were provided with baicalin from
12 days before CD challenge through the end of the experiment, whereas baicalin admin-
istration started on day 1 post-challenge in the therapeutic trial. The authors reported
that both prophylactic and therapeutic supplementation of baicalin significantly reduced
the severity of colonic lesions and improved CDI clinical progression and outcome com-
pared with the control. Moreover, the authors highlighted that baicalin supplementation
favorably altered the mice microbiome composition [18].

Another innovative anti-CDI compound was described in the contribution by
Mahadari et al. [19]. This research group synthesized a compound with acceptable water
solubility and a CD-selective antibacterial activity. Promisingly, this novel compound ex-
hibited mild efficacy in an in vivo murine model of CDI, reducing the severity and slowing
the onset of disease [19].

Finally, in a review article, Shieh and coworkers described the current state of our
knowledge about the molecular pathogenesis of CDI and the perspectives of the application
of nanotechnologies for the management of CDI, including advantages and limitations.
This review highlighted the great potential of nanomedicine as a novel strategy in the
future management of CDI [20].

This Special Issue collects multidisciplinary research focused on CDI. The contribu-
tions here collected constitute a valuable knowledge reservoir for scientists working in
this field. The Guest Editor thanks the scientific community who showed interest in and
submitted manuscripts to this collection.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Clostridioides difficile has been recognized as a life-threatening pathogen that causes enteric
diseases, including antibiotic-associated diarrhea and pseudomembranous colitis. The severity of
C. difficile infection (CDI) correlates with toxin production and antibiotic resistance of C. difficile.
In Thailand, the data addressing ribotypes, toxigenic, and antimicrobial susceptibility profiles of
this pathogen are scarce and some of these data sets are limited. In this study, two groups of C.
difficile isolates in Thailand, including 50 isolates collected from 2006 to 2009 (THA group) and 26
isolates collected from 2010 to 2012 (THB group), were compared for toxin genes and ribotyping
profiles. The production of toxins A and B were determined on the basis of toxin gene profiles. In
addition, minimum inhibitory concentration of eight antibiotics were examined for all 76 C. difficile
isolates. The isolates of the THA group were categorized into 27 A−B+CDT− (54%) and 23 A-B-CDT-

(46%), while the THB isolates were classified into five toxigenic profiles, including six A+B+CDT+

(23%), two A+B+CDT− (8%), five A−B+CDT+ (19%), seven A−B+CDT− (27%), and six A−B−CDT−

(23%). By visually comparing them to the references, only five ribotypes were identified among
THA isolates, while 15 ribotypes were identified within THB isolates. Ribotype 017 was the most
common in both groups. Interestingly, 18 unknown ribotyping patterns were identified. Among
eight tcdA-positive isolates, three isolates showed significantly greater levels of toxin A than the
reference strain. The levels of toxin B in 3 of 47 tcdB-positive isolates were significantly higher than
that of the reference strain. Based on the antimicrobial susceptibility test, metronidazole showed
potent efficiency against most isolates in both groups. However, high MIC values of cefoxitin (MICs
256 µg/mL) and chloramphenicol (MICs ≥ 64 µg/mL) were observed with most of the isolates. The
other five antibiotics exhibited diverse MIC values among two groups of isolates. This work provides
evidence of temporal changes in both C. difficile strains and patterns of antimicrobial resistance in
Thailand.
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1. Introduction

Clostridioides difficile (formerly Clostridium difficile), belonging to the family Clostridi-
aceae and genus Clostridioides, is an obligate anaerobic, Gram-positive, spore-forming,
toxin-producing bacillus [1,2]. This organism is well known to cause infectious diarrhea in
humans, ranging from mild diarrhea to severe pseudomembranous colitis [3]. C. difficile
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infection (CDI) has been primarily a healthcare-associated illness, which can occur during
antibiotic treatment. Furthermore, the ability of C. difficile to form spores leads to the prob-
lem of recurring infection. The persistence of spores in the physical environment facilitates
its transmission [4]. The pathogenesis of CDI is attributed to the production of two major
toxins: toxins A and B. Toxin A is an enterotoxin encoded by tcdA, and toxin B is a cytotoxin
encoded by tcdB. Both toxins belong to the family of large clostridial toxins (LCTs) and are
located within a 19.6 kb pathogenicity locus (PaLoc) [5]. In addition to toxins A and B, some
strains of C. difficile also produce a binary toxin (CDT) encoded by two genes, cdtA and cdtB,
on CdtLoc, a separate pathogenicity island [6]. Although CDTs are not directly required
for diseases, they have been known to promote the virulence of C. difficile by impairing
host immunity and acting in synergy with toxins A and B, exacerbating toxicity [7].

Over the recent decades, the epidemiology of CDI has dramatically changed. The
epidemiology in North America and Europe and some parts of Asia is well-documented.
While ribotype 027 causes major outbreaks in North America and Europe, ribotype 017
is the most dominant ribotype in Asia [8,9]. In Thailand, tcdA-negative, tcdB-positive
ribotype 017 is the most prevalent C. difficile strain [10–12]. However, the occurrence of
C. difficile has not been studied in all regions of Thailand. Recently, the diversity and
prevalence of C. difficile have increased and influenced the incidence of CDI in many areas.
Several ribotypes have emerged and lead to epidemic infections across the world; for
example, ribotype 014/20 in Australia [13,14], ribotype 369 in Japan [15], and ribotype 078
in China [16].

Antibiotic use plays a major role in the development of CDI and recurrent diseases by
disrupting the normal flora in the gut and allowing the invasion of C. difficile [17,18]. The
first-line treatment for CDI is the use of antibiotics, including vancomycin, fidaxomicin, and
metronidazole [19,20]. However, drug resistance has become one contributing factor that
drives the global prevalence of CDI [21–24]. Although information on C. difficile has been
globally expanded, little knowledge of antibiotic susceptibility of C. difficile in Thailand is
available. Previous studies showed that C. difficile isolates in Thailand were susceptible
to vancomycin and metronidazole. However, a high resistance level against multiple
antibiotics, such as clindamycin, erythromycin, and moxifloxacin has been reported [25,26].
This study was conducted to compare two groups of C. difficile clinical isolates collected
in different time periods from a University-affiliated tertiary hospital and the National
Institute of Health of Thailand. To describe the diversity of C. difficile clinical isolates during
2006–2009 and 2010–2012, the presence of toxin genes and ribotype, including toxin levels
and antimicrobial susceptibility patterns, were characterized using molecular techniques.

2. Results
2.1. Toxin Gene Profiles of C. difficile Isolates

The multiplex PCR was employed to identify the toxin gene profiles of C. difficile
isolates. Seventy-six C. difficile isolates were classified into five profiles based on the
presence of toxin genes. Only two toxigenic types were observed in the THA group.
Twenty-seven THA isolates (54%) were characterized as A−B+CDT− (toxigenic), and
23 THA isolates (46%) were A−B−CDT− (non-toxigenic) (Figure 1A). All 27 isolates in
the THA group that were previously positive for tcdA carried the tcdA 3′-end deletion
(Supplementary Table S1). Later, they were grouped as tcdA-negative isolates instead. Thus,
none of the toxigenic isolates in the THA group were tcdA-positive. In the THB group,
six isolates (23%) were classified as A+B+CDT+, five isolates (19%) as A−B+CDT+, two
isolates (8%) as A+B+CDT−, seven isolates (27%) as A−B+CDT−, and six isolates (23%) as
A−B−CDT− (Figure 1B). Among tcdA-negative isolates in the THB group, in 12 isolates
(63%) were found the deletion regions within the 3′-end (Table S1). Based on the molecular
analysis, around 54% of the THA isolates and 77% of the THB isolates were toxigenic
(Figure 1). The most dominant toxigenic type was A−B+, which was about 54% of THA
isolates and 46% of THB isolates.
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group, which contained C. difficile isolates collected from 2006 to 2009 (n = 50) and (B) THB group, which contained C. 
difficile isolates collected from 2010 to 2012 (n = 26). Toxin profiles were characterized based on the presence of toxin genes 
and the deletion of tcdA 3′-end. A, B, and CDT represent tcdA, tcdB, and cdtAB. 
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The band patterns of 16S and 23S rRNA PCR products were compared to the refer-

ence C. difficile ribotypes (Figure S1). Based on PCR ribotyping, THA isolates were sepa-
rated into five ribotypes (Figure 2A). Ribotype 017 was the only standard ribotype found 
in the THA group, whereas the other four ribotypes showed different patterns from the 
standards (NN or NT). The dominant ribotype was NN05, followed by ribotype 017 and 
NN07. Even though the number of isolates in the THB group was lower compared to the 
THA group, THB isolates were classified into 15 ribotypes (Figure 2B). Ribotype 017 had 
the highest prevalence in the THB group with seven isolates (27%). Only one isolate (4%) 
was classified as ribotype 020. Alternatively, the other 14 isolates in the THB group show-
ing distinct ribotyping patterns compared to the references were classified into 13 un-
known ribotypes. The distribution of toxin gene profiles and ribotyping profiles is elabo-
rated in Table 1. Diverse ribotypes were observed with each toxin gene profile; for in-
stance, the A+B+CDT+ group was composed of five ribotyping patterns, RT020, NT01, 
NT03, NT05, and NT06 (Table 1). These results suggest a high diversity of C. difficile iso-
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Figure 1. Toxin gene analysis of C. difficile isolates. The distribution of toxin profiles in C. difficile isolates from (A) THA
group, which contained C. difficile isolates collected from 2006 to 2009 (n = 50) and (B) THB group, which contained C.
difficile isolates collected from 2010 to 2012 (n = 26). Toxin profiles were characterized based on the presence of toxin genes
and the deletion of tcdA 3′-end. A, B, and CDT represent tcdA, tcdB, and cdtAB.

2.2. Ribotypes of C. difficile Isolates

The band patterns of 16S and 23S rRNA PCR products were compared to the reference
C. difficile ribotypes (Figure S1). Based on PCR ribotyping, THA isolates were separated
into five ribotypes (Figure 2A). Ribotype 017 was the only standard ribotype found in the
THA group, whereas the other four ribotypes showed different patterns from the standards
(NN or NT). The dominant ribotype was NN05, followed by ribotype 017 and NN07. Even
though the number of isolates in the THB group was lower compared to the THA group,
THB isolates were classified into 15 ribotypes (Figure 2B). Ribotype 017 had the highest
prevalence in the THB group with seven isolates (27%). Only one isolate (4%) was classified
as ribotype 020. Alternatively, the other 14 isolates in the THB group showing distinct
ribotyping patterns compared to the references were classified into 13 unknown ribotypes.
The distribution of toxin gene profiles and ribotyping profiles is elaborated in Table 1.
Diverse ribotypes were observed with each toxin gene profile; for instance, the A+B+CDT+

group was composed of five ribotyping patterns, RT020, NT01, NT03, NT05, and NT06
(Table 1). These results suggest a high diversity of C. difficile isolates in Thailand.
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2.3. Toxin Production of C. difficile Isolates

Toxin production of C. difficile is a significant factor causing CDI [27]. In this study,
toxin production of toxigenic C. difficile isolates, including A+B+, A+B−, and A−B+, was
accessed using indirect ELISA. The toxin levels of individual isolates were compared to
the toxin production of C. difficile R20291 (A+B+CDT+), a recent emergence of a highly
virulent bacterium. The unique ability of hypervirulent strain R20291 is associated with
an increase in toxin production [28]. The amounts of toxins A and B were similar among
toxigenic isolates in the THA and THB groups. Notably, four toxin-positive isolates,
THB1, THB38, THB156, and THB376, significantly increased toxin A levels (2–9 folds)
compared to R020291 (Figure 3A). Toxigenic THA isolates were found to produce similar
levels of toxin B to the reference strain. Three isolates, THB2, THB136, and THB156,
significantly produced greater levels of toxin B (3–6 folds) compared to the reference
strain (Figure 3B). Interestingly, THB156 was the only toxigenic isolate that produced a
significantly high level of toxin A and B. On the basis of these results, many THB isolates
represented high toxin producers, suggesting increased toxin production of toxigenic C.
difficile isolates in Thailand.
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2.4. Antimicrobial Resistance Profiles of C. difficile Isolates

Antibiotic resistance has become one of the major challenges of CDI treatment. In this
study, the antimicrobial susceptibility of the 76 C. difficile isolates was determined using
the minimum inhibitory concentration (MIC) method. A variety of MIC values of eight
antibiotics were observed across C. difficile isolates (Figure 4). Antibiotic susceptibility
patterns of two groups of isolates are summarized in Table 2. In the THA group, 48 isolates
(96%) were susceptible to amoxicillin with an MIC90 of 2 µg/mL, while 46 isolates (92%)
were susceptible to ampicillin with an MIC90 of 4 µg/mL. All THA isolates were resistant to
chloramphenicol with an MIC90 of≥ 64 µg/mL. In addition, all THA isolates were resistant
to cefoxitin, except one isolate with an MIC90 of 256 µg/mL. Conversely, all isolates in the
THA group were susceptible to metronidazole with an MIC90 of 4 µg/mL. Amoxicillin
and ampicillin showed potent activity against all THB isolates with an MIC90 of 2 and
4 µg/mL, respectively. Additionally, most THB isolates were resistant to chloramphenicol
with an MIC90 of ≥ 64 µg/mL (96.15%), followed by cefoxitin with an MIC90 of 256 µg/mL
(92.31%). None of the isolates in the THB group were resistant to metronidazole and only
three THB isolates (11.54%) were resistance to vancomycin. In addition, three (11.54%)
and two (7.69%) of THB isolates were resistant to levofloxacin and rifampicin, respec-
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tively. Minor differences in the MIC range between THA and THB isolates were observed
(Table 3). For instance, chloramphenicol showed an MIC range of 32- ≥ 64 µg/mL in THA
isolates, and 16- ≥ 64 µg/mL in THB isolates. A slightly greater ratio of resistant isolates
was shown in THA isolates compared to THB isolates. Overall, two groups of isolates
showed similar patterns of MIC values. Most THA and THB isolates were susceptible to all
antibiotics, except cefoxitin and chloramphenicol, which showed the highest MIC ranges
and resistance rates (Table 2). In total, 49 (98%) of the THA isolates and 23 (88.46%) of the
THB isolates were resistant to more than one antibiotic. Most of them were resistant to
chloramphenicol, cefoxitin, and levofloxacin, which belong to different antibiotic classes.
These findings demonstrated multidrug-resistant (MDR) strains among Thai C. difficile
isolates (Table S2).
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3. Discussion

C. difficile infection (CDI) has occurred worldwide over recent decades. The prevalence
and epidemiology of C. difficile in many regions are well documented [31,32]. However,
information on C. difficile occurrences in Thailand remains limited. This work was con-
ducted to continuously update information on C. difficile clinical isolates in Thailand by
comparing two groups of clinical isolates that were collected in different time periods. C.
difficile isolates were classified based on molecular features, including toxin genes and the
16S–23S rRNA intergenic spacer regions [33,34]. Normally, three major toxigenic types
(A+B+, A+B−, A−B+) cause clinical incidences of CDI. The toxigenic type A+B+ is the most
common among toxigenic types [35,36]. However, the presence of tcdA 3′-end deletion
has been detected in many clinical isolates, resulting in toxin A-negative C. difficile iso-
lates [37,38]. About half of C. difficile isolates collected during 2006–2009 (THA group)
were toxigenic with the highest occurrence of A-B+ isolates (Figure 1A). Although isolates
used in this study were obtained from the patients with CDI, consistent with previous
studies, non-toxigenic strains were highly detected from clinical samples due to the mix
of both the non-toxigenic and toxigenic populations and isolation method [10,39,40]. The
population sizes of non-toxigenic and toxigenic C. difficile isolates in Thailand during
2006–2018 were comparable. The most dominant toxigenic isolates were tcdA-negative and
tcdB-positive (A−B+) [10]. In contrast, the majority of C. difficile isolates collected during
2010–2012 (THB group) were toxigenic, and toxin gene profiles increased to five types,
A−B−CDT−, A−B+CDT−, A+B+CDT−, A−B+CDT+, and A+B+CDT+ (Figure 1B). However,
no A−B−CDT+ was detected in this study, corresponding to the previous study showing
low prevalence of binary toxin-positive but toxin A- and B-negative C. difficile strains in
France [41]. Some C. difficile isolates have the binary toxin gene (CDT), an actin-specific
ADP-ribosyl transferase encoded by two genes, cdtA and cdtB on the CDT locus (Cdt-
Loc) [6,42]. The binary toxins are widely observed in hypervirulent C. difficile, such as the
ribotypes 027 and 078, which cause higher severity of CDI [43,44]. Therefore, the binary
toxin may serve as an additional virulent factor by enhancing the production of toxins A
and B. Our findings indicate a higher prevalence of toxigenic isolates in Thailand from
2010 to 2012.

Currently, PCR ribotyping is a general technique for epidemiological distinction of
C. difficile isolates. This method amplifies polymorphic sequences between 16S and 23S
intergenic spacer regions, which vary among strains [33,45,46]. It is the most common
method employed for molecular analysis of C. difficile strains and is considered the gold
standard method for C. difficile typing [10,11,33,47]. A similar incidence shown in the
analysis of toxin genes was also observed with the ribotyping profiles. The number of
ribotypes found during 2010–2012 was up to 16 ribotypes, from five ribotypes identified
during 2006–2009 (Figure 2). C. difficile ribotype 017 has been recognized as a major cause
of CDI outbreaks in Asia, and ribotype 020 is also a common strain [12,48]. Ribotype
017 was also the most frequently found in Thailand [11]. Consistent with this study, the
most common ribotype in both groups was ribotypes 017. Besides, there were unknown
ribotypes which showed different amplified patterns compared to the references between
the two groups. However, we could not compare the PCR ribotyping patterns of the
unknown ribotypes to other unknown ribotypes discovered in the previous studies in
Thailand due to the limitation of this method. Other techniques, including pulse-field gel
electrophoresis (PFGE), restriction endonuclease analysis (REA), and multilocus variable-
number tandem-repeat analysis (MLVA), can be applied to improve typing of C. difficile
strains [49,50]. Based on PCR ribotyping, molecular epidemiology of C. difficile isolated in
Thailand significantly differs from other regions where ribotypes 027, 014/20, 002, 106, and
001 have dominated in North America and ribotypes 027, 014, 001, and 078 have frequently
been isolated in Europe [51,52]. On the basis of toxin genes and ribotype identification, the
diversity of C. difficile isolates in Thailand has increased over time.

Toxins A and B are the primary virulence factors contributing to the pathogenesis
of CDI. They are considered to cause severe diseases [53]. Several studies have revealed
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that A−B+ strains can cause the same range of disease as isolates producing both, but
a few pathogenic isolates have been found as A+B− [54–56]. In the current study, none
of the toxigenic isolates were classified as A+B−, supporting the finding that toxin B is
important for the pathogenesis of C. difficile without the presence of toxin A. This implied
that pathogenic C. difficile isolates in Thailand were mainly influenced by the production
of toxin B. Based on the relative quantification of toxins in this study, three of eight tcdA-
positive (A+) isolates showed significantly greater production of toxin A compared to a
recent hypervirulent C. difficile strain. Most tcdB-positive (B+) isolates produced toxin B
at the same level as the reference strain, of which only three tcdB-positive isolates in the
THB group significantly increased the level of toxin B (Figure 3). Remarkably, most isolates
that produced high levels of toxins A and B were binary toxin-positive (CDT+) isolates.
A high toxin production is one of the features of hypervirulent strains associated with
severity of disease [57–59]. Markedly, an increase in toxin production is influenced by
binary toxins [6,60]. Therefore, the higher amount of toxins produced by isolates in this
study might be associated with the presence of binary toxin genes.

Antibiotic resistance has become one of the most important virulence factors associ-
ated with the development of CDI. The expansion of strain diversity advocates antibiotic
resistance in C. difficile [24,61,62]. To determine the direction of the antibiotic susceptibility
of Thai C. difficile isolates, two groups of isolates were tested against several classes of
antibiotics, which are recommended in infectious diarrhea [63,64]. None of the isolates
fully resisted metronidazole, but three isolates showed intermediate resistance. However, 9
of 76 isolates had full resistance to vancomycin. This incidence was also observed in several
studies with reduced susceptibility to vancomycin [22,65]. Our observations suggest a
high efficiency of metronidazole for treating CDI, that also relates to the previous studies
in Thailand [25,26]. Beta-lactam groups of antibiotics are most frequently correlated with
CDI [66]. Several studies reported a low level of resistance to this antibiotic group [61,62].
In this study, amoxicillin and ampicillin also showed potent action against C. difficile isolates
in Thailand. This supported the fact that antibiotics in the same class provide equal efficacy.
Nevertheless, fluoroquinolones (ciprofloxacin, levofloxacin, moxifloxacin, norfloxacin)
and cephalosporins (cefazolin, cefepime, ceftazidime, ceftriaxone, cefuroxime, cefotetan,
cefoxitin) are common antibiotic groups used for treating bacterial infection in the clinical
setting, and they continue to promote CDI [67,68]. The same incidence was detected in this
study, in which the majority of C. difficile isolates were resistant to levofloxacin and cefoxitin.
Resistance to chloramphenicol is rare in C. difficile. Only a small number of isolates have
been reported to be chloramphenicol resistant [24,69]. Contrary to our observations, all
isolates fully resisted chloramphenicol, except for one that showed intermediate resistance.
In addition, the reduced susceptibility to rifampicin in C. difficile clinical strains has been re-
ported in Asia, Europe, and North America [69–71]. Correspondingly, rifampicin-resistant
isolates were detected in the current study. On the basis of antibiotic resistance analysis,
most C. difficile isolates in this study were resistant to multiple antibiotics, increasing the
chance of treatment failure. Although C. difficile isolates between two periods showed
distinct diversity, the difference in the patterns of antibiotic resistance was not observed in
this study.

In summary, C. difficile isolates from patients diagnosed with diarrhea during 2006–
2009 and 2010–2012 were characterized for toxigenic types, ribotypes, toxin production, and
antibiotic resistance. The toxigenic profiles found in Thailand rose to five types, including
A−B+CDT−, A+B+CDT+, A+B+CDT−, A−B+CDT+, and A−B−CDT−. In particular, ribotype
017 was predominant among clinical isolates in Thailand. Additionally, 18 unknown
ribotypes were discovered in Thai isolates. Some C. difficile isolates in Thailand were able
to produce similar levels of toxins A and B to the toxins of the hypervirulent C. difficile
strain, R20291. There was no difference in susceptibility to vancomycin and metronidazole
between two periods, supporting the fact that they are primary antibiotics for CDI therapy.
In addition, amoxicillin, ampicillin, and rifampicin also had an effective impact on treating
isolates in Thailand. Based on these findings, this study presents temporal changes in C.
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difficile strain diversity and patterns of antimicrobial resistance in Thailand, which will be
useful for surveillance.

4. Materials and Methods
4.1. Sample Collection and Bacterial Culture

In total, 76 C. difficile clinical isolates were obtained from a University-affiliated tertiary
hospital and the National Institute of Health of Thailand. The isolation of C. difficile from
stool samples of diarrheal patients was performed in previous studies [39,40]. These isolates
were separated into 2 groups based on collection periods. The THA group was composed
of 50 isolates collected from 2006 to 2009, and the THB group contained 26 isolates collected
from 2010 to 2012. Each isolate was cultured on cycloserine–cefoxitin fructose agar (CCFA)
for 24 h at 37 ◦C under anaerobic conditions (Coy Laboratory Products, Glass Lake, MI,
USA) supplemented with 0.1% taurocholate to recover and enrich C. difficile cells. A single
colony was cultured in fresh brain heart infusion (BHI) broth and incubated in an anaerobic
chamber at 37 ◦C for 24–48 h. The culture was preserved with 10% (v/v) glycerol at −80 ◦C
for further use.

4.2. Toxin Genotyping

Genomic DNA of C. difficile isolates was extracted from BHI culture using an E.Z.N.A.®

Stool DNA kit (Omega Bio-tek, Norcross, GA, USA), according to the manufacturer’s
instructions. DNA purity and concentration were assessed by NanoDropTM spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA). Toxigenic profiles of all C. difficile
isolates were analyzed by multiplex PCR with 5 specific primer pairs, tcdA, tcdB, cdtA,
cdtB, and 16S rDNA (Table 3). The PCR reaction was conducted in a total volume of 20 µL
containing 25–200 ng of genomic DNA, 0.8 mM dNTPs, 5 mM MgCl2, 1× PCR buffer,
(500 mM KCl, 100 mM tris-HCl, pH 9.1), 1U Taq DNA polymerase (Vivantis, kuala Lumpur,
Malaysia), and 0.2 µM primers. Amplification was performed under a thermal cycler with
cycling conditions including a predenaturation at 92 ◦C for 5 min, 30 cycles of denaturation
at 92 ◦C for 20s, an annealing at 58 ◦C for 65s, and an extension at 68 ◦C for 90s, and a final
extension at 60 ◦C for 5 min.

In addition, the deletion in repeating regions at the 3′ end of the tcdA gene was in-
vestigated using the NK9 and NKV011 primers (Table 3) by Kato et al. 1999 [72]. PCR
reaction was performed under the same conditions of the multiplex PCR. The thermocy-
cler conditions included a predenaturation at 94 ◦C for 6 min, followed by 37 cycles of
denaturation at 94 ◦C for 20 s, an annealing at 55 ◦C for 30 s, and an extension at 60 ◦C for
120 s, and a final extension at 60 ◦C for 10 min. The PCR products were visualized using
electrophoresis with 1.2% agarose gel and strained with ethidium bromide.

4.3. PCR Ribotyping

PCR ribotyping was performed based on the 16S–23S rRNA intergenic spacer regions
described by Bidet et al. 1999 [73]. The primer sequences were 5′-GTGCGGCTGGATCACCT
CCT-3′ (16S primer) and 5′-CCCTGCACCCTTATTACCTTGACC-3′ (23S primer). The PCR
reaction was conducted in a total volume of 20 µL composed of 25–200 ng genomic DNA,
0.2 mM dNTPs, 0.2 µM primers, 1.5 mM MgCl2, 10× PCR buffer (500 mM KCl, 100 mM
Tris-HCl, pH 9.1), 1U Tag DNA polymerase, and deionized water. The thermocycler profile
consisted of an initial denaturation at 95 ◦C for 5 min, followed by 35 cycles at 95 ◦C for
1 min, 57 ◦C for 1 min, and 72 ◦C for 1 min, and a final extension at 72 ◦C for 10 min.
Amplification products were separated by electrophoresis in 3% agarose gel for 6 h with
85 V in 1× Tris-borate EDAT (TBE) buffer. The electrophoresis patterns were visualized
under UV light after staining with ethidium bromide. The high-resolution image was
captured and analyzed with a gel documentation system. The resulting band patterns were
visually compared to PCR ribotypes of the reference strains, C. difficile PCR ribotypes 001,
012, 017, 020, 023, 027, 046, 056, 077, 081, 095, 106, and 117.
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4.4. Quantification of Toxins A and B

Toxigenic C. difficile isolates (n = 47) and the reference strain, C. difficile R20291, were
inoculated on CCFA agar plates. A single colony was cultured in fresh BHI media. A total
of 1% of bacterial culture was sub-cultured into fresh BHI media for 48 h at 37 ◦C. The
supernatant was collected from the culture using centrifugation at 5000× g for 10 min
and sterilized by passing through a 0.22 µm membrane. Total protein was measured
using Bradford’s assay (Clive G et al., 1989). Indirect enzyme-link immunosorbent assay
(ELISA) was performed to quantify the level of toxins A and B. Initially, 96-well polystyrene
microtiter plates were coated with 100 µL of 5 mg/mL supernatant in 0.5 M carbonate
buffer (pH 9.4) and incubated overnight at 4 ◦C. The plates were washed three times with
200 µL of 1× PBS. Then, 200 µL of blocking solution (1% BSA) was added to wells. The
plates were incubated for 1 h at room temperature and washed with PBS-T (0.05% Tween-
20, pH 7.4). The 100 µL final 1:500 dilution of mouse anti-toxin A (Abcam, Cambridge, UK)
or 1:250 dilution of mouse anti-toxin B (Bio-Rad, Hercules, CA, USA) was added to wells.
The plates were incubated for 1 h at 37 ◦C and washed three times with 100 µL of PBS-T
at room temperature. Finally, 50 µL of 1:4 dilution of Equilibrate SignalStain® Boost IHC
Detection Reagent (HRP, anti-mouse) (Cell Signaling, Beverly, MA, USA) was added to
wells. The plates were then incubated for 1 h at 37 ◦C and washed three times with 1×
PBS. Finally, 100 µL TMB (3,3′,5,5′-tetramethylbenzidine) substrate (Seracare, Milford, MA,
USA) was added to wells. After 10 min of incubation at 37 ◦C, the reaction was stopped
by addition of 100 µL of 2 N hydrochloric acid. The absorbance at 450 nm was measured
by microplate reader (Tecan, Switzerland). The relative levels of toxin production were
compared to the reference strain, C. difficile R20291.

4.5. Minimal Inhibitory Concentration (MIC) Testing

The minimal inhibitory concentration (MIC) testing was performed using 96-well
broth dilution in triplicate. Nine antibiotics, including metronidazole (0.0625–16 µg/mL),
vancomycin (0.0625–16 µg/mL), amoxicillin (0.125–32 µg/mL), ampicillin (0.125–32 µg/mL),
cefoxitin (2–256 µg/mL), chloramphenicol (0.25–32 µg/mL), levofloxacin (0.125–32 µg/mL),
and rifampicin (0.125–32 µg/mL) were subjected to MIC testing. A single colony of C.
difficile on CCFA was inoculated into fresh BHI medium. After overnight incubation, C.
difficile culture was transferred to freshly prepared Wilkins-Chalgren broth until the OD600
reached 0.6 (~108 CFU/mL). Two-fold serial dilutions of antibiotics (0.125–512 µg/mL)
were prepared in a 96-well plate at a total volume of 200 µL. A total of 10 µL of bacte-
rial suspension (~106 CFU/mL) was then inoculated into antibiotic plates. The 96-well
microplates were incubated at 37 ◦C under anaerobic conditions for 48 h. The OD600 at
the end point was measured using a spectrophotometer. The MIC values were defined
as the lowest concentration of antibiotic where no growth of bacteria was observed. The
MIC results were categorized according to the guidelines of the Clinical and Laboratory
Standards Institute (CLSI), http://www.clsi.org/ accessed on 1 June 2021; the European
Committee on Antimicrobial Susceptibility Testing (EUCAST), http://www.eucast.org/
accessed on 1 June 2021; and published data [29,30].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10060714/s1, Figure S1: PCR ribotyping of (A) standard C. difficile strains and (B) C.
difficile isolates in this study, Table S1: Toxigenic profiles and ribotype of 76 C. difficile clinical isolates
from Thailand, Table S2: Antimicrobial susceptibility of 76 C. difficile clinical isolates from Thailand
against 8 antibiotics.
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Abstract: Background: Clostridioides (Clostridium) difficile is the most common nosocomial pathogen
and antibiotic-related diarrhea in health-care facilities. Over the last few years, there was an increase
in the incidence rate of C. difficile infection cases in Slovakia. In this study, the phenotypic (toxigenicity,
antimicrobial susceptibility) and genotypic (PCR ribotypes, genes for binary toxins) patterns of
C. difficile isolates from patients with CDI were analyzed, from July to August 2016, taken from
hospitals in the Horne Povazie region of northern Slovakia. The aim of the study was also to identify
hypervirulent strains (e.g., the presence of RT027 or RT176). Methods: The retrospective analysis of
biological samples suspected of CDI were analyzed by GDH, anaerobic culture, enzyme immunoassay
on toxins A/B, multiplex “real-time” PCR and PCR capillary-based electrophoresis ribotyping, and
by MALDI TOF MS. Results: C. difficile isolates (n = 44) were identified by PCR ribotyping, which
revealed five different ribotypes (RT001, 011, 017, 081, 176). The presence of hypervirulent RT027 was
not identified. The C. difficile isolates (RT001, 011, 081, 176) were susceptible to metronidazole and
vancomycin. One isolate RT017 had reduced susceptibility to vancomycin. A statistically significant
difference between the most prevalent PCR ribotypes, RT001 and RT176, regarding variables such as
albumin, CRP, creatinine, the length of hospitalization (p = 0.175), and glomerular filtration (p = 0.05)
was not found. Conclusion: The results of PCR capillary-based electrophoresis ribotyping in the
studied samples showed a high prevalence of RT176 and 001.

Keywords: Clostridioides difficile infection; multi-step algorithm; multiplex “real-time” PCR; PCR
capillary-based electrophoresis ribotyping

1. Introduction

Clostridioides (Clostridium) difficile is the most common nosocomial pathogen and
antibiotic-related diarrhea. It causes and poses a significant medical and economic burden
in healthcare facilities [1]. According to the European Centre for Disease Control and
Prevention’s (ECDC) point prevalence survey of healthcare-associated infections (HAI), C.
difficile was the eighth most frequently found microorganism [2]. In Europe, over the last
two decades, there has been an increase in the incidence of Clostridioides difficile infection
(CDI) cases and severity of CDI infections, and new highly virulent C. difficile strains (e.g.,
RT027) and other hypervirulent strains have emerged. [1] The ECDC started coordinating
the surveillance of CDI in EU countries in 2016 [3]. The overall mean CDI density was
2.8 (95% CI 1.8–3.9) cases per 10,000 patients/days and community-associated CDI (CA-
CDI) with an incidence density of 0.4 (95% CI 0.2–0.6) cases per 10,000 patients/days [4].
From 2010 to 2017, the incidence of CDI in Slovakia increased from 0.9 to 20.6/10,000
hospitalized patients [5]. The diagnosis of CDI is based on clinical symptoms accompanied
by microbiological evidence of toxins produced by C. difficile or toxigenic strains of C.
difficile [6]. The disease is multifactorial and environmental factors seem to set the conditions
for C. difficile development [7].
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The accurate and fast diagnosis of CDI is essential for optimal patient care and
preventing the spread of infection [8]. Diagnostic methods for the identification of different
targets determine the presence of free toxins or toxigenic strains in the diarrheal feces. The
methods that detect the presence of C. difficile include evidence of glutamate dehydrogenase
enzyme (GDH) and anaerobic culture, and methods that detect the presence of a toxigenic
C. difficile [6]. The importance of the real-time PCR (polymerase chain reaction) method
implementation lies in the high sensitivity and specificity of the testing method. The
assay has high negative predictive value (NPV) and, therefore, can be used to accelerate
the exclusion of C. difficile infection. The PCR can help early diagnostics and the early
recognition of patients with C. difficile before complications occur [9]. The European
Society of Clinical Microbiology and Infectious Diseases (ESCMID) recommends a multi-
step algorithm for the CDI diagnosis [10]. ESCMID’s recommendations about multistep
algorithm testing describe how a positive first test should be confirmed with one or
two confirmatory tests—glutamate dehydrogenase enzyme (GDH), toxins A and B, or
a polymerase chain reaction (PCR test) [11]. The controversy remains about the need to
treat patients with evidence of C. difficile and negative toxin A/B enzyme immunoassay
(EIA), as they might have undetectable toxin levels or asymptomatic colonization with C.
difficile [12]. Hypervirulent RT027, which is also characterized by the high production of
toxins A and B, is a more severe disease course with more frequent recurrences, and higher
morbidity and mortality have been reported in relation with this strain. Further analyses
have shown that there are more ribotypes with similar properties [13] as the RT176.

The strain BI/NAP1/027 contains a nucleotide mutation at position 117 on the tcdC
gene that encodes the protein C, which causes the suppression of genes for A/B toxins. In
addition, RT027 produces so-called binary toxins [14].

The purpose of the paper was also to identify the presence of hypervirulent strains,
such as RT176 and RT027. The RT027 strain is referred to as C. difficile BI/NAP1/027 in the
studied sample and the circulation of ribotypes among departments of in- and out-patients
was monitored [15]. In a recent extensive study [16], it was shown that the effect of individ-
ual ribotypes on overall disease progression, mortality and biomarkers varied. In addition
to C. difficile PCR ribotype 027, there are other strains that are associated with epidemics and
a severe course of C. difficile infection. Despite the increased virulence of certain ribotypes,
the PCR ribotype value as a predictor of disease severity is limited because the ribotype
involved in the infection is not known until it is diagnosed. However, in epidemics, the
ribotype could be considered when deciding on the choice of empirical treatment [10].
According to the data reported to the Epidemiological Intelligence Information System
(EPIS) in the Horne Povazie region of northern Slovakia, the incidence of reported CDI
cases had increased. In 2015, there were four patients/10,000 population reported. In
2017, the incidences doubled and, in 2018, the incidences increased up to 10 per 10,000
inhabitants. In 2019, this number remained approximately on the same level with 10.2
CDI patients per 10,000 inhabitants. About 84% of CDI patients were hospital-associated
infections (HAI-CDI), and 16% of CDI patients were community associated (CA-CDI). In
2019, HAI-CDI cases from internal medicine, long-term care, intensive care unit, surgery,
infectious diseases, and other wards were reported in Slovakia in 2019 (in a population
of 100,000)—Figure 1. This increased incidence rate lies also in the higher testing rate and
conscientious reporting to the Epidemiological Information System (EPIS) since 2016.
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Figure 1. Number of CDI cases/100,000 inhabitants. Source: own processing according EPIS, 2020.

2. Results

Sixty C. difficile isolates included in the studied samples were tested for the presence of
toxin genes by multiplex real-time PCR assay. [17] Twenty-eight isolates were from males
and thirty-two isolates were from females. The median age was 77 years. The C. difficile
isolates were taken from patients from the internal medicine (29 samples), long-term care
(26), and surgery (1) wards, and from non-hospitalized patients (4). The average length of
patient hospitalization was 40 days.

Eighteen isolates (18) had positive results for the B toxin gene (tcdB), and genes for
binary toxins (cdtA and cdtB) and the presence of nucleotide deletion 117 on the tcdC
regulatory gene were negative. Forty-one (41) isolates carried both the B toxin gene and
the binary toxin genes (cdtA and cdtB), as well as the presence of nucleotide deletion 117
on the tcdC regulatory gene for B toxin. Another investigated sample was negative for all
investigated toxin genes—Figure 2.
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Figure 2. Positive result for toxigenic C. difficile, presumptive of 027/NAP1/BI [17].

Due to the severe course of the disease, the C. difficile isolates were further analyzed by
PCR capillary-based electrophoresis ribotyping. In the studied samples, five (5) different
ribotypes of C. difficile isolates were revealed (RT001, 011, 017, 081, 176), which were
identified by PCR ribotyping. The proportion of C. difficile in 44 isolates was: RT176 (n = 27;
69.5%), RT001 (n = 13; 23.7%), RT011 (n = 1; 1.7%), RT081 (n = 1; 1.7%), RT017 (n = 2;
3.39%)—Figure 3.
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Figure 3. The proportion of ribotypes in Clostridioides difficile isolates (n = 44).

The PCR capillary-based electrophoresis ribotypes of C. difficile isolates on the strain
level in patients (n = 44) were from internal medicine RT001 (6), RT176 (15), RT011 (1),
RT081 (1); long-term care RT 001 (6), RT176 (12), RT017 (2); and surgery RT001 (1).

The most frequently occurring PCR ribotypes in the studied samples were RT176 and
RT001. These ribotypes were present in patients’ samples from in-patient departments
(internal medicine, long-term care ward) but also in outpatients that had a history of prior
hospitalization.

The presence of RT027 was not confirmed in any tested C. difficile isolate. The presence
of RT176 (genetically very close to RT027) was confirmed in 27 samples—Figure 4. The
importance of anaerobic cultivation resides in the determination of C. difficile susceptibility
on antimicrobial agents. The C. difficile isolates (RT001, 011, 081, 176) were susceptible
to metronidazole and vancomycin. One isolate RT017 had reduced susceptibility to van-
comycin (Table 1).

The patients were typically hospitalized several times with chronic diseases, such as
cardiovascular (29%), gastro-intestinal (24%), pulmonary (11%), renal (5%) and oncological
diseases (1%), and other chronic diseases.

In the selected samples of patients, C. difficile isolates (n = 44) were analyzed following
laboratory parameters, such as values of serum creatinine, total proteins, albumin, CRP,
glomerular filtration and other parameters, such as the length of hospitalization. These pa-
rameters were compared between patients with ribotype RT001 and RT176. The dependent
variable was the PCR ribotype and independent variables were the laboratory and other
parameters such as the length of hospitalization.

The group infected with RT176 did not have a significantly different total protein level
or level of albumin versus the group infected with RT001 (p = 0.300 and p = 0.682). Patients
with RT001 had a lower level of glomerular filtration than those with RT176 (p = 0.054).
There was no significant difference in the proportion of patients with an increase in serum
creatinine concentration between RT001 and RT176.
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Table 1. Genotypic and phenotypic characteristics of Cĺostridioides difficile in the studied sample.

Number of
C. difficile

Isolates

Fenotype Characteristics
of C. difficile isolates Genotype Characteristics of C. difficile isolates

GDH/
Culture

Toxins A/B
(Rapid Test,

ELISA)

MIC90
µg/mL MTZ

MIC90
µg/mL VAN

Gene for B
Toxin (tcdB)

Genes cdtA,
cdtB for
Binary
Toxins

Deletion of
nt 117 in

tcdC Gene
(Susp. RT

027)

RT
Ribotypes

13 positive positive 0.047 1.5 positive Negative Negative 001
27 positive positive 0.5 1.0 positive Positive Positive 176

1 positive positive 0.125 0.5 positive Negative Negative 011
2 positive positive 0.125 2.0 positive Negative Negative 017
1 positive positive 0.125 0.5 positive Negative Negative 081

Serum creatinine concentration data were also analyzed by gender. The different
reference ranges were taken into account for the analyte in males and females. There was
no significant difference in the level of CRP concentration between patients with RT176
isolates and RT001 isolates (p = 0.295).

There was a difference in the length of hospitalization (p = 0.175) between patients with
RT001 and RT176. The mean duration of hospitalization for RT001 and RT176 patients was
44 and 35 days, respectively. Statistically significant dependence on identified ribotypes
RT001 and RT176 were not found among the independent variables, serum creatinine
(p = 0.524), total proteins (p = 0.300), albumin (p = 0.682), and CRP (p = 0.295) Table 2.

Table 2. Clostridioides difficile isolates RT001 and RT176 and selected laboratory parameters in the studied samples.

Laboratory and Other
Variables Ribotypes

Mean
(Median)

Years

95% Confidence
Interval for Mean

Pearson
p < 0.001

Total proteins
g/L

001 61.10 (60.0) (56.1–66.1)
0.300176 57.27 (59.0) (51.2–63.0)

Albumin
g/L

001 29.39 (28.95) (27.56–31.21)
0.682176 28.65 (28.95) (24.94–32.36)

CRP
mg/L

001 78.07 (82.0) (54.80–101.32)
0.295176 56.75 (26) (18.36–95.14)

Glomerular filtration
mL/s

001 0.861 (0.73) (0.687–1.034)
0.054176 1.156 (1.32) (0.875–1.436)

Length of hospitalization
days

001 43.78 (44.0) (36.04–51.52)
0.175176 35.10 (30.5) (23.72–46.47)

Creatinine
µmol/L

001 122.21 (112.0) (90.6–153.7)
0.524176 106.85 (76.0) (66.9–146.8)

All laboratory variables were analyzed by gender as well. There were no differences
between male and female patients in four studied variables. The all-cause mortality was
11/14 (79%) in patients with RT001 and 18/41 (67%) in patients with RT176, respectively.

3. Discussion

Multi-step diagnostic algorithms combining GDH and toxin EIA with PCR are recom-
mended for CDI’s diagnosis [18].

The PCR tests are very sensitive to C. difficile but do not distinguish between symp-
tomatic CDI and asymptomatic colonization, as they determine the genes for the production
of toxins [9]. Genetic evidence of the toxigenic strain does not automatically mean that
toxins are produced [19,20].

According to ESCMID, the use of one standalone CDI test is not recommended due to
the low positive predictive value at low CDI prevalence [8].
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The PCR ribotyping is essential for monitoring the spread of CDI and the course of
the disease, as well as the detection of resistance to antimicrobial agents. This method
is performed to identify individual strains, and to carry out surveillance of CDI spread-
ing. According to the largest pan-European study of C. difficile, closER (2011–2015), 264
distinct ribotypes were revealed. The diversity between ribotypes varied markedly be-
tween countries and the years of the study. Epidemic and highly prevalent ribotypes
included:RT027—prevalence 11.04%, RT014—9.1%, RT001—8.0%, RT078—6.5%, RT017—
1.7%, RT176—1.3%, RT 011—1.1%, RT081—1.1%, and other ribotypes. The predominance
of RT001 was reported in 2011 in Slovakia. The higher RT diversity was identified in 2012
(RT001, 014, 017, 081 and other ribotypes). This indicated lower antimicrobial resistance
levels in countries with a greater C. difficile RT diversity [21]. In previous CDI studies,
RT001 was also identified as predominant in Slovakia [22,23]. The new epidemic strains are
less sensitive to antibiotics, e.g., resistant to fluoroquinolones. For many C. difficile strains,
VAN susceptibility decreases gradually, which can be demonstrated by the increasing MIC.
Reduced MTZ susceptibility was mainly observed in RT027 and RT198, and VAN resistance
was observed in RT018 [21]. The occurrence of this ribotype 027/NAP1/BI C. difficile was
also identified in countries in Central Europe [24]. The epidemic ribotypes exhibited a high
level of antimicrobial resistance (RT017, 018 a 356) [25]. According to a study carried out in
Slovakia, 2016, the occurrence of RT001 (59%), RT176 (23%), and RT027 (in 1 isolate) was
found in 78 isolates [4]. The incidence of RT176 was also found in the Czech Republic [26].
The reduced susceptibility to moxifloxacin was identified in RT001, 017, 027, 176, in studies
carried out by Krutova et al. and Freemann et al. [21,27].

Due to the epidemic situation during the period of our studied sample collection, there
was a higher proportion of RT176 than RT001 identified. There was no RT027 identified
in the studied sample. RT176 is close to ribotype RT027 and can be misidentified by
commercial assays aimed at the deletion of one base pair at nucleotide 117 in the C. difficile
tcdC gene that causes the suppression of genes for A and B toxins. The RT176 is also
associated with a more severe course of the disease. RT176 is suggested to be related to
RT027, since they belong to the same multilocus sequence [28].

Antimicrobial susceptibility testing investigated susceptibility to metronidazole in
all C. difficile isolates. There was no confirmed reduced susceptibility or resistance to van-
comycin in C. difficile isolates. Only one C. difficile isolate (RT017) had reduced susceptibility
to vancomycin.

The link between clinical courses and specific ribotypes is still being investigated [29].
A hypervirulent RT027 is known worldwide. Some studies point to a more severe course of
CDI disease when this ribotype occurs. The hypervirulent strain is referred to as C. difficile
BI/NAP1/027 [15].

Some study results have supported that there may be other attributes of the C. difficile
genome. These can significantly affect virulence (not only binary toxins and tcdC deletion),
and hence the clinical course of the disease, which should be taken into account in the
treatment strategy management [30]. In our studied sample, the RT027 was identified.

4. Materials and Methods
4.1. Sampling

The C. difficile strains isolated from 60 patients were analyzed in the laboratory in
Klinicka Biochemia, Inc., Zilina, Slovakia which received fecal samples of patients suspected
of CDI from 2 hospitals in northern Slovakia (with 1250 patient beds) and outpatients from
a region which is inhabited by 251,202 citizens. The study investigated the prevalence
of genotypic features (PCR ribotypes, genes for toxins A and B, and binary toxins), and
phenotypic (toxigenicity, antimicrobial susceptibility) patterns of C. difficile isolates from a
region of northern Slovakia were analyzed retrospectively from July to August 2016, by
following multiple laboratory methods. There was no post-discharge follow up regarding
readmission of the patients.
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4.2. Enzymatic and Immunoenzymatic Assays and Cultivation

The samples were tested by direct diagnostic methods for C. difficile using the de-
tection of GDH by the immunochromatographic method for toxins A or B (CERTEST C.
difficile Toxin A/B), enzyme immunoassay methods ELISA (ProSpectT C. difficile Toxin A/B
Microplate assay) to determine toxins A and B. The samples were mixed with an equal
volume of 100% ethyl alcohol for 60 min at room temperature. One hundred microliters of
the mixture was inoculated into C. difficile selective media (cycloserine-cefoxitin-fructose
agar) (Brazier, Oxoid, Hampshire, UK). The plates were incubated at 37 ◦C for 72 h under
anaerobic conditions [31].

4.3. MALDI-TOF MS Identification

The colonies of C. difficile were identified at the species level by Matrix Assisted Laser
Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS), with the use
of MALDI Biotyper v 3.0 system (Brucker Daltonics, Billerica, MA, USA). Intact proteins
were isolated by the standard procedure with ethanol/formic acid/acetonitril extraction. C.
difficile samples were overlaid with 1 µL of a matrix solution (HCCA = α-cyano-4-hydroxy-
cinnamic acid saturated in solution containing 50% acetonitrile, 47.5% ultra-pure distillated
water, and 2.5% trifluoracetic acid). Samples were dried at room temperature.

4.4. Antibiotic Susceptibility Testing

The clinical C. difficile isolates were also analyzed by E-tests (Oxoid) with a defined
Minimal Inhibitory Concentration (MIC) for vancomycin (VAN) and metronidazole (MTZ).
The Minimal Inhibitory Concentration breakpoints for MTZ (2 mg/L), VAN (2 mg/L)
were applied and evaluated according to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) [25,32].

4.5. Polymerase Chain Reaction PCR Ribotyping

The isolated C. difficile strains were analyzed also by the multiplex “real-time” PCR
- GeneXpert C. difficile/Epi PCR assay (Cepheid, Sunnyvale, CA, USA) for the detection
of the B toxin gene (tcdB), the binary toxin genes (cdtA and cdt B), and the deletion of
the tcdC gene on nucleotide 117(∆117), which allowed the presumptive identification of
027/NAP1/BI with reported sensitivities and specificities of 96.6% to 99.7% and 93.0% to
98.6%, respectively [17]. The strains were only isolated from diarrheal stool samples from
patients with a severe course of the disease and were analyzed by PCR capillary-based
electrophoresis ribotyping.

The PCR capillary-based electrophoresis ribotyping was performed according to the
protocol [32]. In the studied isolates, multi-locus sequence typing using seven house-
keeping genes (MLST) was also carried out [26]. The molecular typing of C. difficile was
carried out in a specialized reference laboratory. The PCR capillary-based electrophoresis
ribotyping patterns of investigated ribotypes and fragment analysis were performed by a
DNA analyzer and by Gene Mapper v5.0 which were kindly provided by the Department
of Microbiology of 2nd Faculty of Medicine of Charles University, and Motol University
Hospital in Prague. This method is performed in CDI epidemics to identify individual
strains, and to perform surveillance for the spread of CDI [33,34].

The samples were collected from patients in internal wards and wards for long-
term care (wards from the higher occurrence of CDI). The stool samples were sent to the
laboratory according to the criteria for testing (Bristol scale 5–7). The selected patient
samples were analyzed for C. difficile isolates (n = 44) following laboratory parameters, such
as values of serum creatinine, albumin, CRP, and the length of hospitalization. Laboratory
parameters were compared between patients´ samples with ribotype RT001 and RT176.

4.6. Statistical Analysis

Group statistics were used to describe the basic features of the data. Independent sam-
ple tests, including the Leven´s test for Equality of Variances and the t-test for Equality of
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means, were used. The Pearson correlation method was used to determine the dependency
between two variables and statistical significance was set as p < 0.001. Descriptive statistical
tools, as well as frequency of infection by frequency histograms, statistical programs were
utilized.

5. Conclusions

Accurate and fast diagnostics of CDI are essential for optimal patient care and prevent-
ing the spread of infection. Laboratory diagnosis involving a high-sensitivity screening
assay, followed by a high specificity assay, is important for the treatment and diagnosis
of the disease. This study investigates the prevalence, genotypic features (PCR ribotypes,
genes for toxins A and B, and binary toxins) and phenotypic (toxigenicity, antimicrobial
susceptibility) patterns of C. difficile isolated from patients with confirmed CDI. We identi-
fied the presumptive identification of 027/NAP1/BI in stool specimens, which contained
toxigenic C. difficile but not 027/NAP1/BI. C. difficile isolates were investigated by PCR
ribotyping, which identified five different ribotypes in forty-four isolates (RT176, 001, 011,
017, 081). The presence of the RT176 was confirmed in 27 isolates. In our studied samples,
there was a higher proportion of RT176 identified than RT001 due to the epidemic situation
in this period. The C. difficile isolates (ribotypes 001, 011, 081, 176) were susceptible to MTZ
and VAN. One isolate RT017 had reduced susceptibility to VAN. Despite the limitation
of the study, it highlights the prevalence of C. difficile RT176 in the epidemic situation
during the studied period. A further study is needed to help clarify the interaction between
ribotypes and other predictors and laboratory parameters.
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Abstract: Cloistridioides difficile (CD) represents a major public healthcare-associated infection causing
significant morbidity and mortality. The pathogenic effects of CD are mainly caused by the release of
two exotoxins into the intestine: toxin A (TcdA) and toxin B (TcdB). CD infection (CDI) can also cause
toxemia, explaining the systemic complications of life-threatening cases. Currently, there is a lack of
sensitive assays to detect exotoxins circulating in the blood. Here, we report a new semi-quantitative
diagnostic method to measure CD toxins serum levels. The dot-blot assay was modified to separately
detect TcdA and TcdB in human serum with a limit of detection at the pg/mL levels. TcdA and TcdB
concentrations in the plasma of 35 CDI patients were measured at the time of CDI diagnosis and at
the fourth and tenth day after CDI diagnosis and initiation of anti-CDI treatment. TcdA and TcdB
levels were compared to those determined in nine healthy blood donors. Toxemia was detected in
the plasma of 33 out of the 35 CDI cases. We also assessed the relationship between TcdA serum
levels and CDI severity, reporting that at the time of CDI diagnosis the proportion of severe CDI
cases with a TcdA serum level > 60 pg/µL was higher than in mild CDI cases (29.4% versus 66.6%,
p = 0.04). In conclusion, data reported here demonstrate for the first time that toxemia is much more
frequent than expected in CDI patients, and specifically that high serum levels of TcdA correlate with
disease severity in patients with CDI.

Keywords: Clostridium difficile; Clostridioides difficile; TcdA; TcdB; toxin; toxemia; plasma; method;
quantification; CDI severity

1. Introduction

The Gram-positive anaerobic bacterium Clostridioides difficile (CD) is a leading cause
of nosocomial diarrhea worldwide, accounting for 15% of all such infections and resulting
in significant morbidity, mortality, and prolonged hospital stay [1–3]. The clinical manifes-
tations of CD infection (CDI) range from mild diarrhea to pseudomembranous colitis and
toxic megacolon that is relatively uncommon but is associated with high morbidity and
mortality [4]. A relevant issue during CDI is its high rate of recurrences (rCDI). Clinical
studies show wide-ranging rCDI rates after the primary CDI, between 12% and 40% [5,6].
rCDI is associated with a higher risk of death and higher hospitalization costs [1].

The pathogenic effects of CD are mainly caused by the production of two exotoxins into
the intestine: toxin A (TcdA) and toxin B (TcdB) [2,7]. TcdA and TcdB monoglucosylate and
inactivate the Rho GTPases of host cells, causing several cytopathic effects, and ultimately
colonocyte death and loss of intestinal barrier function [8,9]. Moreover, CD toxins induce

31



Antibiotics 2021, 10, 1093

an inflammatory response through the recruitment of neutrophils and mastocytes and the
consequent release of cytokines [10].

CD toxins can reach the bloodstream of CDI patients, thus causing toxemia, which
may explain the systemic complications of life-threatening cases [9,11]. To date, only three
toxemia-positive cases (two adults and one child) have been reported in humans [12,13].
As the currently available tests for the detection of free toxins are in development and
have low sensitivity [3,14,15], CDI-induced toxemia goes undetected in common clinical
practice [9,11,15]. Therefore, the lack of a sensitive detection method to determine CD toxin
levels in the blood or other body fluids makes it difficult to investigate the relationship
between toxemia and systemic clinical manifestations of CDI [12].

Here, we performed a pilot study in which we report and validate a new diagnostic
tool to measure serum levels of CD toxins and to define the relationship between the
toxemia level and the degree of clinical severity in CDI patients. Setting up this sensitive
method allowed us to also highlight that toxemia is much more frequent than expected in
CDI patients, and specifically that high serum levels of TcdA correlate with disease severity
in patients with CDI.

2. Results
2.1. Method Set-Up

With the aim of determining the levels of TcdA and TcdB in the serum of CDI patients,
several preliminary tests were performed to set up all the parameters necessary to obtain
the most sensitive results. In the beginning, a wide range of TcdA and TcdB concentrations
were tested (i.e., 2000 pg/µL, 200 pg/µL, 20 pg/µL, 2 pg/µL, 0.2 pg/µL, 0.02 pg/µL,
0.002 pg/µL, 0.0002 pg/µL, and 0.00002 pg/µL (data not shown). Given the different
sensitivities of the two primary anti-TcdA and anti-TcdB antibodies used, the scales of the
standard curves were adapted to the single toxin, reaching the optimal conditions of 200,
500, 1000, 1500, and 2000 pg/µL for TcdA, and 2, 5, 10, 20, 50, and 100 pg/µL for TcdB
(Figure 1). Toxin concentrations below which it was not possible to obtain a quantifiable
signal and above which the signal was saturated were excluded.
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Besides the definition of the optimal TcdA and TcdB concentrations required to set up
the standard curve, we also verified that the resuspension of C. difficile toxins in PBS prior
to the dot-blot caused the complete loss of the signal. Toxin resuspension in TBS allowed
for the restoration of the required sensitivity (Supplementary Materials: Figure S1). Indeed,
as Tris-HCl allows lipids to be resuspended [16,17], the results obtained demonstrated that
the choice of the buffer is critical to allow the solubilization of the serum lipid fraction (e.g.,
albumin, lipoproteins, and chylomicrons) present in the samples.

We also demonstrated the absence of antibody cross-reactivity events, supporting the
specificity of the assay for the detection of TcdA and TcdB (Figure S2).

2.2. Clinical Features of CDI Patients

The demographic and epidemiological data, comorbidities, clinical characteristics,
and outcome of the 35 CDI patients enrolled in this study are reported in Table S1. Among
them, 18 (51.4%) patients were female. The mean age of the 35 CDI patients was 60 years,
ranging between 19 and 86 years. The mean age-adjusted Charlson co-morbidity index
(CCI) at admission was 3.6, ranging between 0 and 8. Among the 35 CDI patients, 30/35
(85.7%) cases had a primary CDI and 5/35 (14.3%) had an rCDI. Regarding CDI severity,
17/35 (48.6%) and 18/35 (51.4%) cases had mild and severe CDI, respectively.

At admission, 25/35 (71.4%) patients reported at least one comorbidity, including
cardiovascular disease, chronic obstructive pulmonary disease (COPD), diabetes, and
immunodeficiency in 13/35 (37.1%), 9/35 (25.7%), 7/35 (20.0%), and 7/35 (20.0%), respec-
tively. Regarding patient outcomes, 34/35 (97.1%) CDI cases were discharged without
complications; one patient (2.8%) died in the hospital. Therefore, 34 patients were followed
up for 30 days from the hospital discharge. Of these 34 patients, 28/34 (82.4%) fully recov-
ered at home, presenting no subsequent rCDI. Five patients (14.7%) developed rCDI and
were readmitted to the hospital. One other patient (2.9%) was readmitted to the hospital
for reasons other than CDI and died during the hospital stay (Table S1).

2.3. TcdA and TcdB Serum Levels and CDI Severity

The definitions of CDI, microbiological evidence of CD, CDI recurrence, mild CDI,
severe CDI, and complicated CDI are reported in Table S2. The mean laboratory findings,
total toxemia, and TcdA and TcdB serum levels at CDI diagnosis (T0), as well as at 4 (T4)
and 10 days (T10) after CDI diagnosis of the 35 CDI patients included in this study are
reported in Table 1.

Table 1. Mean laboratory findings and mean toxemia at CDI diagnosis (T0), and at 4 (T4) and 10 days (T10) after CDI
diagnosis of the 35 CDI patients included in the study. SD: standard deviation.

Laboratory Findings T0 T4 T10

Total white blood cells peripheral count (103 cells/µL ± SD) 11.04 ± 5.99 7.03 ± 2.59 6.33 ± 2.64
Neutrophils peripheral count (103 cells/µL ± SD) 8.18 ± 5.45 4.41 ± 2.25 4.11 ± 2.46
Blood creatinine value (mg/dL ± SD) 1.0 ± 0.6 0.8 ± 0.3 0.8 ± 0.2
Blood albumin value (g/dL ± SD) 3.3 ± 0.5 3.4 ± 0.6 3.6 ± 0.7
Total toxemia (TcdA + TcdB, pg/µL ± SD) 99.24 ± 103.24 89.74 ± 78.18 57.70 ± 72.70
TcdA (pg/µL ± SD) 92.28 ± 96.08 83.75 ± 74.81 49.96 ± 70.96
TcdB (pg/µL ± SD) 6.96 ± 25.71 5.99 ± 22.2 7.74 ± 22.6

Serum levels of TcdA and TcdB in the 35 CDI patients serum enrolled in this study, as
well as in the 9 healthy donors, were assessed using the standard curve set up for each CD
toxin. Notably, neither TcdA nor TcdB was detected in the serum of the 9 healthy donors.
Toxemia was detected at least at one time point in 33 out of the 35 CDI patients and was
mainly referable to TcdA (Table S3). The mean total toxemia serum levels ± standard
deviation (SD) was 99.24 ± 103.24 pg/µL, 89.74 ± 78.18 pg/µL, and 57.70 ± 72.70 pg/µL
at T0, T4, and T10 (Table 1), respectively. TcdA contributed significantly to toxemia, as
the mean value of TcdA serum levels were 92.28 ± 96.08 pg/µL, 83.75 ± 74.81 pg/µL,
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and 49.96 ± 70.96 pg/µL, at T0, T4, and T10, respectively. On the contrary, the mean
value of TcdB serum levels was significantly lower compared to those of TcdA (i.e., 6.96 ±
25.71 pg/µL, 5.99 ± 22.2 pg/µL, and 7.74 ± 22.6 pg/µL at T0, T4, and T10, respectively)
and no significant variations were detected over time and with respect to CDI severity
(Table 1 and Table S3).

When the 35 CDI cases were grouped according to CDI severity, we found that at
CDI diagnosis (i.e., T0), mild and severe CDI cases had a mean TcdA serum level of
64.68 ± 92.22 pg/µL and 116.81 ± 95.19 pg/µL, respectively, and a mean TcdB serum level
of 5.95 ± 16.31 pg/µL and 7.86 ± 32.34 pg/µL, respectively (Table 2). At T4, mild and
severe CDI cases had a mean TcdA serum level of 51.76 ± 58.48 pg/µL and 115.74 ±
77.14 pg/µL, respectively (p = 0.01), and a mean TcdB serum level of 4.21 ± 12.85 pg/µL
and 7.76 ± 29.07 pg/µL, respectively. At T10, mild and severe CDI cases had a mean TcdA
serum level of 30.80 ± 52.92 pg/µL and 66.73 ± 81.65 pg/µL and a mean TcdB serum level
of 4.59 ± 12.74 pg/µL and 10.50 ± 28.79 pg/µL, respectively (Table 2).

Table 2. Clinical features, comorbidities, laboratory findings, and outcome of the 18 cases with mild CDI and the 17 cases
with severe CDI before diagnosis, at T0, T4, and T10. RR: Risk ratio. CI: Confidence interval. SD: Standard deviation. CCI:
Charlson Co-morbidity Index.

Mild CDI
(N = 17)

Severe CDI
(N = 18) RR (95% CI) Fisher’s Test *

Female gender 11 (64.7%) 7 (38.8%) 0.5 (0.2–1.2) p = 0.1
Mean age (years) 55.7 63.5 - p = 0.2
Mean age-adjusted CCI at admission ± SD 2.4 ± 2.3 4.7 ± 2.9 - p = 0.01
Comorbidities

No comorbidities 7 (41.1%) 3 (16.6%) 1.7 (0.9–3.2) p = 0.1
Cardiovascular disease 4 (23.5%) 9 (50.0%) 1.9 (0.7–4.6) p = 0.1
Heart failure 1 (5.9%) 3 (16.6%) 2.0 (0.3–11.6) p = 0.3
Diabetes 2 (11.7%) 5 (27.7%) 1.8 (0.5–6.3) p = 0.4
Renal failure 0 (0%) 3 (16.6%) - p = 0.2
Inflammatory bowel disease 1 (5.8%) 1 (5.5%) 0.9 (0.2–4.0) p = 1
Chronic liver failure 1 (5.8%) 1 (5.5%) 0.9 (0.2–4.0) p = 1
Neurological disease 0 (0%) 4 (22.2%) - p = 0.1
Vasculitis 0 (0%) 2 (11.1%) - p = 0.4
COPD 6 (35.3%) 3 (16.6%) 0.6 (0.3–1.2) p = 0.2
Solid cancer 1 (5.8%) 2 (11.1%) 1.5 (0.2–7) p = 1
Blood cancer 1 (5.8%) 2 (11.1%) 1.5 (0.2–7.7) p = 1
Transplant, immunodeficiency, immunosuppression 1 (5.8%) 6 (33.3%) 4 (0.6–25.2) p = 0.08
Other bacteria infections at admission 6 (35.3%) 7 (38.8%) 1.0 (0.5–2.2) p = 1

Laboratory findings before CDI diagnosis
Basal Albumin (g/dL ± SD) 3.7 ± 0.6 3.5 ± 0.6 - p = 0.5
Basal Creatinine (mg/dL ± SD) 0.70 ± 0.1 0.8 ± 0.3 - p = 0.2

Laboratory findings at CDI diagnosis (T0)
White blood cell peripheral count (103 cells/µL ± SD) 8.81 ± 3.52 13.15 ± 7.10 - p = 0.02
Neutrophils peripheral count (103 cells/µL ± SD) 5.70 ± 3.14 10.52 ± 6.18 - p = 0.007
Creatinine (mg/dL ± SD) 0.8 ± 0.3 1.2 ± 0.7 - p = 0.02
Albumin (g/dL ± SD) 3.5 ± 0.5 3.2 ± 0.5 - p = 0.2
TcdA (pg/µL ± SD) 64.68 ± 92.22 116.81 ± 95.19 - p = 0.1
TcdB (pg/µL ± SD) 5.95 ± 16.31 7.86 ± 32.34 - p = 0.8
TcdA + TcdB (pg/µL ± SD) 70.63 ± 71.65 124.67 ± 89.23 - p = 0.1
TcdA > 60 pg/µL 5 (29.4%) 12 (66.6%) 2.0 (1.0–4.2) p = 0.04

Laboratory findings at T4
White blood cell peripheral count (103 cells/µL ± SD) 6.95 ± 2.38 7.09 ± 2.84 - p = 0.8
Neutrophils peripheral count (103 cells/µL ± SD) 4.25 ± 2.18 4.56 ± 2.37 - p = 0.6
Creatinine (mg/dL ± SD) 0.7 ± 0.2 0.9 ± 0.3 - p = 0.1
Albumin (g/dL ± SD) 3.6 ± 0.5 3.2 ± 0.6 - p = 0.09
TcdA (pg/µL ± SD) 51.76 ± 58.48 115.74 ± 77.14 - p = 0.01
TcdB (pg/µL ± SD) 4.21 ± 12.85 7.76 ± 29.07 - p = 0.7
TcdA + TcdB (pg/µL ± SD) 55.98 ± 48.17 123.51 ± 79.36 - p = 0.01
TcdA > 60 pg/µL 5 (29.4%) 12 (66.6%) 2.4 (1.08–5.3) p = 0.03
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Table 2. Cont.

Mild CDI
(N = 17)

Severe CDI
(N = 18) RR (95% CI) Fisher’s Test *

Laboratory findings at T10
White blood cell peripheral count (103 cells/µL ± SD) 6.14 ± 1.81 6.49 ± 3.36 - p = 0.7
Neutrophils peripheral count (103 cells/µL ± SD) 4.06 ± 1.66 4.15 ± 3.05 - p = 0.9
Creatinine (mg/dL ± SD) 0.7 ± 0.2 0.8 ± 0.2 - p = 0.2
Albumin (g/dL ± SD) 3.7 ± 0.7 3.5 ± 0.7 - p = 0.4
TcdA (pg/µL ± SD) 30.80 ± 52.92 66.73 ± 81.65 - p = 0.1
TcdB (pg/µL ± SD) 4.59 ± 12.74 10.50 ± 28.79 - p = 0.4
TcdA + TcdB (pg/µL ± SD) 35.39 ± 40.06 77.23 ± 66.65 - p = 0.1
TcdA > 60 pg/µL 3 (17.6%) 4 (22.2%) 1.1 (0.4–2.9) p = 1
Patients outcome
Deceased 0 (0%) 1 (5.5%) 0.5 (0.3–0.7) p = 1
rCDI 3 (17.6%) 2 (11.1%) 1.5 (0.2–10.3) p = 1

* Paired t-test for non-categorical variables.

The limited number of patients enrolled in this pilot study and the high variability of
CD toxins concentration among CDI patients serum may be responsible for the large SD
values determined. To reduce this noise, we performed a separate analysis of TcdA plasma
concentration over time in mild and severe CDI cases. As reported in Figure 2, TcdA levels
significantly decreased at T10 compared to T0 (p = 0.0287) and T4 (p = 0.0452) in mild but
not in severe CDI. This might suggest that the severity of the symptoms is correlated to the
persistence of TcdA in patients’ serum.
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Figure 2. Changes of TcdA plasma levels in mild and severe CDI cases. TcdA levels significantly
decreased at 10 days (T10) after CDI diagnosis in mild cases compared to levels measured at T0
and T4. Patients whose TcdA levels at T0 were 0 pg/µL were not included in these graphs. One
way-ANOVA test, * p < 0.05.

To assess the relationship between TcdA serum concentration and CDI severity, CDI
cases were divided into two groups according to their TcdA serum levels. We set a cut-off,
i.e., serum TcdA ≤ 60 pg/µL and serum TcdA > 60 pg/µL (Table 2). At T0 and T4, the
proportion of severe CDI cases with a TcdA serum level > 60 pg/µL was higher than among
mild CDI cases (at T0: 29.4% versus 66.6%, p = 0.04; at T4: 29.4% versus 66.6%; RR: 1.1,
95% CI: 0.4–2.9; p = 0.01) (Table 2). The risk factors for TcdA serum levels > 60 pg/µL and
for TcdB detectable levels (>4 pg/µL) at the CDI diagnosis are shown in Tables S4 and S5,
respectively.

3. Discussion

CD represents a major public healthcare-associated infection, causing significant
morbidity, mortality, and economic burden [18]. Over the past two decades, CDI diagnostic
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techniques have changed in line with a greater understanding of CDI physiopathology [18].
However, currently, there is relevant under-diagnosis and misdiagnosis of CDI.

Until recently, the phenomenon of the extra-intestinal damage caused by CD toxins
has been undervalued [13]. It has been hypothesized that such a low number of toxemia-
positive cases is due to the lack of sensitive toxin detection methods and possibly to
the presence in human serum of anti-toxin antibodies [13,15]. To date, assays that allow
detection of toxemia are (i) the tissue culture cytotoxicity assay, which displays a limit of
detection (LOD) of 1–10 ng/mL for TcdA and 10–100 pg/mL for TcdB [12] and (ii) the
ultrasensitive immunocytotoxicity assay, characterized by a LOD of 0.1–1.0 pg/mL for
TcdA (when used with enhancing antibody A1H3) and 10.0 pg/mL for TcdB [13,19]. Very
recently, an ultrasensitive single molecule array able to detect serum concentrations of
TcdA and TcdB separately in the range of pg/mL was developed. However, this method
was unable to detect TcdA or TcdB in a large panel of serum samples from CDI patients,
including the severe forms [20].

Although circulating neutralizing antibodies could reduce the sensitivity of CD toxins
detection in human plasma [13,15], we set up a semi-quantitative method that allows to sep-
arately detect TcdA and TcdB plasma levels in the range of pg/µL in CDI patients. Results
obtained indicated that TcdA contributed significantly to toxemia. Indeed, TcdA serum
levels > 60 pg/µL were measured in the plasma of severe CDI cases, and a statistically
significant association between TcdA serum levels higher than 60 pg/µL and CDI severity
was found, while no association was observed between TcdB toxemia and CDI severity.
Remarkably, no detectable TcdB levels were found in the five rCDI patients. As previously
reported, specific blockers present in the serum, such as antibodies or serum proteins,
may be responsible for reducing the sensitivity of toxins detection in plasma [7,9,13,15].
Therefore, it cannot be excluded that the complete elimination of these blockers from CDI
patients’ serum would further increase the sensitivity of our method.

Other plasma blockers such as serum proteins may cause reduced sensitivity of
methods that aim at detecting CDI toxins in plasma. Albumin, which is the most abundant
protein in human plasma, is able to bind both TcdA and TcdB with high affinity [21,22].
Indeed, low albumin levels indicate a higher risk of acquiring and developing severe
CDI and are associated with recurrent and fatal disease [22,23]. Here, we report higher
basal albumin levels in patients with TcdA levels > 60 pg/µL at CDI onset (3.3 versus 3.9
g/dL, p = 0.02). This indicates that the semi-quantitative method reported here allows
for overcoming the limitations due to albumin. This was possible thanks to the use of
a resuspension buffer containing Tris-HCl, which solubilizes lipophilic molecules (e.g.,
albumin, lipoproteins, and chylomicrons) typically present in serum [16,17]. So, while CD
toxins and CDI sera suspended in PBS were not detectable with our semi-quantitative dot-
blot method, toxins resuspension in the TBS buffer allowed us to overcome this limitation.
Notably, both immunoglobulins and albumin are part of humoral immunity, which plays a
crucial role in protecting individuals from severe and/or rCDI [9,24–27].

To date, the role of TcdA in the pathogenesis of CDI is controversial. One paper
suggests that CD mutants lacking TcdB, but expressing TcdA, do not cause colitis [19],
whereas two other papers highlighted a key role played by TcdA in the disease [7,28]. These
different findings possibly reflect differences in CD strains and in the experimental models
of the studies [29]. A possible explanation for our findings is that TcdB tends to bind and
concentrate more efficiently in the human gut cells than TcdA, leading to relatively higher
TcdB intracellular concentrations and higher TcdA concentrations in the gut lumen. This
agrees with histopathological analysis of cecal and colonic tissues collected from infected
mice showing that TcdB is responsible for the majority of intestinal damage arising during
infection, with TcdA causing more superficial and localized damage [24]. Therefore, the
two CD toxins may exert different activities and subsequent pathological effects. Moreover,
TcdB has been reported as a more potent enterotoxin than TcdA in human intestinal
explants [30]. Therefore, our data highlighting the presence of TcdA in CDI patients serum
may be an epiphenomenon of the increased endothelial gut permeability in severe CDI
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patients. Notably, although higher levels of TcdA than TcdB were detected in the sera of
CDI patients with a severe form of CDI, these do not specifically indicate that TcdA is the
major toxin in CDI.

The CD binary toxin (CDT) is considered an important additional toxin that plays a
role in CDI pathogenesis, as strains producing only CDT have been isolated from patients
with colitis [31]. However, only a few strains of CD synthesize CDT in the absence of
TcdA and TcdB, and the role of CDT in CDI is still unclear [9,30–33]. Although we did not
quantify CDT plasma levels in the patients enrolled in the present study, we assessed via
PCR the presence of the binary toxin encoding gene (i.e., tcdC) in the CD strains responsible
for CDI. No significant association was found between the presence of the tcdC gene and
CDI severity (Table S3).

Among the limitations of this study, the relatively low number of patients enrolled
should be mentioned. However, it should be also noted that this was intended as a
pilot study providing the means to evaluate the technical aspects of the new sensitive
method we have set up while serving as a platform to generate preliminary data and foster
investigator development. The possibility to determine CD toxin levels in serum will allow
for better evaluation of the patient’s prognosis and to address the clinical efforts towards
the management of CDI. For the future, a larger study including a higher number of CDI
patients with different levels of disease severity will be necessary to support our data which
indicate that the presence of TcdA in the blood of CDI patients may be a more sensitive
predictor of the disease severity than TcdB.

4. Materials and Methods

This study was performed at the Infection Disease Unit of the National Institute for
Infectious Diseases “L. Spallanzani” (Rome, Italy) between January 2019 and August 2020.
The study was approved by the Ethic Committee of the hospital (National Institute for
Infectious Diseases “L. Spallanzani”, IRCCS, Rome; Ethics Committee registry number:
22/2018). Informed consent was obtained from each enrolled patient.

4.1. Study Design
4.1.1. Healthy Blood Donors Enrolment

Nine adult (>18 years old) healthy individuals were voluntarily included in the study
as a control group. For each healthy control, a single blood collection and determination of
CD serum toxins was performed. To exclude CD colonization, all the controls included
in the study underwent CD screening using an enzyme immunoassay test on the same
day as the blood collection and CD toxins’ serum level determination. Rectal swabs were
obtained when the healthy donors were not able to produce stool samples.

4.1.2. CDI Patient Enrolment

Between January 2019 and August 2020, all the adult patients (age ≥ 18 years) ad-
mitted to our Infection Disease Unit with a diagnosis of CDI were prospectively enrolled
in this study. CDI diagnosis was made in the presence of a clinical picture characterized
by diarrhea or ileum or toxic megacolon and microbiological evidence of CDI (Table S5).
Demographic, epidemiological, and clinical data (age and gender, date of hospital admis-
sion, patient comorbidities, CDI onset, and clinical characteristics, medications given for
CDI, antimicrobial treatments before and after the diagnosis of CDI, laboratory findings,
and patient outcome) were collected in clinical record forms (CRF) by trained healthcare
personnel. All the CDI cases were followed up to thirty days after the end of the anti-CDI
treatment for the CDI episode to assess for new onset of diarrhea, recurrence of CDI, and
mortality. In the case of hospital discharge before the end of follow-up, patients were
contacted by phone call.

In order to assess the relationship between CD toxin serum level and the severity
and recurrence rate of CDI, for each CDI case, three determinations of serum toxins were
performed: (i) T0, which corresponds to the time of CDI diagnosis, before the initiation of
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the anti-CDI treatment; (ii) T4, which corresponds to the fourth day after CDI diagnosis
and initiation of the anti-CDI treatment; and (iii) T10, which corresponds to the tenth day
after CDI diagnosis and initiation of the anti-CDI treatment.

4.2. Experimental Methodology
4.2.1. Preparation of Serum Samples from Healthy Controls and CDI Patients

Blood samples were collected from healthy controls and CDI patients. CDI patients
were diagnosed by enzyme immunoassay. The isolation of the plasma component from
serum was performed by centrifuging samples at 700× g for 5 min. Samples were immedi-
ately stored at −20 ◦C until dot-blot analysis.

4.2.2. Reagents and Antibodies

All the reagents were purchased from Merck KGaA (Darmstadt, Germany). Recom-
binant TcdA (BML-G140) and TcdB (BML-G150) were obtained from Enzo Life Sciences
(Farmingdale, NY, USA). Toxins were reconstituted in 250 µL of distilled H2O to reach a
final concentration of 200 ng/µL.

4.2.3. Dot-Blot Analysis
Standard Reference

The sensitivity of the method has been assessed using toxemia-negative spiked com-
mercial human serum (Merck KGaA, Darmstadt, Germany). Serial dilutions of TcdA and
TcdB were obtained by diluting the 200 ng/mL working solution of each toxin in a mixture
composed of 1 µL commercial human serum and 49 µL TBS (100 mM NaCl, 10 mM Tris-HCl
pH 7.5, 1 mM EDTA). The following final concentrations, determined specifically for each
toxin depending on the sensitivity of the primary anti-TcdA and anti-TcdB antibody, were
used to set up the standard curve: 200, 500, 1000, 1500, and 2000 pg/µL for TcdA, and 2, 5,
10, 20, 50, and 100 pg/µL for TcdB. Fifty microliters of each toxin dilution were spotted in
triplicate onto a polyvinildiene difluoride (PVDF) membrane. The membrane was then
placed into the BioDotTM Microfiltration apparatus (Bio-Rad, Hercules, CA, USA) and
subjected to moderate suction for 5 s by vacuum pumping (HydroTechTM Vacuum Pump;
Bio-Rad, Hercules, CA, USA). Following aspiration, the membrane was blocked in 5%
non-fat dry milk dissolved in TBS/0.1% Tween-20 (TTBS) (w/v) for 1 h at room temper-
ature (RT). The membrane was hybridized overnight at 4 ◦C with the anti-Clostridioides
difficile TcdA (MCA2597; Bio-Rad, Hercules, CA, USA) or the anti-Clostridioides difficile TcdB
(MCA4737; Bio-Rad, Hercules, CA, USA) primary antibodies diluted 1:20 in 5% non-fat
dry milk dissolved in TTBS (w/v). After membrane washing, filters were incubated for
1 h at RT with the horseradish peroxidase-conjugated goat anti-mouse secondary antibody
(#1706516; Bio-Rad, Hercules, CA, USA) diluted 1:1000 in PBS/0.01% Tween-20 (v/v). After
membrane washing, dot signals were visualized using the Clarity™ Western ECL substrate
(Bio-Rad, Hercules, CA, USA). Images were acquired using the ChemiDoc™ Imaging
system (Bio-Rad, Hercules, CA, USA). Toxin levels were quantified using the Image Lab
software (version 2.1.0.35.deb, Bio-Rad, Hercules, CA, USA).

Determination of Toxins Concentration in Serum Samples Derived from CDI Patients and
Healthy Controls

One microliter of human sera derived from the 9 healthy donors and the 35 CDI
patients was diluted in 49 µL TBS (dilution 1:50). The 50 µL solution was spotted in
triplicate onto a PVDF membrane, then placed into the BioDotTM Microfiltration apparatus.
The next experimental procedure was the same as reported in Section Standard Reference.

4.3. Data Analysis

Toxin concentrations are reported as the mean value of triplicate dots ± SD. Quan-
titative variables were tested for normal distribution and compared by means of paired
Student’s t-test. Comparisons between CD toxin concentrations in mild and severe CDI
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cases were performed by One way-ANOVA test. Qualitative differences between groups
were assessed by use of Fisher’s exact test. The precision of the risk ratio was determined
by calculating a 95% confidence interval. The relationship between categorical variables
and CDI severity was assessed by Pearson Chi-Square analysis. The risk ratio and 95% con-
fidence interval were calculated. Statistical analysis was performed using the software
programs GraphPad InStat 3.1 Software Inc. (San Diego, CA, USA) and IBM SPSS Statistics
for Windows version 24.0 (IBM Corp. Released 2016; Armonk, NY, USA). Results were
considered significant when p values were ≤0.05.

5. Conclusions

In conclusion, setting up this sensitive method allowed us to highlight that toxemia is
much more frequent than expected in CDI patients, and more specifically, that high serum
levels of TcdA correlate with disease severity in patients with CDI.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10091093/s1, Figure S1: Representative images of dot-blot experiment using the
commercial TcdA and TcdB resuspended in either PBS or TBS. Figure S2: Cross-reactivity experiments
to evaluate the specificity of the dot-blot assay. Table S1: Demographic and epidemiological data,
comorbidities, clinical characteristics, and outcome of the 35 CDI cases included in the study. Table S2:
Definitions of CDI, microbiological evidence of CDI, CDI recurrence, mild CDI, and severe CDI
adopted in the study. Table S3: TcdA and TcdB plasma levels determined in the 35 CDI patients.
Table S4: Risk factors for a high level of TcdA toxemia (TcdA > 3 ng/mL) at the CDI onset. Table S5:
Risk factors for a detectable level of TcdB toxemia (TcdB > 0.2 ng/mL) at the CDI onset.
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Abstract: We aimed to describe the clinical presentation, treatment, outcome and report on factors
associated with mortality over a 90-day period in Clostridioides difficile infection (CDI). Descriptive,
univariate, and multivariate regression analyses were performed on data collected in a retrospective
case-control study conducted in nine hospitals from seven European countries. A total of 624 patients
were included, of which 415 were deceased (cases) and 209 were still alive 90 days after a CDI
diagnosis (controls). The most common antibiotics used previously in both groups were β-lactams;
previous exposure to fluoroquinolones was significantly (p = 0.0004) greater in deceased patients.
Multivariate logistic regression showed that the factors independently related with death during
CDI were older age, inadequate CDI therapy, cachexia, malignancy, Charlson Index, long-term care,
elevated white blood cell count (WBC), C-reactive protein (CRP), bacteraemia, complications, and
cognitive impairment. In addition, older age, higher levels of WBC, neutrophil, CRP or creatinine,
the presence of malignancy, cognitive impairment, and complications were strongly correlated with
shortening the time from CDI diagnosis to death. CDI prevention should be primarily focused on
hospitalised elderly people receiving antibiotics. WBC, neutrophil count, CRP, creatinine, albumin
and lactate levels should be tested in every hospitalised patient treated for CDI to assess the risk of a
fatal outcome.

Keywords: Clostridioides difficile infection; co–morbidities; mortality; malignancy; outcome; risk factors

1. Introduction

Clostridioides difficile (C. difficile), formerly known as Clostridium difficile, is the most
common cause of healthcare-associated infectious diarrhoea in the developed world. The
incidence and severity of C. difficile infections (CDI) have risen in recent years with a
considerable impact in terms of morbidity, mortality, and financial cost [1]. The burden
of healthcare-associated CDIs in acute care hospitals in the European Economic Area was
estimated at 123,997 cases annually [2]. In the United States, C. difficile is the most common
cause of healthcare–associated infections, accounting for approximately 15% of them [3].
According to data from 2012, C. difficile caused approximately half a million infections and
29,000 deaths in the US [4]. The pooled incidence rate of CDI in Asia was calculated by
meta-analysis at 5.3/10,000 patient days (95% CI 4.0–6.7) [5].

Increasing antibiotic use, improved life expectancy, increasing numbers of at-risk
patients and the emergence of hypervirulent epidemic strains (e.g., ribotype PCR 027) may
explain the increased incidence of CDI and these factors, in addition to hospitalisation, are
key factors in the development of CDI [6,7]. Inflammatory bowel disease, gastrointestinal
surgery, and conditions impairing the immune system (e.g., malignant neoplasms, trans-
plantation, chronic kidney disease, and immunosuppressant use) also predispose towards
CDI [8,9]. The clinical spectrum of CDI varies in severity from asymptomatic carriage and
self-limited, mild diarrhoea to severe colitis, intestinal perforation, toxic megacolon, and
death [7,10]. Mortality rates in CDI vary widely between studies. Before 2000, mortality
associated with CDI was <2%, whereas mortality in studies since 2000 averaged 5% in
endemic case and 7–17% in epidemic cases [11–15]. The mortality has been twice as high in
Intensive Care Unit (ICU) patients with CDI compared to ICU patients without CDI [16,17].

We aimed to describe the risk factors, clinical presentation, and management of
patients with CDI as well as reported factors associated with mortality in the 90-day period
after diagnosis.

2. Materials and Methods
2.1. Study Population

Using the European Society of Clinical Microbiology and Infectious Diseases (ESCMID)
Study Group for C. difficile members, 17 hospitals were selected for this study. Nine
hospitals from seven European countries (Czech Republic, France, Hungary, Italy, Poland,
Spain, and United Kingdom) participated in this retrospective case-control study.
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Patients hospitalised between January 2011 and December 2019 with a diagnosis of
CDI who died within 90 days following a CDI diagnosis formed the case group that was
compared in a 2:1 ratio to a group of control patients with a CDI diagnosis hospitalised in
the same wards over the same time period who survived.

2.2. Data Collection

Electronic hospital databases were used to collect patient data on: sex, age, body
mass index (BMI), prior hospitalisations, dwelling in a long-term care (LTC) facility, recent
surgery, parenteral nutrition, previous use (in last 3 months) of antibiotics, probiotics,
proton pump inhibitors (PPIs), H2 blockers (H2b), immunosuppressants (defined as agents
that can suppress or prevent the immune response), information on comorbidities needed
to calculate the Charlson Index and dates of admission, CDI diagnosis, and deaths. The
following data on the CDI episode were gathered: episode number, blood parameters at
the time of diagnosis [white blood cell count (WBC), neutrophil count, C-reactive protein
(CRP), creatinine, albumin, and lactate levels], associated bacteraemia, imaging procedures
performed (abdominal ultrasound, computed tomography), colonoscopy and CDI therapy,
as well as outcomes and complications (i.e., failure of any organ, infection, ileus, colon
perforation, toxic megacolon, and bleeding from the digestive tract).

2.3. Definitions

A CDI case was defined as a patient with the symptoms of CDI and positive laboratory
test(s) according to ESCMID guidelines [18]. Healthcare–associated CDI (HA–CDI) was
defined as a patient who developed the symptoms of CDI in a healthcare facility on day
three or later, following admission to a healthcare facility on day one, or who had onset
in the community within four weeks after being discharged from a healthcare facility.
Community-associated CDI (CA–CDI) was defined as a patient who had the onset of
symptoms either outside of the healthcare facilities, or whose symptoms appeared in a
healthcare facility within 48 h after admission but who had not been discharged from a
healthcare facility within a 12 week period prior to the onset of symptoms [19]. Cases that
did not fit any of these criteria were classified as unknown.

2.4. Statistical Analysis

For descriptive purposes continuous variables are presented as medians, lower (1 st)
and upper (3 rd) quartiles. Categorical variables are presented as counts and percentages.
Summary statistics were computed for the group of deceased patients and the control
group of patients, who recovered from CDI. The frequencies of categorical variables were
compared with the χ2 test or Fisher’s exact test, where applicable. Spearman correlation co-
efficients with appropriate asymptotic tests were calculated for select continuous variables
and time to death. For categorical variables (including binary and ordinal ones), we used
Kendall’s correlation. To identify a set of statistically independent predictors of CDI mortal-
ity, we used logistic regression models. Variable selection was performed using the LASSO
(least absolute shrinkage and selection operator) method with 10-fold cross-validation. A
one standard deviation rule was used to select a parsimonious set of candidate variables.
In the final multivariate logistic model, we retained only statistically significant predictors,
and their joint predictive performance was evaluated with C-statistic. p-values <0.05 were
considered to be significant. Data processing and statistical calculations were performed
with R 3.6.3 (The R Foundation for Statistical Computing, Vienna, Austria).

3. Results
3.1. Descriptive Analysis of Included Patients

Data were collected from 624 hospitalised patients with CDI; 415 patients died (cases)
and 209 patients were still alive 90 days after a CDI diagnosis (controls). The gender
distribution was similar in both groups but slightly skewed toward women, (210; 51% in the
deceased group), versus 118 (57%) in the controls (p = 0.17). The median age was 80 years
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in the deceased group and 72 years in the control group (p < 0.001). People ≥ 65 years-old
constituted 86% (n = 357) of the deceased group and 67% (n = 140) in the control group
(p < 0.001). People ≥80 years-old constituted 50% (n = 208) of the deceased group and
28% (n = 59) in the control group (p < 0.001). The patients’ median age in the deceased
group was, on average, 8 years higher and their Charlson Index was twice as high as in the
control group (p < 0.001). The comparison of data on previous hospitalisations, surgeries,
LTC stays, parenteral nutrition, use of probiotics, PPI, and H2b between the two groups of
patients are shown in Table 1.

Table 1. Comparison of demographic and clinical data in the study groups.

Characteristic
CDI–Deceased Group

(N = 415)
CDI–Control Group

(N = 209) p Value

N (%) or Median (1st, 3rd Quartile) N (%) or Median (1st, 3rd Quartile)

Age (years) 80 (70, 86) 72 (59, 82) <0.0001
Sex (male) 205 (49.4%) 91 (43.5%) 0.17

BMI (kg/m2) * 24.2 (21.1, 27.7) 25.0 (22.1, 27.8) 0.39
Charlson Index 4 (3, 6) 2 (1, 4) <0.0001

Previous hospitalisations 313 (75.4%) 132 (63.2%) 0.001
Previous parenteral nutrition 33 (8.0%) 17 (8.1%) 0.94

Previous surgery 77 (18.6%) 47 (22.5%) 0.24
Previous LTC facility 56 (13.5%) 10 (4.8%) 0.0008

Previous probiotics use 61 (14.7%) 21 (10.0%) 0.11
Previous PPI use * 219 (56.4%) 104 (50.2%) 0.15
Previous H2b use * 22 (5.3%) 9 (4.3%) 0.59

BMI, body mass index; CDI, Clostridioides difficile infection; H2b, H2 blockers; LTC, long term care; PPI proton pomp inhibitors.* Missing
data: BMI: 186 cases in the deceased group and 49 cases in the control group; PPI use: 27 cases in the deceased group and 2 cases in the
control group; H2b use: 2 cases in the deceased group and 1 case in the control group.

The number of patients who had HA-CDI was 280 (68%) among the deceased patients
and 131 (63%) in the control group with CA-CDI. Fourteen (3%) in the deceased group and
20 (10%) in the control group (p = 0.006) were classed as CA–CDI. The origin of the CDI
was unknown in 121 patients (29%) from the deceased group and in 58 patients (28%) from
the control group.

Table 2 lists the most commonly used antibiotics (or antibiotic class) in the preceding
3 months. The use of β-lactams was most prevalent in both groups. The administration of
fluoroquinolones was more frequent in the deceased group than in the control group.

Table 2. Antibiotics used in the 3 months prior to the episode of CDI.

Antibiotic CDI–Deceased Group
N (%)

CDI–Control Group
N (%) p Value

No antibiotic 35 (8.4%) 25 (12.0%) 0.16
Fluoroquinolones 160 (38.6%) 51 (24.4%) 0.0004

BLBLI 152 (36.6%) 60 (28.7%) 0.049
Third generation cephalosporins 147 (35.4%) 60 (28.7%) 0.09

Carbapenems 68 (16.4%) 31 (14.8%) 0.62
Aminoglycosides 45 (10.8%) 14 (6.7%) 0.09

Metronidazole 27 (6.5%) 27 (12.9%) 0.007

BLBLI, β-lactam/β-lactamase inhibitor; CDI, Clostridioides difficile infection; Some patients used more than one antibiotic, therefore the
percentage sum does not equal 100%.

The incidence of co-morbidities as possible risk factors for CDI mortality is shown in
Table 3. At least one co-morbidity was recorded in 76% of patients in the deceased group
and 53% in the control group (p < 0.001). In the deceased group, a malignancy was the
most prevalent comorbidity. Diabetes, chronic kidney disease, cachexia, and liver cirrhosis
were also more common in deceased patients compared to controls.
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Table 3. The frequency of co-morbidities regarded as possible risk factors for CDI mortality.

Comorbidity CDI–Deceased Group
N (%)

CDI–Control Group
N (%) p Value

At least one comorbidity 316 (76.1%) 111 (53.1%) <0.0001
Malignancy 155 (37.3%) 40 (19.1%) <0.0001

Diabetes mellitus 120 (28.9%) 38 (18.2%) 0.004
Chronic kidney disease 112 (27.0%) 32 (15.3%) 0.001

Immunosuppressive therapy 73 (17.6%) 39 (18.7%) 0.74
Cachexia 47(11.3%) 5 (2.4%) 0.0001

Immunosuppressive disease 17 (4.1%) 6 (2.9%) 0.44
Liver cirrhosis 14 (3.4%) 0 (0%) 0.004

IBD 5 (1.2%) 4 (1.9%) 0.49

CDI, Clostridioides difficile infection; IBD, inflammatory bowel disease. Some patients had more than one factor, therefore the percentage
sum does not always equal 100%.

3.2. The Clinical Course of CDI

Data pertaining to the course of CDI are shown in Table 4. An increased WBC,
neutrophils, CRP, creatinine, and lactate, and a lower serum albumin concentration were
found to be significantly more frequent in patients with a fatal outcome of CDI compared to
the control group. Complications during the course of CDI and cognitive impairment were
more common in the deceased group compared to controls. The time between admission
of patients and a CDI diagnosis was longer in the deceased group of patients compared to
the controls.

Table 4. Data pertaining to the clinical course of CDI.

Characteristic
CDI–Deceased Group CDI–Control Group

p
ValueN (%)

or Median (1st, 3rd Quartile) N Missing N (%)
or Median (1st, 3rd quartile) N Missing

Body temperature (◦C) 36.6 (36.5, 37.1) 127 36.8 (36.6, 37.6) 74 0.005
WBC count (×1000/µL) 13.7 (8.8, 22.3) 14 9.6 (7.2, 14.0) 1 <0.0001

Neutrophil count (×1000/µL) 10.4 (6.1, 18.0) 186 7.2 (4.7, 10.9) 51 <0.0001
CRP (mg/L) 116 (70, 198) 67 65 (23, 120) 17 <0.0001

Serum creatinine (µmol/L) 107 (67, 192) 34 75 (60, 113) 5 <0.0001
Serum albumin (g/L) 24 (20, 28) 173 28 (23, 32) 99 <0.0001

Serum lactate (mmol/L) 1,8 (1.4, 3.3) 356 1.0 (0.8, 1.7) 187 0.0002
Bacteremia 45 (10.8%) 0 6 (2.9%) 0 0.0006

Episode number 0 0 0.18
1 365 (88.0%)

0

177 (84.7%)

0 0.18
2 41 (9.9%) 22 (10.5%)
3 6 (1.4%) 5 (2.4%)
4 2 (0.5%) 5 (2.4%)
5 1 (0.2%) 0 (0%)

Complications (without deaths) 101 (24.3%) 0 21 (10.0%) 0 <0.0001
Cognitive impairment 92 (22.2%) 0 6 (2.9%) 0 <0.0001

Surgery after CDI diagnosis 10 (2.4%) 0 4 (1.9%) 0 0.78
Days from admission to diagnosis 7 (1, 18) 1 5 (1, 13) 0 0.01

Days from diagnosis to death 12 (4, 25) 0 NA NA NA

CDI, Clostridioides difficile infection; CRP, C-reactive protein; NA, not applicable; WBC, white blood cells.

Abdominal ultrasound was performed in 36 cases in the deceased group (9%) and
37 cases (18%) in the control group (p < 0.001). Findings of importance in CDI (ascites,
thickening of the intestinal wall of the colon, and/or increase in the lumen diameter of the
colon) were discovered in 29 cases (81%) of the deceased group, compared to 14 (38%) in
tests performed on the control group (p < 0.001). CT imaging was performed in 54 cases in
the deceased group (13%) and in 15 cases in the control group (7%), p = 0.03. Important find-
ings on CT (same as in ultrasonography) were discovered in 76% of procedures performed
on the deceased group, compared to 67% in the control group (p = 0.51). Colonoscopy
was performed on 7 patients in the deceased group (1.7%) and on 5 patients in the control
group (2.4%), p = 0.55.
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Fourteen different CDI treatment regimens were employed in the deceased group and
eight in the control group. The chosen therapy was changed due to side effects in 3 cases
(1%) in the deceased group, and in 3 cases (1%) in controls. Oral metronidazole was the
most common treatment in both groups, n = 179, at 43% in the deceased group, and n = 100,
as well as 48% in the control group. This treatment was unchanged in 131 and 86 patients
from the respective groups. Thirteen people (3.1%) in the deceased group and 5 patients
(2.4%) in the control group did not receive any antibiotic treatment for CDI.

The most common complications in the deceased group were failure of at least one
vital organ (n = 36; 9%), pneumonia (n = 32; 8%), and sepsis (n = 14; 3%). Blood cultures
were positive in five patients in the deceased group; the confirmed pathogens were: Acine-
tobacter baumannii, Citrobacter koseri, Enterobacter cloacae, Candida albicans and a mixture
from one patient (Staphylococcus epidermidis, Staphylococcus haemolyticus, and Enterococcus
faecium). Complications involving the gastrointestinal tract included ileus (n = 7; 2%),
toxic megacolon (n = 3; 1%), bleeding (n = 3; 1%), intestinal ischaemia (n = 2; 0.5%), and
gastrointestinal perforation (n = 1; 0.2%). The most commonly occurring complications
in the control group were secondary infections: pneumonia (n = 10; 5%), urinary tract
infections (n = 6; 3%), and sepsis (n = 4; 2%).

3.3. Predictors of Death in CDI

Multivariate logistic regression identified 11 factors that together discriminated CDI
deaths from controls. The most important were advanced age, the presence of malignancy,
a higher Charlson Index, WBC (1000/µL increase), CRP (100 mg/L increase), the presence
of complications, and the presence of cognitive impairment (Table 5). The discriminative
accuracy of this model was considerably high, as the C–statistic was 0.864.

Table 5. List of independent death predictors in a multivariate logistic regression model.

Covariate Odds Ratio (95% Confidence Interval) p Value

Age (10–year increase) 1.57 (1.31, 1.89) <0.001
inadequate antibiotics * 3.70 (1.08, 12.69) 0.04

Cachexia 5.00 (1.34, 18.57) 0.02
Malignancy 2.62 (1.43, 4.81) 0.002

Charlson Index (1 unit increase) 1.24 (1.11, 1.39) 0.0001
long term care 2.42 (1.05, 5.58) 0.04

WBC (1000/µL increase) 1.03 (1.01, 1.06) 0.005
CRP (100 mg/l increase) 1.80 (1.34, 2.43) 0.0001

Bacteremia 3.35 (1.06, 9.93) 0.04
Complications (without deaths) 3.95 (2.08, 7.50) <0.001

Cognitive impairment 7.50 (2.73, 20.66) <0.001
Model C-statistic = 0.864; CRP C-reactive protein; WBC white blood cell; *- use of ineffective treatment such as
intravenous metronidazole or vancomycin in monotherapy, or ineffective antibiotics, such as tigecycline.

Correlation was assessed between selected parameters and the time from CDI diag-
nosis to death. Advanced age, higher levels of WBC, neutrophil, CRP or creatinine, the
presence of malignancy, cognitive impairment, and complications were strongly correlated
with hastening death (Table 6).

Table 6. Spearman or Kendall (for categorical, binary or ordinal variables) correlations between select
characteristics and days from CDI diagnosis to death.

Variable ρ/τ p Value

Age −0.15 0.0024
Malignancy 0.08 0.038
WBC count −0.17 0.0005
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Table 6. Cont.

Variable ρ/τ p Value

Neutrophil count −0.30 <0.0001
CRP −0.27 <0.0001

Serum creatinine −0.18 0.0005
Complications (without deaths) 0.11 0.0093

Cognitive impairment −0.14 0.0008
CRP C–reactive protein; WBC white blood cell, included only variables with p < 0.05.

Research data are available as Supplementary Materials.

4. Discussion

To the best of our knowledge, this study is the largest analysis of patients with a fatal
outcome of CDI in multiple sites across Europe.

We confirm that increasing age is an important risk factor for a fatal outcome of CDI,
as described previously [20,21]. A systematic review which included 30 studies showed
that increasing age is among the most reported risk factor for mortality in patients with
CDI [22]. This is most likely due to the weaker immune response to the C. difficile toxin.
Moreover, the elderly are characterized by a greater number of chronic diseases, including
those that contribute to a worse course of CDI, such as chronic kidney disease, diabetes,
or malignancy [23]. Gender is not an important factor since the risk was similar for both
males and females, as described in other studies [21,24,25].

The presence of any comorbidity (p < 0.0001) and increasing Charlson Index (p = <0.0001)
were also associated with increased mortality. This has been described elsewhere [20,21,26],
but some studies did not confirm such observations [27]. This may be the result of the
different characteristics of the population or study design. Oncology patients face a
number of risk factors that are predisposed to CDI acquisition, including frequent and
prolonged hospitalisations, increased antibiotic use (both prophylactic and therapeutic),
and chemotherapy [28]. We found malignancy to be an independent factor of mortality risk.
The pathogenesis of CDI, during and after chemotherapy, is not yet fully understood but
suggestions include a negative impact on the gastrointestinal microbiota, direct damage to
intestinal mucosa, and immunological mechanisms in the neoplastic process predisposing
to CDI [29–31]. In a large analysis of outcomes of 30,000 patients with cancer, those with
CDI had a significantly higher mortality rate (9.4% vs. 7.5%, p < 0.0001) [32]. Among other
comorbidities, liver cirrhosis and cachexia were more prevalent in the deceased group
but only cachexia was independent death risk predictor. Patients with liver cirrhosis and
cachexia are typically characterised by low levels of albumin, a recognised risk factor
for severe CDI [7], and in our study, low albumin levels were strongly correlated with
the risk of death. Surprisingly IBD was not related with 90-days mortality; however, the
total number of patients with IBD in both groups was low. IBD is a known risk factor
both for development of CDI and mortality [24,33]. We also noted an association with
chronic kidney disease and increased mortality which has also been reported previously,
particularly in patients with end-stage renal disease and patients on dialysis, compared to
the general population [34,35]. Diabetes is also a predisposing factor for CDI development
and recurrence [36,37], but it was not shown to be a mortality-related factor [20,25,27]. In
our study diabetes was more prevalent in the deceased group, but it was not independent
death predictor, when assessed in the multivariate logistic regression model.

CDI is a recognised problem in LTC facilities; residents are often elderly with multiple
co-morbidities. LTC admission 90 days before CDI was related with 30-day all-cause
mortality in one study [27]. We also found that previous LTC residency was more prevalent
in the deceased group and was independently associated with a fatal outcome.

It is suggested that a patients’ weight has an impact on outcome from CDI. One
study suggested that being underweight (BMI < 19) or morbidly obese (BMI > 40) was
associated with an increased in-hospital mortality in patients with CDI [38], while another
reported that underweight patients with CDI are at higher risk of poor outcome than
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normal, overweight, and obese patients [39]. Therefore, one of our aims was to establish
if there was any association between a patient’s BMI and its impact on the course of CDI.
Calculating BMI sometimes poses a challenge, since the most severely ill, often bedridden
patients cannot be weighed properly. BMI data were only available in 55% of our cases;
however, considering the large population of patients in our study, their number was
sufficient to conclude that BMI did not increase mortality in CDI.

Previous hospitalisation was more prevalent in the deceased group but was not
independent risk factor of death, which confirmed the findings of Morrison et al. study [24].

In our study, the previous use of PPIs and/or H2b before a CDI episode was not
associated with a fatal outcome; these findings are contrary to a study by Morrison et al. [24].
In another report, the use of PPIs, but not H2b, was a predictor of mortality within 30 days
after the end of treatment for a CDI recurrence; however, there are some differences in the
methodology compared to our study [27].

Antibiotic use alters gut microbiota that physiologically protects the gastrointestinal
tract from colonisation by pathogens, including C. difficile. In our study, we demonstrated
that antibiotic treatment was the most common risk factor for CDI mortality (92% in the
deceased group and 88% in the control group). The most frequently used antimicrobials
were β-lactams and fluoroquinolones, two of the “4C” antibiotics in which stewardship
intervention can lead to a decline in prevalence of epidemic C. difficile ribotypes [40].

In our population of 624 study participants, every patient had at least one risk factor
for the development of CDI. It is also notable that only 7 patients (1.1%) did not have
any of the 3 main CDI risk factors (age > 65; previous hospitalisation or antibiotic use).
This is of importance, since it suggests that patients with no risk factors are less likely to
develop CDI.

We analysed blood parameters which are known risk markers for poor outcomes in
CDI [41–43]. These parameters are very useful in clinical practice, as they can be assessed
cheaply, objectively, and early in the course of CDI. The differences in their values between
both groups are pronounced. It is worth noting, however, that although the WBC count was
almost always tested, this was not always the case for other parameters and the percentage
of tests performed (creatinine, CRP, neutrophil count, albumin and lactate) was low. We
found that WBC and neutrophil counts, CRP, and creatinine were strongly correlated
with shortening the time from CDI diagnosis to death. Moreover, WBC and CRP were
independent predictors of death.

In the deceased group, 88% of patients died during the first episode which is con-
sistent with the notion that the highest risk of death is associated with the first episode
of CDI [44]. Colonoscopies were rarely performed in our study. Endoscopic evaluation
can be useful; however, it is indicated only if diagnostic problems occur, e.g., when an
alternative diagnosis is suspected and direct visualisation and/or biopsy of the bowel
mucosa is needed [7]. Computed tomography and ultrasounds are useful among patients
with severe CDI helping to evaluate for presence of complications like toxic megacolon
or bowel perforation [45]. The number of these examinations in our study was relatively
small, and it is especially surprising that ultrasound examinations were performed much
less frequently in the deceased group.

Oral metronidazole was the most frequently used drug in CDI treatment in our study.
This is despite recent guidance suggesting vancomycin and/or fidaxomicin be used as
first line in CDI [10]; however, the majority of patients in our study were hospitalised
before this guideline could be implemented. Nevertheless, most patients did not receive
the correct treatment choice according to the guidelines [10,18]. This indicates the need
for hospitals’ infection prevention and control teams to organise dedicated seminars on
CDI for medical personnel. The knowledge about correct antibiotic prescriptions and
antimicrobial resistance is one of the main important threats identified by the World
Health Organisation [46]. One study involving 1179 junior doctors found that questions on
antimicrobial use were poorly answered, whilst 81% of participants stated that teaching
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about appropriate antimicrobial use was inadequate during their medical training and 71%
disagreed that they received the right examples from their tutors [47].

Our study shows that CDI therapy was well tolerated, since the percentage of pa-
tients whose therapy was altered due to side effects was very small. As it can be seen in
Supplementary Materials, almost all patients were treated with the use of well-known
conventional drugs. Only one patient was a participant of a cadazolid trial. Cadazolid is
a novel quinoxolidinone antibiotic developed for treating CDI, which was safe and well
tolerated but did not achieve its primary endpoint of non-inferiority to vancomycin for
clinical cure in one of two phase 3 CDI trials [48]. Three patients were treated with the use
of intravenous immunoglobulin (IVIG) which sometimes is used in CDI treatment, but
reports as to its effectiveness are ambiguous [49,50]. None were treated with Bezlotoxumab,
a monoclonal antibody that binds to C. difficile toxin B, which was approved by the FDA in
2016 for prevention of recurrent CDI in patients at high risk of CDI recurrence [51].

Our study has several limitations. It was a retrospective study and some data were
unavailable. In addition, there are substantial differences in the numbers of patients
included by each centre. However, we did not want to refuse any centre that wished to
participate. We were unable to distinguish between cases when CDI was the primary cause
of death and when it was not, and there was no ribotyping / sequencing data.

5. Conclusions

In our multicentre study, the independent risk factors for mortality at day 90 were
older age, inadequate CDI therapy, cachexia, malignancy, Charlson Index, LTC facility care,
elevated WBC, elevated CRP, bacteraemia, complications, and cognitive impairment. CDI
prevention should be primarily focused on hospitalised elderly people receiving antibiotics,
especially fluoroquinolones or β-lactam/β-lactamase inhibitors. For this group, we suggest
using available preventive measures all the time, instead of, as is presently often done,
after CDI diagnosis.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-638
2/10/3/299/s1 Research data.
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Abstract: Clostridioides difficile infection (CDI) stands as the leading cause of nosocomial infection
with high morbidity and mortality rates, causing a major burden on the healthcare system. Driven by
antibiotics, it usually affects older patients with chronic disease or immunosuppressed or oncologic
management. Variceal bleeding secondary to cirrhosis requires antibiotics to prevent bacterial
translocation, and thus patients become susceptible to CDI. We aimed to investigate the risk factors
for CDI in cirrhotic patients with variceal bleeding following ceftriaxone and the mortality risk in this
patient’s population. We retrospectively screened 367 cirrhotic patients with variceal bleeding, from
which 25 patients were confirmed with CDI, from 1 January 2017 to 31 December 2019. We found
MELD to be the only multivariate predictor for mortality (odds ratio, OR = 1.281, 95% confidence
interval, CI: 0.098–1.643, p = 0.042). A model of four predictors (age, days of admission, Charlson
index, Child–Pugh score) was generated (area under the receiver operating characteristics curve,
AUC = 0.840, 95% CI: 0.758–0.921, p < 0.0001) to assess the risk of CDI exposure. Determining the
probability of getting CDI for cirrhotic patients with variceal bleeding could be a tool for doctors in
taking decisions, which could be integrated in sustainable public health programs.

Keywords: Clostridioides difficile; risk factors; Charlson comorbidity index; Child–Pugh score

1. Introduction

Clostridioides difficile infection (CDI) represents the leading cause of nosocomial infec-
tion and is associated with high morbidity and mortality as well as increased healthcare
costs [1]. A European multicentre study involving 482 hospitals showed a rate of seven
cases per 10,000 patients and also revealed a suboptimal laboratory diagnosis in the eastern
European countries [2]. While it seems that CDI is shifting towards community spreading,
there are still many hospital-acquired cases, especially in patients with comorbidities and if
antibiotics are used.

Chronic disease, older age, immunosuppressive and oncologic medication are consid-
ered risk factors for patients acquiring hospital CDI [3]. Additionally, the increased use of
proton pump inhibitors (PPI) [4] and nonsteroidal anti-inflammatory drugs (NSAID) [5]
has been associated with an increase in CDI. Even though any antibiotic may be incrim-
inated for inducing hospital-based infection by disrupting the gut barrier, clindamycin,
cephalosporins and fluoroquinolones have been frequently linked to CDI [6]. Liver cir-
rhosis is the 13th cause of death worldwide, even though the viral aetiology seems to be
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diminishing [7]. When portal hypertension is present, oesophageal varices will appear
and approximately 20% will bleed in the first three years from diagnosis. Despite stan-
dard endoscopic therapy for oesophageal varices, some patients will rebleed and other
complications may occur either due to portal hypertension or liver insufficiency [8].

Cirrhotic patients are vulnerable to developing CDI infection due to their frequent
admission and infections, as well as dysbiosis and a low immune system [9]. Bacterial
infection is frequently encountered in cirrhotic patients with variceal bleeding. Both the
American Association for the Study of Liver Diseases (AASLD) and the European Associa-
tion for the Study of the Liver (EASL) recommends the use of ceftriaxone as a prophylaxis
for bacterial infection, rebleeding and reduced hospital stay [10,11]. Nonetheless, patients
admitted with variceal bleeding have a higher mortality rate and are usually present in an
advanced cirrhotic stage with additional possible complications. While the use of ceftriax-
one is recommended for 5–7 days, this time, it might be enough for patients to acquire CDI
depending on their status.

Additional methods might be required to prevent widespread CDI incidence in cir-
rhotic patients. Both local and global strategies should ensure new public health actions to
consider sustainability in restraining the rate of CDI for vulnerable entities such as cirrhotic
patients [12]. Despite the prevalence of CDI among hospitalized patients, few studies
assessed the impact of CDI on patients with cirrhosis and variceal bleeding. The aim of our
study is to provide an overview on patients with cirrhosis and variceal bleeding, which
developed CDI after antibiotic prophylaxis.

2. Materials and Methods
2.1. Study Design

This was a retrospective, single-centre cohort study involving the assessment of
information from cirrhotic patient records with or without CDI, who presented to the
University County Hospital of Craiova, Romania, from 1 January 2017 to 31 December 2019.
All patients signed an informed consent form at the hospital upon admission, conforming
to the Declaration of Helsinki, 1967. The study was approved by the University of Medicine
and Pharmacy of Craiova Ethics Commission no. 88/2020.

The patients-related variables included demographics, age, alcoholism, comorbidi-
ties, previous use of PPI, or antibiotics. Medical history was registered: cardiovascular
and pulmonary diseases, diabetes mellitus, chronic renal failure, hepatocellular carci-
noma (CHC). The variables related to admission were analysed: Child–Pugh score (total
bilirubin, albumin, INR, ascites, encephalopathy), Atlas score (age, systemic antibiotics
during CDI therapy, leukocyte count, albumin, creatinine), MELD (dialysis at least twice
in the past week, creatinine, bilirubin, INR, sodium), Charlson comorbidity index (age,
myocardial infarction, peripheral vascular disease, history of cerebrovascular accident,
dementia, COPD, connective tissue disease, peptic ulcer disease, liver disease, diabetes
mellitus, hemiplegia, chronic kidney disease, solid tumour, leukaemia, lymphoma, aids),
albumin (g/dL), C-reactive protein (CRP, mg/dL), leukocytes (cells/µL), neutrophils (%),
erythrocytes (cells/µL), haemoglobin (g/dL), haematocrit (%), platelet count (cells/µL),
creatinine (mg/dL), urea (mg/mL), glomerular filtration rate (mL/min/1.73 m2), Na
(mEq/L), K (mEq/L). Costs were also considered in the outcomes’ analysis.

2.2. Patient Admission Protocol

We only included patients ≥ 18 years old, admitted with variceal bleeding secondary
to liver cirrhosis at their first episode. We followed the European Society of Gastrointestinal
Endoscopy (ESGE) and American Gastroenterological Association (AGA) guidelines for
variceal bleeding with immediate resuscitation, if necessary, terlipressin prescription as
well as antibiotic use to prevent bacterial dissemination. Endoscopy was performed as
soon as possible, pointing out either oesophageal or gastric varices. Endoscopic signs such
as active bleeding, oozing and white nipple are red signs requiring immediate therapy.
Band ligation was performed for oesophageal varices and sclerotherapy with n-butyl-2-
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cyanoacrylate for gastric varices. According to their status, patients were followed up for
the next few days in the intensive care unit (ICU) or in our clinic with medical management.
If rebleeding reappeared, another upper endoscopy was performed. All patients received
antibiotics (ceftriaxone) according to the European Association for the Study of the Liver
(EASL) recommendations [11] before or after endoscopy. Patients were also given lactulose
to prevent hepatic encephalopathy.

Patients were excluded if they previously received treatment with metronidazole
or vancomycin, had a recent positive test for CDI and had CDI treatment before testing.
Additionally, if other antibiotics were used during their hospitalization before CDI positive
results, patients were not included. Patients redirected from other hospitals that did not
respect our upper gastrointestinal bleeding (UGIB) protocol were not included.

2.3. CDI Diagnosis

Patients developing symptoms 48 h after admission with more than 3 watery stools/per
day for two consecutive days associated with abdominal pain were tested for CDI by A/B
stool assay. Results were further confirmed by an enzyme immunoassay (EIA) for detecting
glutamate dehydrogenase according to the European Society of Clinical Microbiology
and Infectious Disease (ESCMID) [13]. We also checked the prescription records for all
patients, as well as if other antibiotics were prescribed in the previous months, recent
admissions for other conditions. Only one test result was used in this study. Patients
received vancomycin or vancomycin +/− metronidazole depending on disease severity
and therapeutic response.

2.4. Statistical Analysis

Continuous variables for the study sample were described as using mean and standard
deviation or median (interquartile range). Percentages were used to describe the categorical
variables. Comparison among groups was conducted with the Mann–Whitney U test for
continuous variables and with the chi-square test for categorical variables. We created
violin plots to visually compare measured parameters between two groups. Violin plots
are like box plots, but also show the probability density of the data at different values.
Univariate and multivariate analyses were performed to find the significant independent
predictors of mortality. Variables that had a univariate association with overall mortality in
CDI patients at p-value < 0.5 were included in the multivariate analysis. The same method
was used to identify the risk factors of CDI. Correlogram with hierarchical clustering of
covariates was drawn to reveal the best models for predictors of CDI. The Hosmer and
Lemeshow test was used to assess how well the model fit with the data (the null hypothesis
is that the model is an adequate fit). The 95% confidence interval for the odds ratio was
assessed for every predictor. The area under the receiver operating characteristic (AUC)
and its 95% CI was used to assess prognostic accuracy for models. A model is considered
outstanding if AUC is bigger than 0.9, excellent if AUC is between 0.80 and 0.89, and
acceptable if its AUC is between 0.7 and 0.8, and its 95% CI of AUC exceeds 0.7. All results
were considered significant at a significance probability below 5%. All data were analysed
using the GraphPad Prism 9.1.0 software (GraphPad Software, San Diego, CA, USA) and R
corrplot and pROC packages (version 4.0.3).

3. Results
3.1. Patient Characteristics

A total of 367 patients with cirrhosis were identified during the study period, meeting
inclusion criteria. From these patients, 25 patients were confirmed with CDI. The clinical
features, comorbidities, and characteristics of patients with CDI are summarized in Table 1.
The mean age of cirrhotic patients with CDI was 65.8 years (SD: 8.06 years), and 76% of the
patients were male.
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Table 1. Demographics and clinical characteristics of the study population.

Cirrhotic with CDI Patients
Mean (±S.D.)/Number of Patients (%)

Total n = 25

Age (years) 65.8 (±8.06)
Alcohol 20 (80%)

Death (yes) 11 (44%)
Time between admission and CDI diagnosis 4.16 (±1.4)

Viral
HBV 3 (12%)
HCV 5 (20%)
No 17 (68%)

Hepatic cancer 7 (28%)
ICU 15 (60%)

Atlas score 4.32 (2.3)
PPI 23 (92%)

Rifaximin 5 (20%)
Encephalopathy 20 (80%)

Ascites 25 (100%)
SBP 5 (20%)

CRP (mg/mL) 50.4 (±23.82)
Leukocytes (cells/µL) 15,610.68 (±6900.72)

Neutrophils (%) 79.61 (±9.78)
Erythrocytes (cells/µL) 5305.44 (±6422.44)

Haematocrit (%) 27.61 (±7.67)
Glomerular filtration rate (mL/min/1.73 m2) 73.42 (±45.55)

Na (mEq/L) 129.96 (±4.84)
K (mEq/L) 4.45 (±0.85)

PPI, proton pump inhibitor; ICU, intensive care unit; SBP, spontaneous bacterial peritonitis; CRP, C-reactive protein.

There were no significant differences in MELD value, the level of haemoglobin,
platelets, and urea between patients with CDI and without CDI. The number of the days
of admission was higher for patients with CDI (Table 2). The Child–Pugh score was sig-
nificantly higher for the CDI group (p < 0.0001). Patients with cirrhosis and CDI had
higher albumin and creatinine level than the patients with cirrhosis, but without CDI. The
percentage of deaths was lower in the group of patients without CDI (n = 87, 25%) than in
the group of patients with CDI (n = 11, 44%). Cirrhotic with CDI patients had a significantly
higher costs (EUR 1502.45 vs. 998.31, p-value = 0.0006) compared with those without CDI
(on an average were 1.5-fold greater). Cirrhotic patients with CDI had a higher Charlson
index than cirrhotic patients without CDI (8.64 vs. 6.31, p-value = 0.001).

There was a modest trend for a higher rebleeding rate in patients without CDI at 7%
compared with 4% for CDI patients; however, this did not reach the level of statistical
significance (p-value = 0.53). There was a statistically significant trend for higher out-
patients PPI usage in the patients with CDI at 92% compared with 48% without CDI.

The comparison of the violin plots demonstrated that patients with CDI tended to
have a more skewed distribution of Charlson index, Child–Pugh score, costs, creatinine,
urea or admission’s days than patients without CDI, with their values toward higher values,
as shown in Figure 1.
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Table 2. Comparison of Cirr+CDI+ and Cirr+CDI−.

Characteristics Cirr+CDI+
n = 25

Cirr+CDI−
n = 342 p-Value

Death (yes) 11 (44%) 89 (25.6%) 0.0446 *
Rebleeding rate 1 (4%) 23 (6.73%) 0.5321

Proton pump inhibitor (yes) 23 (92%) 164 (47.95%) <0.0001 *

Days admission 14.84 (8.87)
12 (9–19)

8.08 (5.22)
7 (5–10) <0.0001 *

Child–Pugh score 11.20 (2.14)
12 (9–13)

7.9 (3.83)
9 (7–10) <0.0001 *

MELD 10.9 (15.64)
8.32 (6.54–9.25)

14.79 (69.35)
8.3 (6.66–10.5) 0.98

Albumin (g/dL) 2.33 (0.52)
2.2 (2–2.65)

2.45 (0.88)
2.6 (2.1–3) 0.013 *

Haemoglobin (g/dL) 8.73 (2.55)
8.8 (7.03–10.15)

13.7 (69.37)
8.09 (6.48–10) 0.368

Platelet count (cells/µL) 136,661.6 (111,271.56)
114,000 (80,500–168,000)

110,425.07 (77,579.62)
93,000 (64,112.5–137,000) 0.095

Creatinine (mg/dL) 1.35 (0.81)
1.1 (0.73–1.88)

0.96 (0.75)
0.74 (0.63–0.92) 0.037 *

Urea (mg/dL) 101.68 (62.79)
110 (44.5–131.5)

64.03 (42.24)
55.5 (36–77) 0.368

Costs (EUR) 1502.45 (1125.94)
1448.47 (558.99–1898.34)

998.31 (1253.4)
618.41 (412.38–1142.08) 0.0006 *

Charlson index 8.64 (3.46)
8.0 (5.50–12.00)

6.31 (1.83)
6.0 (5.0–8.0) 0.001 *

Mean (S.D.) and median (interquartile range) for continuous variables; n (percentage) for categorical variables; MELD, Model for End-Stage
Liver Disease; Cirr+CDI+, cirrhotic with CDI patients; Cirr+CDI−, cirrhotic without CDI patients; *, p-value < 0.05.
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3.2. Factors Associated with Mortality in Cirrhotic Patients with CDI

As shown in Table 3, univariate predictors of mortality for the cirrhosis and CDI
patients included Child–Pugh score (p-value = 0.026), leukocytes (p-value = 0.023), CRP
(p-value = 0.012), Atlas score (p-value = 0.011) and MELD (p-value = 0.022).
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Table 3. Univariate regression to explore factors associated with mortality.

Factors COR 95%CI p-Value

Age 1.03 0.929–1.142 0.57
Days admission 0.919 0.816–1.035 0.163
Child–Pugh score 3.787 1.174–12.208 0.026 *
Alcohol (yes) 2.25 0.304–16.632 0.427
Virala
HBV
HCV

0.364
1.333

0.047–2.817
0.067–26.618

0.333
0.851

Diabetes (yes) 2.0 0.366–10.919 0.423
Hepatic cancer (yes) 5.0 0.74–33.777 0.099
Rifaximin (yes) 7.429 0.69–79.957 0.098
HDS (yes) 0.205 0.018–2.327 0.201
SBP (yes) 4.875 0.43–55.292 0.201
Proton pump inhibitor (yes) 0.00 - 0.99
Albumin (g/dL) 0.167 0.021–1.315 0.089
Platelet (cells/µL) 1 1–1 0.413
Leukocytes (cells/µL) 1 1–1.001 0.023 *
CRP 1.139 1.029–1.261 0.012 *
Atlas 4.22 1.387–12.837 0.011 *
MELD 1.48 1.058–2.07 0.022 *
Charlson index 63.32 0.0–96.1 0.996

COR, crude odds ratio; PPI, proton pump inhibitor; ICU, intensive care unit; SBP, spontaneous bacterial peritonitis;
MELD, model for end-stage liver disease; *, p < 0.05, statistically significant.

According to the multivariate model, MELD is a predictor of mortality for patients
with cirrhosis and CDI (Table 4). The logistic regression model was statistically significant,
χ2(6) = 7.21, p = 0.032. The model explained 74.5% (Nagelkerke R2) of the variance in
mortality and correct classified 96% of cases. Increasing MELD was associated with an
increase in the likelihood of mortality.

Table 4. Multivariate regression to explore factors associated with mortality.

Factors AOR 95%CI p-Value

Child–Pugh score 1.409 0.883–2.25 0.787
Liver cancer (yes) 14.082 0.245–89.231 0.201
Rifaximin (yes) 10.039 0.005–19.27 0.55
Leukocytes 1.0 1.0–1.001 0.147
CRP 1.016 0.032–31.933 0.993
Atlas 3.704 0.622–22.072 0.15
MELD 1.281 0.098–1.643 0.042 *

AOR, adjusted odds ratio; MELD, model for end-stage liver disease; *, p < 0.05, statistically significant.

3.3. Risk Factors Associated with CDI in Cirrhotic Patients with Variceal Bleeding

Table 5 summarize the results of the univariate analysis to describe the risk factors
associated with CDI. Higher age (OR = 1.062; 95% CI: 1.017–1.109), higher length of hospital
admission (OR = 1.115; 95% CI: 1.062–1.171), liver cancer (OR = 3.173; 95% CI: 1.245–8.087),
the use of proton pump inhibitor (OR = 12.902; 95% CI: 2.995–55.566), higher level of
urea (OR = 1.013; 95% CI: 1.006–1.020) and a higher Charlson index (OR = 1.609; 95% CI:
1.33–1.947) were the risk factors for CDI during the hospitalization.
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Table 5. Univariate regression to explore factors associated with CDI.

Factors COR 95%CI p-Value

Age 1.062 1.017–1.109 0.006 *
Days admission 1.115 1.062–1.171 <0.0001 *
Child–Pugh score 1.543 1.262–1.887 <0.0001 *
Alcohol (yes) 1.5 0.52–4.3 0.451
Hepatic cancer (yes) 3.173 1.245–8.087 0.016 *
Creatinine 1.376 1.0–1.892 0.050
Urea 1.013 1.006–1.020 <0.0001 *
Proton pump inhibitor (yes) 12.902 2.996–55.566 0.001 *
Charlson index 1.609 1.330–1.947 <0.0001 *

COR, crude odds ratio; *, p < 0.05, statistically significant.

Multivariate analysis showed that a higher age (OR = 1.067; 95% CI: 1.004–1.134),
longer hospital stay (OR = 1.159; 95% CI: 1.086–1.238), higher level of urea (OR = 1.013;
95% CI: 1.002–1.023), higher Charlson index (OR = 1.671; 95% CI: 1.326–2.106) and the use
of proton pump inhibitor (OR = 23.015; 95% CI: 4.311–52.854) were risk factors for CDI in
cirrhotic patients (Table 6).

Table 6. Multivariate regression to explore factors associated with CDI.

Factors AOR 95%CI p-Value

Age 1.067 1.004–1.134 0.037 *
Days admission 1.159 1.086–1.238 <0.0001 ****
Child–Pugh score 1.224 0.916–1.636 0.171
Liver cancer (yes) 2.829 0.81–9.879 0.103
Creatinine 0.784 0.305–2.016 0.614
Urea 1.013 1.002–1.023 0.020 *
Proton pump inhibitor (yes) 23.015 4.311–52.854 <0.0001 ****
Charlson index 1.671 1.326–2.106 <0.0001 ****

AOR, adjusted odds ratio; *, p < 0.05; ****, p-value < 0.0001, statistically significant.

The correlation values in the Spearman correlation matrix ordered by hierarchical
clustering and visualized by correlogram (Figure 2) identified two clusters, which will
be assessed as Model 1 (age, days of admission, Charlson index, Child–Pugh score) and
Model 2 (HCC, PPI, creatinine, urea). The highest positively correlated parameters seen in
the correlogram were Charlson with age (r = 0.47, p-value < 0.05), Child–Pugh score with
PPI (r = 0.55, p-value < 0.05), and creatinine with urea (r = 0.64, p-value < 0.05).

The accuracy of the two models, evaluated by AUC, as in Figure 3, suggested Model
1 (covariates age, days of submission, Charlson index, Child–Pugh score) being the best
to predict CDI in cirrhotic patients with variceal bleeding. According to our results, the
probability p of developing CDI after antibiotic prophylaxis could be assessed with the
formula as in Equation (1):

log(
p

1 − p
) = −14.884 + 0.067 × Age + 0.122 × DaysAdm + 0.281 × Charlson + 0.463 × ChildScore (1)
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4. Discussion

As the most frequent hospital-associated infection, CDI will presumably first target
chronic patients, which also tend to be more susceptible to bacterial infection. However, the
healthcare systems are all aware of this potential threat, as CDI should have been discussed
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at a rather global scale since it has also shifted to community onset [14]. The environment
stands as a high-ground factor in disease evolution, namely because of asymptomatic
colonization as well as spore-resistant circumstances within medical care systems, which
will eventually lead to new virulent strains [15]. Thus, first focusing on a targeted group of
patients who require specific antibiotics might help restrain morbidity and health costs and
enable new approaches to prevent widespread infection.

Antibiotic exposure represents the highest risk for CDI, with the most common agents
represented by the second and third generation of cephalosporins [16]. Depending on the
patient status, even a brief exposure may be incriminated for CDI appearance. Our study
focused on a specific group of cirrhotic patients who presented with variceal bleeding,
pointing out a 7.20% development of CDI after ceftriaxone administration in order to
prevent bacterial translocation. In addition to antibiotic prophylaxis, patients suffering
from advanced chronic liver disease are at risk of acquiring nosocomial infections due to
their recurrent need for hospitalizations and the additional complications they develop
over time [17]. Moreover, cirrhosis may lead to an impaired local gut immune response
with a low motility level which may cause bacterial overgrowth, thus hampering the CDI
exposure [18].

Variceal bleeding is a major complication of cirrhosis and portal hypertension with
high mortality, ranging from 15 to 20% [19]. Available guidelines suggest the use of
cephalosporines for antibiotic prophylaxis for patients admitted with variceal bleed-
ing [10,11]. Cirrhotic patients have an increased risk for bacterial infection due to increased
intestinal permeability, immune dysfunction and bacterial translocation [20]. The recom-
mendation is to use antibiotics as soon as possible, since the bacterial infection may lead
to a high mortality rate. The main choice remains ceftriaxone 1 g/24 h for up to seven
days followed by norfloxacin 400 mg if patients do not have advanced liver disease [11].
Antibiotic use was proved to be efficient and to decrease early bacterial infection in cirrhotic
patients [21]. However, the use of antibiotics on cirrhotic patients and the potential hospital-
acquired infection is not extensively discussed. Only one study analysed the CDI relevance
after antibiotic administration [22]. However, the results are rather doubtable since they
used metronidazole, which is not actually indicated for variceal bleeding infection risk, but
also included in the CDI management.

While all antibiotics may be incriminated for hospital-related CDI, some antimicro-
bial agents are known to associate a higher risk than others such as fluorochinolones,
cephalosporins, carbapenems and clindamycin [23]. Ceftriaxone, a third generation
cephalosporine, is commonly used for bacterial prevention in patients with variceal bleed-
ing. However, since its elimination occurs through the biliary system, the bile concen-
tration of antibiotic will be higher within the gut, which may cause a dysbiosis in the
microbiota [24].

PPIs are frequently prescribed in patients with cirrhosis, even though their indication
is limited to gastroduodenal ulcers or after band ligation. Their benefit outside these causes
is controversial, and their long-term use has been linked to cirrhosis complications such as
spontaneous bacterial peritonitis and hepatic encephalopathy [25]. PPI influence on CDI
development has been well documented. Several meta-analyses concluded that their use
may foster CDI appearance, thus promoting them as an independent risk factor [26–29].
Several theories were suggested, mainly based on the PPI’s effect with acid suppression [30]
and gene expression decrease, which maintain the colonocyte integrity [31] or by decreasing
microbial diversity [32]. While histamine-2-receptor antagonists may be less harmful, the
use of PPI along with antibiotics may enhance the risk of CDI [33]. Our study confirms
that PPI might influence CDI development since patients were on a long-term therapy.

Our first objective was to highlight possible risk factors that may lead to CDI. We
identified that older patients, longer admission, urea, higher Charlson index, liver cancer
and PPI may influence CDI appearance. Thus, our results are similar with other studies
which assessed CDI and cirrhosis. Furthermore, we tried to develop a patient profile to
statistically identify a model that might help differentiate high risk patients. By hierar-
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chical clustering, we identified two models that suggested what patients might be more
predisposed to develop CDI. While Model 2 consisted of HCC, PPI, creatinine and urea,
the best prediction model seemed to correspond to Model 1 which followed age, days of
admission, Charlson index and the Child–Pugh score. Nevertheless, this might enhance
awareness when antibiotics are used for cirrhotic patients with variceal bleeding and also
help identify early additional complications. Hence, the medical system will also benefit,
since this tool will help in early decision making and integrate it in sustainable public
health programs through economic and environmental domains. The CDI risk tool will be
helpful and might be embedded in the local protocols and decision-making process.

CDI is known to prolong admission, and consecutively raises the health costs [9]. This
was also observed in our study, with patients with CDI having significantly higher costs
than the ones without CDI. This provides an additional burden to the healthcare system
increasing hospital charges. Bajaj et al. [34] reported that patients with cirrhosis and CDI
have a 2.2-fold greater costs than those without CDI. A strategy was proposed by Saab
et al. [35] who tried to implement a screening strategy to reduce healthcare costs. They
concluded that patients with cirrhosis might require screening regarding their symptoms,
and consecutively, the cost will be reduced at least four times compared with patients
without CDI.

Mortality in CDI patients might be related to age, albumin levels, leukocytes count
and renal failure [36]. Several studies identified risk factors associated with mortality in
cirrhotic patients, which acquired CDI [37–39]. While ICU admission and albumin were
recognized as predictors of short-term mortality, we identified some risk factors related to
CDI severity, such as leukocytes, CRP and Atlas score, and to the liver disease—mainly
Child–Pugh score and MELD. Malignancy has also been reported to increase death rate;
however, our patients with HCC with associated CDI did not have a worse prognosis than
other CDI patients. Hong et al. [40] obtained a hazard ratio of 1.06 ± 0.02 for the MELD
score, suggesting a 21.5% increase in mortality in CDI patients and concluding that this is
the only reliable short-term mortality predictor. Our analysis also recognized the MELD
score as the most reliable predictor of mortality and its increase was associated with the
likelihood of mortality.

A major concern for CDI exposure should now be acknowledged along with the
COVID-19 pandemic. Its impact on the healthcare system should not be considered only in
the short term by affecting patient’s status, medical workers [41] and the fact that some
diseases might be neglected but also in the long-run by the use of specific medication and
their effect on patients [42]. However, at first, the CDI rate might be on a lower trend,
due to increase hand hygiene and contact precautions, but most of all due to extensive
cleaning and general disinfection, along with more patients which develop severe disease,
as antibiotics will be used more frequently to prevent additional bacterial pulmonary
infection [43,44].

Extensive measures should be considered for dedicated patients with known risk
factors when antibiotics are used. Preventing a possible CDI infection might be challenging
in cirrhotic patients which require antibiotics, however, if a better knowledge of hand
hygiene for both patients and medical staff is instated within hospital policies, it might
prevent disease spread [45,46]. Nevertheless, isolating patients, chemical disinfection
agents as well as glove use on CDI patients should be considered as infection control
measures to limit other cases appearance [47].

Thus, new CDI policies on awareness should be developed and identifying a patient
profile might ease day-to-day practice and decrease morbidity and healthcare costs, at least
in our group of patients.

Several limitations should be considered in our study. First of all, this was a single-
centre retrospective study, using a small number of CDI patients, thus, when compared to
other dedicated institutions, results may differ. However, we tried to minimize potential
errors by limiting to a specific set of patients and a specific antibiotic. Therapy consisted
in vancomycin and vancomycin +/− metronidazole, but with no follow up in all patients
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for 14 days and also with no data included regarding recurrence rate. We also did not
include data about CDI strains and long-term mortality. Moreover, the recurrence rate of
CDI was not taken into account since we focused on the first diagnosis, risk factors and
early mortality.

5. Conclusions

CDI infection should be considered whenever ceftriaxone is used to prevent bacterial
infection after variceal bleeding and identifying the patients with a higher risk will have
an impact on morbidity and on the healthcare system. Our model consisting of age, days
of admission, Child–Pugh score and Charlson index could predict CDI development in
cirrhotic patients with variceal bleeding following ceftriaxone. Furthermore, multicentre
studies should be implemented to validate our results.
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Makowiecki, M.; et al. Advanced age and increased CRP concentration are independent risk factors associated with Clostridioides
difficile infection mortality. Sci. Rep. 2020, 10, 14681. [CrossRef]

38. Kruger, A.J.; Durkin, C.; Mumtaz, K.; Hinton, A.; Krishna, S.G. Early Readmission Predicts Increased Mortality in Cirrhosis
Patients after Clostridium difficile Infection. J. Clin. Gastroenterol. 2019, 53, e322–e327. [CrossRef]

39. Czepiel, J.; Krutova, M.; Mizrahi, A.; Khanafer, N.; Enoch, D.A.; Patyi, M.; Deptuła, A.; Agodi, A.; Nuvials, X.; Pituch, H.; et al.
Mortality Following Clostridioides difficile Infection in Europe: A Retrospective Multicenter Case-Control Study. Antibiotics 2021,
10, 299. [CrossRef]

40. Hong, S.J.; Feuerstadt, P.; Brandt, L.J. MELD is the only predictor of short-term mortality in cirrhotic patients with C. difficile
infection. Dig. Liver Dis. 2019, 51, 275–280. [CrossRef]

41. Ungureanu, B.S.; Vladut, C.; Bende, F.; Sandru, V.; Tocia, C.; Turcu-Stiolica, R.A.; Groza, A.; Balan, G.G.; Turcu-Stiolica, A.
Impact of the COVID-19 Pandemic on Health-Related Quality of Life, Anxiety, and Training among Young Gastroenterologists in
Romania. Front. Psychol. 2020, 11, 579177. [CrossRef]

42. Spigaglia, P. Clostridioides difficile infection in the COVID-19 era: Old and new problems. Pol. Arch. Intern. Med. 2021, 131,
118–120. [CrossRef]

43. Hazel, K.; Skally, M.; Glynn, E.; Foley, M.; Burns, K.; O’Toole, A.; Boland, K.; Fitzpatrick, F. The other ‘C’: Hospital-acquired
Clostridioides difficile infection during the coronavirus disease 2019 (COVID-19) pandemic. Infect. Control Hosp. Epidemiol. 2021.
[CrossRef]

44. Ochoa-Hein, E.; Rajme-López, S.; Rodríguez-Aldama, J.C.; Huertas-Jiménez, M.A.; Chávez-Ríos, A.R.; de Paz-García, R.;
Haro-Osnaya, A.; González-Colín, K.K.; González-González, R.; González-Lara, M.F.; et al. Substantial reduction of healthcare
facility-onset Clostridioides difficile infection (HO-CDI) rates after conversion of a hospital for exclusive treatment of COVID-19
patients. Am. J. Infect. Control 2020. [CrossRef]
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Abstract: Recurrent Clostridioides difficile infections (rCDI) have a substantial impact on healthcare
systems, with limited and often expensive therapeutic options. Nonalcoholic fatty liver disease
(NAFLD) affects about 25% of the adult population and is associated with metabolic syndrome,
changes in gut microbiome and bile acids biosynthesis, all possibly related with rCDI. The aim of
this study was to determine whether NAFLD is a risk factor associated with rCDI. A retrospective
cohort study included patients ≥ 60 years hospitalized with CDI. The cohort was divided into two
groups: those who were and were not readmitted with CDI within 3 months of discharge. Of the
329 patients included, 107 patients (32.5%) experienced rCDI. Patients with rCDI were older, had
higher Charlson Age–Comorbidity Index (CACI) and were more frequently hospitalized within
3 months. Except for chronic kidney disease and NAFLD, which were more frequent in the rCDI
group, there were no differences in other comorbidities, antibiotic classes used and duration of
antimicrobial therapy. Multivariable Cox regression analysis showed that age >75 years, NAFLD,
CACI >6, chronic kidney disease, statins and immobility were associated with rCDI. In conclusion,
our study identified NAFLD as a possible new host-related risk factor associated with rCDI.

Keywords: Clostridioides difficile associated disease; CDI; nonalcoholic fatty liver disease; NAFLD;
NASH; recurrent disease

1. Introduction

Clostridioides difficile infection (CDI), with increasing prevalence and mortality rates,
is the leading cause of healthcare-associated diarrhea [1]. On hospital admission, 7% of
patients are already colonized with C. difficile and another 21% become infected during
hospitalization [2]. Furthermore, 20 to 30% of patients will develop symptomatic CDI
recurrence within 2 weeks of completion of accurate therapy, and each episode increases
the risk of future episodes by about 20% [3,4]. Therefore, recurrent C. difficile infections
(rCDI) cause substantial impact on healthcare systems with limited and often expensive
therapeutic options [5]. This requires identification of patients at high risk of rCDI. So
far, major risk factors suggested to be associated with rCDI were age, use of antibiotics
for non-C. difficile infection, gastric acid suppression and infection with a hypervirulent
strain (NAP1/BI/027) [5]. Age is the most frequently reported risk factor for rCDI; the
probability of rCDI is 27% in the age group between 18 and 64 and 58.4% in patients older
than 65 years [4,6]. However, the literature data on other host risk factors are inconsistent
and often contradictory. Severe underlying comorbidities, chronic renal disease, CDI
severity, prolonged hospital stay, and nursing home residency were inconsistently reported
as additional risk factors [5–8]. Recently, it was suggested that metabolic syndrome and
its components, primarily obesity and diabetes mellitus (DM), might be associated with
rCDI [8,9]. Metabolic syndrome is linked with changes in gut microbiome that might serve
as protective intestinal flora for C. difficile germination and disease development [10].
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Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease,
affecting about 25% of the adult Western population [11,12]. NAFLD represents a spectrum
of chronic liver pathologies, from simple steatosis to nonalcoholic steatohepatitis, cirrhosis,
and hepatocellular carcinoma [11,12]. There is a close relationship between NAFLD and
metabolic syndrome, clustering visceral overweight, dyslipidemia, insulin resistance and
arterial hypertension [11–13]. Some consider NAFLD as the hepatic manifestation of
metabolic syndrome. Importantly, it is well described that changes in the gut microbiome
promote the development of NAFLD through inflammatory processes, insulin resistance
and bile acids metabolism, all possibly related with increased susceptibility to CDI [14,15].
We have recently shown that NAFLD is an independent risk factor for in-hospital CDI in
elderly patients treated with systemic antimicrobial therapy [16]. Similarly, a case–control
study showed that hospitalized patients with CDI more frequently have NAFLD and
metabolic syndrome, as compared to age- and gender-matched controls hospitalized for
non-CDI diarrhea [17]. However, the question remains if NAFLD is a risk factor for CDI
recurrence. Due to the high and increasing burden of NAFLD in the Western population,
identification of NAFLD as a novel and common risk factor could improve current CDI
management strategies.

Therefore, the aim of this retrospective cohort study was to determine whether NAFLD
is an independent risk factor associated with CDI recurrence in elderly patients who are at
the highest risk for increased mortality, hospitalization, complications and healthcare costs.

2. Results

A total of 329 patients were included in the study (196, 59.6% females with the median
age of 77, interquartile range (IQR) 71–83 years). Among the entire cohort, 107 (32.5%)
patients developed recurrent CDI within 90 days of index hospitalization discharge or
by the end of index CDI therapy (total of 171 episodes). Of those, 67 patients developed
rCDI by 28 days (a cumulative probability of recurrence of 20.7%, 95% CI = 13.5–28.9%)
and 40 patients by 90 days (33.3%, 26.5–40.4%). Three, four and five or more documented
episodes were registered in the studied period in 38, 11 and 5 patients, respectively.

Patients with rCDI were older (78 years, IQR 74–84 vs. 77 years, 71–81), had higher
Charlson Age–Comorbidity Index (CACI) (6, IQR 5–7 vs. 5, IQR 4–6) and were more
frequently hospitalized within 3 months (81.3% vs. 68.9%). Except for chronic kidney
disease (CKD) (26.2% vs. 6.8%) and NAFLD (34.6% vs. 18.5%), which were more frequent
in the rCDI group, there were no differences in other comorbidities, as presented in Table 1.
Notably, the majority of patients with CKD in our cohort did not undergo chronic dialysis;
two patients in CDI and four in rCDI group were in a dialysis program.

High proportions of patients in both groups were nursing home residents (37.4% vs.
33.3%). Regarding chronic medications, patients without recurrence were more frequently
receiving statins (23.4% vs. 13.1%), while there were no differences in prescription of
perioral anti-diabetic, metformin or insulin. The majority of patients in both groups were
receiving histamine-2 receptor antagonist and/or proton pump inhibitors (47.7% vs. 43.7%).

Use of specific of antibiotic classes per patient and duration of therapy prior the first
episode of CDI were similar; fluoroquinolones were most frequently prescribed (29.9%
vs. 27.0%), followed by 3rd generation cephalosporins (20.5% vs. 13.5%) and amoxi-
cillin/clavulanate (19.6% vs. 22.1%). The reasons for antibiotic prescription prior the first
episode of CDI were similar in both groups—most commonly for urinary tract infections
(28.9% vs. 30.2%), respiratory infections (26.2% vs. 23.4%) and skin/soft tissue infections
(11.2% vs. 5.9%). However, there were 9 patients with rCDI (8.4%) and 42 (18.9%) with
CDI, for whom the reason for antibiotic prescription was not clear.

On index hospitalization, the majority of patients presented with severe CDI, median
ATLAS score of 5 (IQR 4–7) in both groups, and elevated inflammatory markers (C-reactive
protein and white blood cells count), as presented in Table 2. There were no differences in
APRI or FIB4 scores between groups; APRI score >1.5 had 4.0% of patients in CDI and 2.8%
in rCDI group. FIB4 score >3.25 had 10.8% in CDI and 10.3% of patients in rCDI group.
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Table 1. Baseline patients’ characteristics.

Characteristics Clostridioides difficile Infection
(n = 222)

Recurrent Clostridioides
difficile Infection (n = 107) p-Value a

Age, median (IQR b) 77 (71–81) 78 (74–84) 0.011
Female, No. (%) 135 (60.8%) 61 (57.0%) 0.549

Nursing Home Resident 74 (33.3%) 40 (37.4%) 0.536
Charlson Age–Comorbidity Index 5 (4–6) 6 (5–7) <0.001

Hospital Admission within 3 months 153 (68.9%) 87 (81.3%) 0.018

Comorbidities

Diabetes Mellitus 54 (24.3%) 34 (31.8%) 0.183
Arterial Hypertension 108 (48.6%) 59 (55.1%) 0.291

Cardiovascular Disease 57 (25.7%) 18 (16.8%) 0.092
Peripheral Vascular Disease 20 (9.0%) 9 (8.4%) >0.999

Hyperlipidemia 54 (24.3%) 25 (23.4%) 0.891
Solid Tumor 22 (9.9%) 14 (13.1%) 0.451

Chronic Kidney Disease 15 (6.8%) 28 (26.2%) <0.001
Chronic Obstructive Pulmonary Disease 51 (22.9%) 19 (17.8%) 0.316

Neurological Diseases 51 (22.9%) 27 (25.2%) 0.679
Obesity (BMI > 30 kg/m2) 23 (10.4%) 18 (16.8%) 0.109
Body Mass Index (BMI) c 25 (23–28) 27 (24–30) 0.010

Nonalcoholic Fatty Liver Disease 41 (18.5%) 37 (34.6%) 0.002

Use of Chronic Medications

Statins 52 (23.4%) 14 (13.1%) 0.028
Metformin 15 (6.8%) 13 (12.1%) 0.138

Other Perioral Anti-diabetic 13 (5.9%) 10 (9.3%) 0.255
Insulin 22 (9.9%) 15 (14.0%) 0.269

Histamine-2 Receptor Antagonist and/or
Proton Pump Inhibitor 97 (43.7%) 51 (47.7%) 0.554

Immunosuppressive Agents 20 (9.0%) 7 (6.5%) 0.525

Antibiotic Therapy before the 1st Episode of CDI

Fluoroquinolones 60 (27.0%) 32 (29.9%) 0.510
1st Generation Cephalosporins 1 (0.4%) 1 (0.9%) 0.545
2nd Generation Cephalosporins 18 (8.1%) 7 (6.5%) 0.824
3rd Generation Cephalosporins 30 (13.5%) 22 (20.5%) 0.108
4th Generation Cephalosporins 3 (1.3%) 1 (0.9%) >0.999

Amoxicillin/Clavulanate 49 (22.1%) 21 (19.6%) 0.668
Piperacillin/Tazobactam 18 (8.1%) 9 (8.4%) >0.999

Carbapenems 7 (3.1%) 5 (4.7%) 0.536
Macrolides 22 (9.9%) 8 (7.5%) 0.544

Clindamycin 12 (5.4%) 10 (9.3%) 0.237
Others 6 (2.7%) 6 (5.6%) 0.214

a Fisher exact or Mann–Whitney U test, as appropriate; b IQR, interquartile range; c data available for 299 patients.

There was no difference in the choice of CDI treatment between groups; 118 patients
were treated with metronidazole, 182 with vancomycin and 29 received combined therapy.
There were 39 patients considered metronidazole unresponsive who were switched to
vancomycin. Importantly, the majority of our cohort received non-CDI antibiotics during
hospitalization (62.6% in rCDI and 67.6% in CDI group). As shown in Table 2, the most
commonly used antibiotics were piperacillin/tazobactam (23.4% vs. 18.5%), 3rd generation
cephalosporins (23.4% vs. 21.6%) and carbapenems (10.3% vs. 14.9%). The reasons for
non-CDI therapy were respiratory tract infection (15.5%), urinary tract infection (30.7%),
sepsis (7.9%) and suspected bacteriaemia of gastrointestinal origin (6.1%). There were no
differences between groups in the choice of antibiotic therapy, number of antibiotic classes
prescribed or duration of antimicrobial therapy.
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Table 2. Clinical, laboratory and treatment characteristics during the first episode of CDI.

Characteristics Clostridioides difficile
Infection (n = 222)

Recurrent Clostridioides difficile
Infection (n = 107) p-Value a

CDI Severity

Nonsevere 95 (42.8%) 45 (42.0%)
0.377Severe 100 (45.0%) 54 (50.5%)

Fulminant 27 (12.2%) 8 (7.5%)
ATLAS Score 5 (4–7) 5 (4–7) 0.503

Laboratory Findings on Admission

C-reactive Protein, mg/L 107.5 (54–172) 94.1 (54.6–147.0) 0.294
White Blood Cells Count, ×109/L 14.5 (10.0–20.0) 13.2 (10.1–19.6) 0.487

Hemoglobin, g/L 120 (107–129) 120 (108–130) 0.851
Platelets, ×109 251 (198–327) 256 (190–327) 0.859
Urea, mmol/L 8.1 (5.3–13.0) 7.1 (4.97–11.63) 0.256

Creatinine, µmol/L 103 (77.0–153.0) 109 (75–145) 0.890
Aspartate Aminotransferase, IU/L 19 (14–28) 19 (13–24) 0.146
Alanine Aminotransferase, IU/L 15 (10–23) 14 (10–22) 0.581

Serum Albumins, g/L 27.8 (23.9–32.4) 28.8 (24.8–33.9) 0.194

CDI Treatment Regiment

Metronidazole 77 (34.7%) 41 (38.3%) 0.541
Vancomycin 122 (54.9%) 60 (56.1%) 0.906

Metronidazole + vancomycin 23 (10.4%) 6 (5.6%) 0.212

Other Antimicrobials (not for C. difficile)

Any Systemic Antibiotic 150 (67.6%) 67 (62.6%) 0.387
Fluoroquinolones 9 (4.0%) 8 (7.5%) 0.194

1st Generation Cephalosporins 2 (0.9%) 0 >0.999
2nd Generation Cephalosporins 2 (0.9%) 1 (0.9%) >0.999
3rd Generation Cephalosporins 48 (21.6%) 25 (23.4%) 0.777
4th Generation Cephalosporins 2 (0.9%) 2 (1.9%) 0.598

Amoxicillin Clavulanate 18 (8.1%) 8 (7.5%) >0.999
Piperacillin/Tazobactam 41 (18.5%) 25 (23.4%) 0.307

Carbapenems 33 (14.9%) 11 (10.3%) 0.301
Macrolides 5 (2.2%) 5 (4.7%) 0.304

Clindamycin 1 (0.4%) 1 (0.9%) 0.545
Others 8 (3.6%) 5 (4.7%) 0.763

No. of Antibiotic Classes Used per Patient 1 (0–3) 1 (0–3) 0.889
a Fisher exact or Mann–Whitney U test, as appropriate.

In order to identify potential risk factors for CDI recurrence, we performed a mul-
tivariable Cox regression analysis. After adjustment for potential cofounders, Charlson
Age–Comorbidity Index >6 (Hazard ratio (HR) 1.97, 95% CI 1.32–2.92), age > 75 years
(HR 1.88, 95% CI 1.20–2.97), NAFLD (HR 1.81, 95% CI 1.19–2.74, Figure 1), chronic kidney
disease (HR 1.86, 95% CI 1.19–2.88) and immobility (HR 1.73, 95% CI 1.16–2.56) were asso-
ciated with rCDI, as presented in Table 3. Chronic therapy with statins was associated with
a decreased risk of rCDI (HR 0.24, 95% CI 0.11–0.52). Interestingly, some of the expected
risk factors such as diabetes mellitus or obesity, nasogastric tube feeding and nursing home
residency, as well as previous hospital admissions, choice of previous antibiotic therapy or
concomitantly used antibiotics were not associated with rCDI in our model.

In addition, when NAFLD was combined with age > 75 years, chronic kidney disease
and immobility, the risk of rCDI was even higher, as shown in Figure 2. Statin use was
associated with lower rCDI in both patients with and without NAFLD (Figure 2, Panel d).
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Figure 1. Kaplan–Meier curves and Cox proportional hazard ratios (HR) for recurrence of Clostrid-
ioides difficile infection in patients with and without nonalcoholic fatty liver disease.

Table 3. Multivariable Cox regression analysis of risk factors for the development recurrent Clostrid-
ioides difficile infection.

Variable Hazard Ratio 95% CI p-Value

Age > 75 Years 1.88 1.20 to 2.97 0.006
Charlson Age–Comorbidity

Index (CACI) > 6 1.97 1.32 to 2.92 <0.001

Immobility 1.73 1.16 to 2.56 0.006
Nonalcoholic Fatty Liver

Disease 1.81 1.19 to 2.74 0.005

Chronic Kidney Disease 1.86 1.19 to 2.88 0.006
Statins 0.24 0.11 to 0.52 <0.001

The strength of association was expressed as hazard ratio (HR) and its corresponding 95% confidence interval
(CI). The area under the ROC curve in the fully adjusted model was AUC 0.72 (95% CI 0.66 to 0.77).

Finally, we report the demographic and clinical characteristics of patients with NAFLD.
As previously shown, they had significantly higher incidence of rCDI (47.4% vs. 27.9%).
They were younger than patients without NAFLD (median of 76, IQR 71–81 vs. 78, IQR
72–83 years), more commonly had BMI > 30 (38.5% vs. 9.6%), diabetes mellitus (41.0%
vs. 22.3%) and hyperlipidemia (33.3% vs. 21.1%) (data not shown). Consequently, they
were more frequently prescribed statins (26.9% vs. 17.9%), metformin (11.5% vs. 7.9%) and
insulin (17.9% vs. 9.2%) (data not shown). There was no difference in other comorbidities,
chronic medications or antibiotics used. The 1st episode disease severity was similar to
patients without NAFLD (ATLAS score of 5, IQR 4–6 vs. 6, IQR 4–7, p = 0.103) (data not
shown).
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3. Discussion

Over the last decade, there has been a marked increase in the incidence and severity of
CDI, with relapsing episodes now occurring at a higher frequency, especially in the elderly.
Notably, recurrent CDI is associated with a significantly higher risk of death within six
months after initial CDI treatment completion, compared with CDI patients who do not
develop a recurrence [18,19].

In this retrospective cohort study, we found a significant association between recurrent
CDI and NAFLD in elderly patients. Moreover, this appears to be independent of a number
of potential confounders, specifically other components of metabolic syndrome.

While there are several well-established risk factors for primary infection with C.
difficile, the studies examining risk factors for CDI recurrence had variable results depending
on the population studied. To the best of our knowledge, none of them have analyzed the
impact of NAFLD on CDI recurrence.

Surprisingly, the investigation of the role of NAFLD in bacterial infections has only
recently been initiated. Although patients with NAFLD might have a higher risk for
infections due to the concomitant presence of obesity or diabetes mellitus, few studies that
included NAFLD in the analysis consistently showed its outcome impact independently
of the metabolic syndrome components [20]. So far, this was suggested for community-
acquired pneumonia, bacteriaemia of gastrointestinal origin, sepsis and urinary tract
infections [21–25]. Recently, we have shown that NAFLD is a risk factor for in-hospital CDI
development in elderly patients treated with systemic antimicrobial therapy [16].

The possible explanation of increased risk of CDI in NAFLD patients includes changes
in intestinal microbiota linked to the development and progression of NAFLD [13]. While
Bacteroides and Bifidobacterium play an important role in the mechanism, preventing col-
onization by C. difficile, patients with NAFLD were shown to have a relative decrease in
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the proportion of Bacteroides to Firmicutes [13,26,27]. Notably, NAFLD is now considered a
multisystem disease due to the persistent low-level inflammation with impaired immune
response that might predispose patients to a variety of infections [13,28].

In our cohort, DM and obesity were not associated with rCDI. The current medical
literature is contradictory on the association between obesity and C. difficile infection. Two
case–control studies that examined the association of CDI with BMI showed different
results. While Bishara et al., based on data collected from 148 adult patients with CDI,
showed an association of BMI with CDI (OR = 1.196 per 1-unit increase in BMI scale) [9],
Punni et al. in their study on 189 patients did not [29]. There was no association of obesity
with the risk of C. difficile infection among patients with ulcerative colitis and according
to another study, obesity was even associated with decreased risk of CDI in hospitalized
patients with pouchitis [30,31].

Meanwhile, several studies have shown that DM increases the risk of CDI recurrence,
but none of them included NAFLD as a variable. A large Spanish cohort study showed a
significantly higher incidence of CDI in DM patients, with an increasing trend between
2011 and 2015 [32]. In addition, patients with DM have significantly higher probability
for hospital readmission due to CDI (adjusted OR of 3.79 to 5.46) and the development of
severe CDI [8,33]. DM was also recognized as an independent risk factor in patients with
toxigenic C. difficile colonization to develop C. difficile-associated diarrhea [7].

Interestingly, it was shown that metformin increases the Bacteroidetes/Firmicutes ratio;
therefore, it may yield a protective effect against CDI in patients with DM [34]. A retro-
spective, case–control study compared CDI diabetic patients to diabetic patients without
CDI and found metformin treatment to be associated with significant reduction in CDI (OR
0.58) [35]. This could be partially explained by the study that showed that metformin re-
duces vegetative cell growth of C. difficile in vitro, as well as ex vivo in human microbiome
culture system [36]. Metformin modified human gut microbiome by decreasing C. difficile
growth while increasing the growth of non-pathogenic Clostridium strains [36].

Other risk factors for rCDI in our study were age, significant comorbidities measured
with Charlson Age–Comorbidity Index (CACI), chronic kidney disease and immobility.

Several studies examined the association of CKD with CDI. While the association of
severe CKD requiring dialysis with CDI severity and mortality is clear, there are inconsistent
data on if patients not undergoing dialysis are at higher risk for CDI [37–40]. We provide
additional data that patients with CKD not requiring chronic dialysis are at increased risk
for rCDI.

Meanwhile, antibiotics and proton pump inhibitors, which are well-known risk factors
for initial CDI and rCDI, were not associated with rCDI in our study. This might be due to
the characteristics of our cohort and widespread use of these medications, which might
have predisposed the development of CDI in the first place.

Next, we found that statin use was associated with lower rCDI in patients both with
and without NAFLD. Due to the global epidemic of cardiovascular diseases, obesity and
metabolic syndrome, statins are considered as one of the most commonly used medi-
cations worldwide [41]. Other than their cholesterol-lowering effect, they also have an
anti-inflammatory and immunomodulatory properties [42]. According to a recent meta-
analysis of available data, the risk of developing CDI was approximately 25% lower in
statin users compared with non-users [43]. However, this meta-analysis included eight
observational studies with significant heterogeneity. There are no randomized control
trials published so far. Although the exact mechanisms of risk decrease in CDI in statin
users remains unknown, some studies demonstrated that statins have an influence on gut
microbiota and could change its composition [44–46]. Vieira-Silva et al. recently identified
statins as a key covariate of gut microbiome diversification [45]. In their study examining
obesity-associated microbiota alterations, they showed that obesity is linked with intestinal
microbiota configuration characterized by a high proportion of Bacteroides, a low proportion
of Faecalibacterium and low microbial cell densities (the so called Bact2 enterotype) [45].
However, patients treated with statins had significantly lower Bact2 prevalence [45]. A
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systematic review of both human and animal data showed that statins modulate the gut
microbiome, but the effect of change is unclear, probably due to the differences in popula-
tions studied [46]. It seems reasonable to speculate that modulation of the gut microbiome
by statins might aid in the restoration of colonization resistance and lower recurrence of
CDI. Alternatively, as statins have anti-inflammatory properties, their use may decrease
the inflammatory response to C. difficile infection, which may lead to the decreased severity
of CDI [47].

The major limitation of this study comes from its retrospective, monocentric design,
and despite adjustment for a variety of demographics, comorbidities and medications,
residual confounding may exist. The diagnosis of NAFLD was based on abdominal US,
which is operator-dependent, and patients were not systematically screened for other
causes of liver steatosis, but from data available in medical charts. Importantly, US has
limited sensitivity and does not reliably detect steatosis when <20% or in individuals with
high body mass index (BMI) (>40 kg/m2) and is inferior to MRI or CT scan for detection
and grading of steatosis [48,49]. Next, while any potential effects of NAFLD should
be interpreted in connection with metabolic syndrome, due to the retrospective design,
we could not include waist circumference, type of dyslipidemia, levels of triglycerides
or HDL cholesterol. However, we included diabetes mellitus and obesity (defined by
BMI > 30 kg/m2), which might have the highest confounding impact, and have both been
previously shown to be associated with rCDI. Since only a minority of patients had a
significant risk of advanced fibrosis, as measured by APRI and FIB4 score, we were not
able to determine the effect of advanced NAFLD on rCDI. Another limitation was the lack
of data on C. difficile strain, which might be important since 027/BI/NAP1 strain has been
associated with increased risk of CDI recurrence [50]. The study was designed to investigate
the effect of NAFLD in elderly who are at the highest risk for rCDI and included only
patients who were rehospitalized during a 3-month period. Therefore, patients diagnosed
and treated for rCDI entirely as outpatients would not have been identified as having a
recurrence. However, this would underestimate, rather than overestimate, the impact of
NAFLD on patient outcomes.

Nevertheless, we report the first data examining the association of NAFLD with rCDI.

4. Materials and Methods
4.1. Study Design and Patients

This was a retrospective cohort study conducted at the University Hospital for Infec-
tious Diseases Zagreb (UHID), Croatia, which is a national referral center for infectious
diseases. We reviewed the hospital records of all adult patients hospitalized at UHID with
a diagnosis of Clostridium difficile infection over a 5-year period (2016–2019). We included
patients > 60 years diagnosed with the first episode of CDI. Patients who had a previous
episode of CDI within three months before index hospitalization were excluded, as well as
patients with known alcohol abuse and/or those diagnosed with chronic viral hepatitis
or with a history of other known liver diseases. Next, only patients with performed ul-
trasonography examination to assess liver steatosis were included in study. During the
period studied, a total of 841 patients were hospitalized with diagnosis of CDI. Of those,
730 were >60 years (total of 999 episodes of CDI). A total of 401 patients were excluded:
31 had CDI within 3 months, significant alcohol intake in 38, chronic viral hepatitis in 21,
cirrhosis in 11 and hepatotoxic medications in 14 patients. There were 267 patients who did
not have abdominal imaging, and 19 patients died during initial hospitalization. In the end,
329 patients were included in the study. The cohort was divided into two groups, those
who were and were not readmitted with CDI within 3 months of discharge, as described in
a flowchart (Figure 3).
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Figure 3. Study design flow chart.

4.2. Data Collection, Outcomes, and Definitions

We collected multiple variables that could be associated with patient outcomes. These
variables included demographic data (age, sex and residence in nursing homes) and med-
ical history (comorbidities (measured by Charlson Age–Comorbidity Index, CACI [51]),
chronic medications, hospital admission within 3 months, administration of antibiotics
within 90 days). CDI was defined as the presence of 3 or more unformed stools in 24 or
fewer consecutive hours, confirmed with positive two-stage C. difficile stool tests (screen-
ing GDH test confirmed with toxin A/B PCR), according to current guidelines [52–54].
CDI severity was determined by ATLAS score calculation [55]. CDI treatment regimen,
its duration and the use of other non-CDI antimicrobials were collected. Selected blood
laboratory data at the admission were analyzed: C-reactive protein level, white blood
cell count, platelet count, hemoglobin, blood urea nitrogen, serum creatinine, aspartate
aminotransferase, alanine aminotransferase, gamma-glutamyl transferase, alkaline phos-
phatase, bilirubin and serum albumin concentration. In addition, as a surrogate marker of
liver injury, APRI and FIB-4 score were calculated for all patients [56]. Using the CKD-EPI
equation, we calculated estimated glomerular filtration rate (eGFR) [57]. The diagnosis of
NAFLD was made based on the results of abdominal ultrasound and by the absence of
a secondary cause of NAFLD, according to current guidelines [11,12]. The liver steatosis
was assessed by ultrasound in all patients by an experienced radiologist, and defined as
finding liver parenchyma with increased echogenicity and sound attenuation [49].

The primary study outcome was rCDI, defined as CDI occurring within 14–90 days
of the initial CDI diagnosis date. Same as CDI, rCDI was defined based on compatible
symptoms accompanied by a positive laboratory test.
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4.3. Statistical Analysis

The clinical characteristics, laboratory and demographic data were evaluated and
descriptively presented. We used Fisher’s exact test and the Mann–Whitney U test to
compare the groups. All tests were two-tailed; a p value < 0.05 was considered statistically
significant. Time to CDI recurrence was evaluated using the Kaplan–Meier method, and the
comparison of CDI recurrence risk between patients with and without NAFLD was made
using the log-rank test. Risk factors for the development of the rCDI were investigated
using a univariate, and subsequently, a multivariable Cox regression model by estimating
the hazard ratio (HR) and its 95% CI for the time from cure date of the primary CDI to the
first episode of rCDI. Variables with p < 0.2 on univariate analysis or with clinical/biological
plausibility were included in initial multivariable models. Multivariable Cox proportional
hazards models were developed using backward elimination with p < 0.1 to retain variables
in the model. Statistical analyses were performed using the GraphPad Prism Software
version 9.1.1. (San Diego, CA, USA) and MedCalc version 20.008 (MedCalc Software,
Ostend, Belgium).

5. Conclusions

In conclusion, we have shown that NAFLD is a novel host-related risk factor for
recurrent CDI in elderly patients. This might be relevant for several reasons. Firstly, this
highlights the need to include NAFLD as a variable in future studies, examining both
CDI and rCDI. Secondly, patients with NAFLD might benefit from screening strategies,
preemptive treatment or prophylactic measures, such as antibiotic prophylaxis that has
recently been investigated [58,59]. The finding that statins reduce the risk of rCDI in both
patients with and without NAFLD might be a novel treatment option that warrants further
examination. Finally, there is growing evidence that immunological changes in patients
with NAFLD might have a profound impact in the course of bacterial infections, the place
where we have not been looking so far.
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Abstract: In recent decades, the incidence of Clostridioides difficile infection (CDI) has remained
high in both community and health-care settings. With the increasing rate of treatment failures
and its ability to form spores, an alternative treatment for CDI has become a global priority. We
used the microdilution assay to determine minimal inhibitory concentrations (MICs) of vancomycin
and teicoplanin against 30 distinct C. difficile strains isolated from various host origins. We also
examined the effect of drugs on spore germination and outgrowth by following the development of
OD600. Finally, we confirmed the spore germination and cell stages by microscopy. We showed that
teicoplanin exhibited lower MICs compared to vancomycin in all tested isolates. MICs of teicoplanin
ranged from 0.03–0.25 µg/mL, while vancomycin ranged from 0.5–4 µg/mL. Exposure of C. difficile
spores to broth supplemented with various concentrations of antimicrobial agents did not affect the
initiation of germination, but the outgrowth to vegetative cells was inhibited by all test compounds.
This finding was concordant with aberrant vegetative cells after antibiotic treatment observed by
light microscopy. This work highlights the efficiency of teicoplanin for treatment of C. difficile through
prevention of vegetative cell outgrowth.

Keywords: teicoplanin; Clostridioides difficile; spore; antibiotics

1. Introduction

Clostridioides difficile, previously known as Clostridium difficile, is a gram-positive
anaerobic spore-forming bacterium. It accounts for about 20–25% of antibiotic associated
diarrhea [1,2] and almost all cases of pseudomembranous colitis [3]. C. difficile infection
(CDI) normally occurs after antibiotic administration, especially ampicillin and amoxicillin,
cephalosporins, clindamycin, fluoroquinolones, and meropenem [3,4]. Studies have sug-
gested that gut microbiota dysbiosis after antibiotic treatment allows colonization and
growth of C. difficile [5]. CDI can cause clinical manifestations ranging from asymptomatic
to severe diarrhea, pseudomembranous colitis, bowel perforation, and multi-organ dys-
function [6]. Ultimately, CDI can be fatal, mostly in older patients [7]. The total CDI
incidence has decreased in the US according to the Center for Disease Control and Preven-
tion (CDC) [8]. Although the number of cases is not on the rise, C. difficile is classified as a
pathogen posing an urgent threat due to antibiotic resistance [9].

Treatment for CDI is now limited to a few antibiotics including fidaxomicin and
vancomycin according to the new guideline by the Infectious Diseases Society of America

83



Antibiotics 2021, 10, 984

(IDSA) and the Society for Healthcare Epidemiology of America (SHEA) [10]. Metronida-
zole, which was suggested as a first line, is now recommended only when fidaxomicin
or vancomycin is not available or is limited, owing to its inferiority to vancomycin and
fidaxomicin, higher recurrence rate, and neurotoxicity in prolonged or repeated use [10,11].
Additionally, treatment failures have been reported for most regimens, mostly due to the
recurrence of C. difficile, hence new antibiotics for CDI are of utmost importance [12].

Developing new drugs is a costly and time-consuming process. Therefore, drug re-
purposing or repositioning has come under the limelight in pharmaceutical research in
recent years as it can cut down the development process to minimal [13,14]. Teicoplanin, a
mixture of glycopeptide antibiotics, belongs to the same class as vancomycin, distinguished
by glucosamine as the basic sugar and the presence of aliphatic acid residues. It binds to the
terminal D-Ala-D-Ala sequence of peptides forming the bacterial cell wall and, by sterically
hindering the transglycosylation reaction, inhibits the formation of peptidoglycan by an in-
tracellular accumulation of UDP-n-acetylmuramyl-pentapeptide [15]. Teicoplanin exhibits
great activity against multiple gram-positive bacteria, which fail for other regimens [16],
including C. difficile [17]. Even though the activity of teicoplanin against vegetative cell C.
difficile is well documented [17–19], no experimental evidence has been presented so far
for spore and outgrowth of C. difficile. We investigated the effect of teicoplanin on spore
germination and outgrowth in C. difficile isolates from different host origins and compared
it to its vancomycin counterpart. In addition, we also examined the cell stage alterations
marked by staining the affinity of germinating cells following antibiotic treatment. The
data presented here provide experimental evidence for the inhibitory effect of teicoplanin
on germinating C. difficile cells.

2. Results
2.1. MICs of Teicoplanin on C. difficile

Minimum inhibitory concentrations (MICs) of teicoplanin and vancomycin against
30 C. difficile isolates obtained from various sources were determined by the broth microdi-
lution method as described earlier [20]. All strains tested were sensitive to both antibiotics
with MIC ranges for teicoplanin and vancomycin of 0.03–0.25 µg/mL and 0.5–4.0 µg/mL,
respectively. Teicoplanin showed lower MICs among all strains tested (Table 1). We also
compared the effect of teicoplanin at sub-MICs to vancomycin on selected strains. At
sub-MICs, both antibiotics were at least 1-log less potent than at their respective MICs.
However, teicoplanin at sub-MIC concentrations reduced the number of colonies more
than that of vancomycin (Figure 1). The MICs of antimicrobial agents for each respective
vegetative strain were used as a platform to evaluate the effect of these drugs on C. difficile
spore germination and outgrowth. We also evaluated minimum bactericidal concentrations
(MBC) of both teicoplanin, and vancomycin and the results revealed that the MBC of both
antibiotics were at the concentration of 2× MIC.
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Table 1. Minimal inhibitory concentrations for teicoplanin and vancomycin for 30 C. difficile strains.

Strains Origin
MIC (µg/mL)

Teicoplanin Vancomycin

F101 Food 0.06 2
F102 Food 0.06 2
F103 Food 0.125 2
F104 Food 0.125 2
A121 Animal 0.25 4
A122 Animal 0.125 2
A123 Animal 0.25 4
A124 Animal 0.25 4
A125 Animal 0.25 4
A126 Animal 0.125 2

R20291 Human 0.03 0.5
H201 Human 0.06 1
H203 Human 0.125 2
H204 Human 0.06 1
H205 Human 0.25 4
H206 Human 0.25 4
H207 Human 0.25 4
H208 Human 0.25 4
H209 Human 0.125 2
H210 Human 0.125 2
H211 Human 0.25 4
H212 Human 0.125 2
H213 Human 0.25 2
H214 Human 0.25 4
H215 Human 0.25 4
H216 Human 0.125 2
H217 Human 0.125 2
H218 Human 0.25 4
32g57 Human 0.125 2
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Figure 1. Antibacterial activity at sub-MICs of antibiotics using spot assay. A representative strain
of C. difficile R20291 was attained to 0.1 OD600 in BHIS (brain heart infusion supplemented with
0.1% sodium taurocholate) medium supplemented with 0.25×, 0.5×, 1× MICs of teicoplanin or
vancomycin. After 24-h incubation, cultures were 10-fold serially diluted and spotted onto BHIS agar
plates, and plates were photographed following 24 h anaerobic incubation at 37 ◦C.
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2.2. Teicoplanin Does Not Inhibit C. difficile Spore Germination

To determine the role of teicoplanin and vancomycin in its ability to block C. difficile
spore germination, purified spores of 6 C. difficile strains were incubated for 1 h in the
presence of BHIS supplemented with 0.5×, 1×, or 32× MIC of teicoplanin, and germination
kinetics were monitored by observing the changes in OD600 of C. difficile cultures over a 1 h
period. A drug-free control and 1× MIC of vancomycin were included as a comparator.
As expected, C. difficile isolates germinated poorly in BHI broth without supplementation
of 0.1% taurocholate. Nevertheless, teicoplanin and vancomycin did not inhibit spore
germination at all concentrations tested (p > 0.05) (Figure 2), resulting in a significant drop
of OD600. The initiation of spore germination under treatment conditions was comparable
to the drug-free control over time based on ANOVA at each time point.
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Figure 2. Teicoplanin and vancomycin do not inhibit spore germination. C. difficile spores were exposed to different
concentration of antibiotics in relation to their respective MICs, and germination was followed by measuring loss of OD600

for 1 h at 1 min time interval. The growth control contained no antibiotic, and as a comparator, vancomycin was included.
Data points represent the mean of the relative OD600 at the indicated time points normalized to t = 0 (control). All the
experiments were performed in triplicates and error bars represent the standard errors. The results include the strains:
(A) F101; (B) F102; (C) A125; (D) A126; (E) R20291; (F) H203. Circle (•), diamond (�), triangle (N), inverted tringle (H), cross
(×), and plus (+) denote the exposure to BHIS, 0.5× MIC teicoplanin, 1× MIC teicoplanin, 1× MIC vancomycin, 32× MIC
teicoplanin, and BHI, respectively. Abbreviations: Tec = teicoplanin, Van = vancomycin, BHI = Brain heart infusion broth
without 0.1% sodium taurocholate, BHIS = Brain heart infusion broth supplemented with 0.1% sodium taurocholate.

2.3. Teicoplanin Inhibits C. difficile Spore Outgrowth

Since both teicoplanin and vancomycin did not have either a positive or negative
influence on the initiation of spore germination, we next evaluated the outgrowth to
vegetative cells by monitoring the change in OD600, to examine whether the later stage
of germination would be affected. As expected, under the influence of 0.5× MIC of
teicoplanin, growth differences were observed in contrast to the untreated control, although
not significantly different (Figure 3). Sub-inhibitory concentrations of teicoplanin appeared
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to delay the onset of spore outgrowth and increased the time until the stationary phase was
reached. However, they did not affect the outcome or the later stage of spore outgrowth.
The outgrowth of spores in all tested strains exposed to a minimum of MIC of drugs was
significantly inhibited compared to the drug-free control (p < 0.0001).
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To further investigate the alteration under the influence of antibiotics on spore germi-
nation and outgrowth, we included strains that were the least and the most susceptible to
teicoplanin, R20291 and A125, respectively. We next performed Wirtz–Conklin staining of
untreated spores or spores treated with 1× MIC of teicoplanin or vancomycin following 3 h
incubation in the growth medium. The number of spores estimated by visual inspection
using light microscopic analysis revealed that >98% of spores germinated in both antibi-
otic treatment groups, which was not significantly different from the untreated control
(Figure 4 and Figure 6). The control spores appeared as greenish-blue spheres, and the
germinated cells appeared as pink spheres without shape alteration and no bacilli were
detected. However, the inhibition of outgrowth by these antibiotics was more evident as
determined by microscopic analysis (Figure 5), confirming that antibiotic exposure did
inhibit outgrowth to vegetative cells. After 24 h incubation in a growth medium supple-
mented with 1× MIC of antibiotics, spores treated with both antibiotics appeared to lose
their ability to change to bacillus vegetative cells. Spores were stained pink/purple or
faintly stained with spherical or blunted rounded ends and showed structural degeneration
and clear extrusion from the spore germinated structure (Figure 5). This suggested that
the outgrowth was inhibited at the initial stage of germination. Both antibiotics at 1× MIC
inhibited up to 80% of spore outgrowth to vegetative cells (Figures 5 and 6). Statistical
analysis suggested that teicoplanin and vancomycin at their respective MICs inhibited
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spore outgrowth significantly (p < 0.001) when compared to untreated control. However,
the effect of teicoplanin and vancomycin on spore outgrowth was not significantly different
(Figure 6).
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by differential staining. C. difficile spores were incubated with 1× MIC of either teicoplanin or vancomycin supplemented
with BHIS medium for 3 h. Germinated cells were stained by Wirtz–Conklin staining (5% malachite green/0.5% safranin).
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Figure 5. Antibiotic treatments limit the outgrowth of germinated C. difficile spores and prevent outgrowth to vegetative
cells. C. difficile spores were incubated with BHIS medium supplemented with either 1× MIC of teicoplanin or vancomycin
for 24 h. Germination inhibition and outgrowth were marked by Wirtz–Conklin staining. Vegetative cells were long
filamentous and stained pink/purple, germinated cells were pink/purple spheres, outgrowths were pink/purple/faintly
stained, blunted ends or extrusion from germinated cell. All the micrographs were taken at a magnification of 1000×,
5 fields counted, and repeated in triplicates to ensure the reproducibility of the results. Abbreviations: Tec = teicoplanin,
Van = vancomycin, BHIS = Brain heart infusion broth supplemented with 0.1% sodium taurocholate (as negative control).
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Figure 6. Teicoplanin and vancomycin significantly reduce outgrowth in C. difficile (A) A125 and (B) R20291 as determined
by differential staining assay. C. difficile spores were incubated with BHIS medium alone or medium supplemented with
1× MIC of either teicoplanin or vancomycin for 24 h, then thoroughly washed and stained with a Wirtz–Conklin stain. All
the micrographs were taken at a magnification of 1000×. Relative percentage of germinated spore and vegetative cells
were calculated based on the count of five different fields by CellSens Dimension software. Bar graphs represent geometric
means of three independent experiments and error bars represent the standard errors. Abbreviations: Tec = teicoplanin,
Van = vancomycin and *** denotes p-value < 0.0001.

3. Discussion

CDI continues to be a major nosocomial pathogen and a particular source of morbidity
and mortality among elderly and immune suppressed individuals [21]. Treatment failures
have been more evident recently, which has raised a serious concern for clinicians across
multiple specialties. Hence, there is a medical need to explore potential therapeutic drugs
with improved properties. Previous studies have encouraged the use of teicoplanin over
commonly used antibiotics in CDI treatment due to its longer half-life, lower relapse rate,
relatively uncommon nephrotoxicity or cytotoxicity, and lack of requirement for routine
serum monitoring [18,19,22,23] A study by Wenisch et al. (1996) also claimed to have
100% cure rate with the use of teicoplanin in patients endoscopically confirmed with
pseudomembrane colitis [19]; however, direct comparisons with vancomycin are difficult
because of inherent differences between studies.

As teicoplanin is fast acting at low concentrations and has poor absorption in the
gut [24], it is incontestably an effective antimicrobial agent for the control of pathogens
in the gut, including C. difficile, without permitting spore formation [25,26]. The activity
of teicoplanin was at least 8–16 fold more potent than that of vancomycin, which was
consistent with the studies done by Kunishima [27]. A set of 6 distinct target isolates
obtained from humans, animals and food were used to account for the variation in the
C. difficile spore germination and outgrowth under the influence of these antimicrobial
agents. Examining the 0.5×, 1× or 32× of teicoplanin or 1× MIC of vancomycin on
C. difficile spore germination revealed that none of the antimicrobial agents affected the
initiation of germination compared to the drug-free control. At MIC or above, we observed
that the outgrowth was inhibited by these antimicrobial agents. This is predictable as
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spores lose their dormancy upon germination, resume metabolism at the core region and
subsequently an outgrowth begins by synthesizing new cell wall peptidoglycan [28,29].
The germinated spores are vulnerable to these glycopeptide antibiotics, which inhibit spore
outgrowth. Although teicoplanin is functionally similar to vancomycin, its potent activity
at relatively low concentration on vegetative cells and spore outgrowth may contribute to
the lower recurrence rate in clinical trials [19,30–33]. Furthermore, transition from spores
to vegetative cells is important and involves various metabolic changes. There are reports
showing that some antibiotics can inhibit vegetative cells but not outgrowth [34]. Certain
antibiotics inhibit both spore outgrowth and vegetative cells but at different concentrations,
implying that there are underlying differences between these stages [35].

At sub-inhibitory concentration of teicoplanin, late growth had begun for most strains,
which took an extended duration to reach their stationary phase; this could be due to the
stress generated by the antibiotic at an early stage of spore germination.

To investigate further spore germination and outgrowth by light microscopy, we in-
cluded 2 strains that were the least and the most susceptible to teicoplanin. Wirtz–Conklin
staining displayed a clear distinction between different stages of spore germination fol-
lowing antibiotic treatment or untreated spores, which agreed with the studies done
by Hamouda [36]. Untreated spores were dormant in structure and acquired greenish
blue color following Wirtz–Conklin staining instead of pink/purple color spheres or
rods [21,36,37]. Incubating spores with growth medium for 3 h displayed initiation of
germination without complete transition to bacilli, where they appeared as pink spheres.
This change in their staining affinity is associated with the initiation of germination in the
presence of growth medium without complete outgrowth to the filamentous vegetative
bacilli. The variability in spore germination appeared due to the asynchrony in spore
population germination following exposure to spore germinants, which followed studies
done by Moir [38]. Following complete germination, spores were transformed into filamen-
tous vegetative cells that were stained purple rods. However, spores following treatment
with antibiotics did not develop into bacilli for up to 24 h. The inhibitory action of those
antibiotics affected their outgrowth to vegetative cells, which appeared as spheres or short
rods with blunted ends, supporting the notion of being sporostatic agents.

4. Materials & Methods
4.1. C. difficile Strains and Growth Conditions

A total of 30 C. difficile isolates obtained from various sources, including food, animal,
and human were used in this study (Table 1) [39]. C. difficile strain R20291 was kindly
provided by Prof Nigel Minton, University of Nottingham. As described previously [40,41],
all C. difficile strains were grown at 37 ◦C in an anaerobic workstation (85% N2, 10% H2,
and 5% CO2; Don Whitley Scientific, UK) in the brain heart infusion supplemented with
0.1% (w/v) sodium taurocholate, 0.1% L-cysteine, and 5 mg/mL yeast extract broth or
agar (BHIS).

4.2. Spore Preparation

A total of 6 strains of C. difficile obtained from various sources were included for
spore purification. Briefly, a single colony was inoculated into BHIS broth and incubated
overnight at 37 ◦C. A 100-µL aliquot of overnight culture was spread onto BHIS agar,
supplemented with 250 µg/mL cycloserine and 8 µg/mL cefoxitin, and incubated anaer-
obically at 37 ◦C for 10 days to allow efficient sporulation. Sporulation-induced lawns
were harvested in 1 mL sterile distilled water (dH2O) using cell scrapers. The suspension
was then centrifuged at 5000× g for 15 min and washed 5 times with sterile dH2O. To
inactivate viable vegetative cells, spore suspensions were then treated with 0.3 mg/mL
proteinase K at 37 ◦C for 2 h with gentle shaking, followed by incubation at 65 ◦C for 1 h.
Subsequently, spore suspensions were washed 5 additional times to remove any residuals
from proteinase K. Purified spores were examined by phase-contrast microscopy to ensure
that they were free of vegetative cells and debris, and subsequently stored at 4 ◦C.
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4.3. Antimicrobial Assay

To determine minimal inhibitory concentrations (MICs), a single colony from overnight
culture was resuspended in 5 mL BHIS broth and incubated anaerobically for 12 h. Next
day, 100 µL of aliquots were transferred to a new BHIS broth and incubated for another
6 h to minimize spore carryover and dilute the pre-formed toxin effect. The diluted vege-
tative cell suspension (100 µL) was aliquoted to the wells of flat-bottomed 96-well plates
containing equal volumes of BHIS medium supplemented with defined concentrations
of antibiotics, with the initial inoculum concentration maintained at OD600 of 0.6. An
antibiotic-free control was included in each experiment. After 24 h incubation, the plates
were measured for OD600 as an indicator of bacterial growth using a microplate reader
(Tecan, Switzerland). MIC is defined by the concentration that has no visible growth. These
assays were repeated at least 3 times to ensure reproducibility of the results. To compare
the effect of sub-inhibitory concentrations of teicoplanin and vancomycin, C. difficile was
exposed to 0.25×, 0.5×, and 1× MIC values, and was serially diluted before stamping on
to BHIS plate, then incubated anaerobically for 24 h.

Minimal bactericidal concentration (MBC) was performed as previously described [42].
Briefly, the assay plate containing various concentrations of antibiotics was inoculated with
bacterial suspension as per MIC and incubated for 24 h, then the bacterial suspensions
around MIC value were transferred to the BHIS plate by the stamping technique and
incubated for 24 h. MBC is defined by the concentration where no bacterial colony was
observed on the BHIS plate.

4.4. Spore Germination and Outgrowth

Spore suspensions were heat activated at 65 ◦C for 30 min, vortexed to obtain a
homogenous suspension and checked for clumping by microscopy. The time-kill kinetics of
teicoplanin against 6 C. difficile strains were performed at the 0.5×, 1×, 2×, and 32× MIC
of antibiotics supplemented in BHIS medium, with the final inoculum concentration
maintained at OD600 of 0.6. Spore germination was followed anaerobically at 37 ◦C by
measuring the loss of OD600 at 1 min time intervals for 1 h using a microplate reader.
Reduction of OD600 reflects spore germination as it changes with the refractility of the
spore coat [43]. Following germination, the differences in spore outgrowth efficiency were
recorded by measuring OD600 at 20 min time intervals for 22 h using the same protocol.
The ratio of the OD600 at time t and the control (t = 0) was then plotted against time. A
drug-free control, and as a comparator, the spore suspensions treated with 1× MIC of
vancomycin were included for every strain tested.

4.5. Wirtz–Conklin Staining

The staining protocol for differentiation of spores from germinating and vegetative
cells was adapted from Hamouda [36]. The spore suspension was anaerobically incu-
bated at 37 ◦C for 3 h or for 24 h with BHIS medium alone or medium supplemented
with MIC concentrations of antibiotics. Following incubation, the spore suspension was
washed thoroughly 5 times with sterile distilled water and resuspended with 15 µL dH2O
(OD600~0.1). Five microliters of spore suspension were transferred to a clean glass slide
and smeared uniformly. Henceforth, slides were air dried, and heat fixed and stained
with Wirtz–Conklin stain. The specimen was visualized under oil immersion objective of
a light microscope (Olympus BX53, Tokyo, Japan). Five fields of each slide were imaged
from 3 independent biological replicates, counted by using software CellSens Dimension
software version 1.11 (Olympus Software, Imaging System, Hamburg, Germany). Based
on their color differences, relative percentages of germinated spores and vegetative cells
were calculated. The percentage of spores in each image was also calculated as [Number of
spores/Total number of cells (spores + vegetative cells)] × 100.
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4.6. Statistical Analysis

All data presented were of at least 3 independent experiments. Statistical analyses
were performed by the nonparametric one-way analysis of variance (ANOVA), using
GraphPad Prism software (GraphPad Software Inc., La Jolla, CA, USA) to compare each
condition with the corresponding controls. p-values less than 0.05 indicated statistically
significant difference.

5. Conclusions

In conclusion, our results indicated that teicoplanin could be a potential therapeutic
drug for C. difficile due to its potent activity at low concentrations, as well as having pre-
determined broad-spectrum activity against gram-positive anaerobes. Teicoplanin did not
interrupt spore germination, but instead inhibited the outgrowth to vegetative cells from
the germinated spore. Our data bridge the experimental gap on the effect of teicoplanin on
spores as its effects on spore germination and outgrowth in C. difficile have not yet been
reported. As most C. difficile-associated diseases are multifactorial, further in-depth studies,
including many hypervirulent strains, animal models and human trials must be warranted
to elucidate the therapeutic role of teicoplanin.

Author Contributions: Conceptualization, T.J.; formal analysis, S.C.O. and M.P.; methodology,
S.C.O., M.P., P.H., S.C., S.S., and P.O.; investigation, S.C.O.; validation, T.J.; writing-original draft
preparation, S.C.O.; writing-review and editing, M.P. and T.J.; project administration, T.J. All authors
have read and agreed to the published version of the manuscript.

Funding: This research project is supported by Research Cluster: Multi-generation Researchers Grant
from Mahidol University to S.C., T.J. and P.H. M.P. received the ICTM grant from the Faculty of
Tropical Medicine, Mahidol University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ayyagari, A.; Agarwal, J.; Garg, A. Antibiotic-associated diarrhea: Infectious causes. Indian J. Med Microbiol. 2003, 21, 6–11.
2. Bartlett, J.G. Antibiotic-Associated Diarrhea. N. Engl. J. Med. 2002, 346, 334–339. [CrossRef] [PubMed]
3. Kelly, C.P.; Pothoulakis, C.; Lamont, J.T. Clostridium difficile Colitis. N. Engl. J. Med. 1994, 330, 257–262. [CrossRef] [PubMed]
4. King, R.N.; Lager, S.L. Incidence of Clostridium difficile Infections in Patients Receiving Antimicrobial and Acid-Suppression

Therapy. Pharmacother. J. Hum. Pharmacol. Drug Ther. 2011, 31, 642–648. [CrossRef]
5. Seekatz, A.M.; Young, V.B. Clostridium difficile and the microbiota. J. Clin. Investig. 2014, 124, 4182–4189. [CrossRef] [PubMed]
6. Smits, W.K.; Lyras, D.; Lacy, B.; Wilcox, M.H.; Kuijper, E.J. Clostridium difficile infection. Nat. Rev. Dis. Primers 2016, 2, 1–20. [CrossRef]
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Abstract: Clostridioides difficile infection (CDI) often develops after pretreatment with antibiotics,
which can lead to damage of the intestinal microbiome. The approach of this study was to use specific
polyclonal antibodies isolated from the milk of immunized cows to treat CDI, in contrast to the
standard application of nonspecific antibiotics. To gain a deeper understanding of the role of the
microbiome in the treatment of CDI with bovine antibodies, stool and intestinal fluid samples of
hamsters were collected in large quantities from various treatments (>400 samples). The results show
that the regeneration of the microbiome instantly begins with the start of the antibody treatment,
in contrast to the Vancomycin-treated group where the diversity decreased significantly during the
treatment duration. All antibody-treated hamsters that survived the initial phase also survived
the entire study period. The results also show that the regeneration of the microbiome was not an
antibody-induced regeneration, but a natural regeneration that occurred because no microbiota-
inactivating substances were administered. In conclusion, the treatment with bovine antibodies is a
functional therapy for both the acute treatment and the prevention of recurrence in hamsters and
could meet the urgent need for CDI treatment alternatives in humans.

Keywords: microbiome; C. difficile; hamsters; bovine immunoglobulins; 16S rRNA; next genera-
tion sequencing

1. Introduction

Clostridioides difficile infection (CDI) is a leading healthcare-acquired infection charac-
terized by severe diarrhea and high morbidity rates [1]. Risk factors for CDI are exposure
to C. difficile spores through (a) community sources such as hospitals or long-term care
facilities, (b) host factors such as immune status or comorbidities and (c) substances that
interfere with the native commensal intestinal microbiome, such as antibiotics, surgery or
other drugs [2]. The risk of CDI is six-fold higher within one month following antibiotic
treatment [3]. Disruption of the indigenous microbiota creates conditions that allow the
germination and further proliferation of C. difficile even though the mechanism is not yet
fully understood. In its vegetative state, virulent strains of the obligate anaerobic bacteria
C. difficile produce the toxins A (TcdA) and B (TcdB), that damage the intestinal epithelium,
and which ultimately may cause the death of the patient. Paradoxically, CDI which is
induced by antibiotic alteration of the native gut flora, is also treated with antibiotics by
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default (>95% of the cases). The standard antibiotics to fight and cure CDI are Metronida-
zole, Fidaxomicin and Vancomycin. These antibiotics suppress the growth of vegetative
C. difficile and, thus, the initial response is typically good. However, the drawback is that
these antibiotics are not specific for C. difficile but also cause a further destruction of the
already damaged gastrointestinal microbiota. Thus, after discontinuation, patients are
susceptible for recurrence of CDI due to the germination of resident and resistant spores,
or due to reinfection with spores from an environmental source. In consequence 10–30% of
the patient suffer from recurrent CDI after initial apparently successful therapy [2], which
increases to 50–65% after the second recurrence [4].

The approach of this work is an alternative way to fight and cure CDI by using spe-
cific polyclonal antibodies obtained from bovine milk of immunized cows. Applying a
cocktail of inactivated antigens in the vaccine (C. difficile, TcdA and TcdB), it is possible
to simultaneously induce the formation of a mixture of polyclonal antibodies. The ef-
fectiveness of this approach for oral CDI treatment was demonstrated in our previous
study [5], and before that in animal models such as hamsters [6,7], gnotobiotic piglets [8],
mice [9] and human studies [6,10,11]. However, there is a lack of information about how
the microbiota actually changes its composition, diversity and richness while treatment
with bovine antibodies is ongoing. The only study touching this aspect was published by
Sponseller et al. (2015) [8]. However, only stool samples from two hyper bovine colostrum
treated pigs were compared with samples from two untreated pigs, so that no deeper
or statistical analysis between the groups was made. To gain a deeper understanding
of the role of the microbiome in the treatment of CDI with bovine polyclonal antibodies,
in our study stool and intestinal fluid samples of the hamsters were collected on a large
scale in various treatment groups (>400 samples). High-throughput deep sequencing was
performed on an Illumina MiSeq targeting the V3–V4 hypervariable region of the 16S rRNA
gene. The objective of this study was to show which treatment revealed a faster and better
regeneration of the natural (pretreatment) gastrointestinal microbiome, either the specific
antibodies against C. difficile or commonly used antibiotics. To extend the understanding
of the role of the microbiome in CDI, independent of the applied treatments, different
metabolites were quantified and correlated with C. difficile spore or vegetative cell numbers
and the respective sequencing data.

2. Results
2.1. Comparison of Treatment Groups

Figure 1 shows the richness, i.e., the number of OTUs in a sample and the Simpson
effective index, of the six different treatment groups on days three, six and 10. It is
clear from the richness that around 200 different bacterial species were detected in each
stool sample before therapy. The number of species in all groups decreased significantly
compared to before the treatment to about 60–80 by treatment day three (p < 0.001). The
individual significance levels are shown in the graphs. There were no significant differences
within the groups, except for the group treated with Vancomycin, where the number was
significantly (p < 0.05 for WPI 10,000, p < 0.01 for all other groups) lower, compared to
all other groups. (Figure 1A). The decrease from day one to day three was due to the
administration of the susceptibility antibiotic Clindamycin, according to the study design.
Analogous to the pretreatment with antibiotics in humans, the antibiotic causes a reduction
of intestinal microorganisms, which reduces the competition for C. difficile and thus enables
the germination of its spores. The survival of the hamsters was WPI 10,000 = 100%; WPI
1000 = 50%; WPI 100 = 80%; Control-WPI = 10%; Vancomycin 10%; vehicle = 0% [5].
The significantly lower number in the treatment group can be explained by the antibiotic
treatment, which is known to reduce the number of microbial species and diversity when
applied. The increase in the significance level compared to the other treatment groups
shows that the difference was even more pronounced after six days. While the number of
OTUs in the group treated with antibiotics continued to decrease (p < 0.01) the number of
species in all other groups increased again (Figure 1B).
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By day 10, many hamsters in the control groups died from CDI; therefore, there is a
clear difference from the antibody-treated groups (Figure 1C). Richness, however, does not
provide any information about the relative diversity of the different OTUs. For a better
representation of the community structures, therefore, the Simpson effective index was
calculated (Figure 1D,E). The Simpson effective index is a measure of how equally diverse a
community is, whereby high numbers stand for high diversity and low numbers for lower
diversity. Analogous to the richness, intestinal microbial diversity decreased significantly
(p < 0.001) in all groups by day three (Figure 1D). However, already from day six onwards
(Figure 1E,F), there was no significant difference between the different treatment groups
compared to the pretreatment group, except for the group treated with Vancomycin, which
showed a significantly lower diversity (p < 0.05–0.0001). This means that the intestinal
microbiome from day six onwards was equally diverse in all groups as before treatment,
except the group treated with Vancomycin. Combining the results of richness and Simpson
effective index, the number of bacterial species was not as high as before, probably because
reduced occurrence of rare species, but the microbiome regenerated in terms of diversity
from day six. There were only minor differences in the regeneration of diversity between
the groups treated with polyclonal antibodies and the control groups. Based on the
results it can be concluded that the regeneration of the microbiome was probably not an
active antibody-induced regeneration. It was rather based on the fact that no microbiota-
inactivating substances were administered, which led to natural microbiome regeneration,
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e.g., by ingestion of food. However, the comparison also revealed that the regeneration
of the microorganisms alone was not sufficient for the survival of the hamsters, since
almost all hamsters in the control groups died although the diversity of the microbiome
increased, as the numbers in brackets show [5]. It should also be noted that the informative
value of the microbiome within the control groups decreased over the course of the study
due to the high mortality rate of hamsters. Nevertheless, this means that an active and
antibody-induced mechanism must have taken place in addition to the regeneration of the
microbiome, which caused survival and needs to be investigated further.

Looking at taxonomic differences, we focused on changes on phyla level (Figures 2 and 3).
All levels of significance compared to pretreatment and compared to the Vancomycin
treated group are marked on the graph. It shows that the relative abundance of Firmicutes
(p < 0.001,Figure 2A) and Actinobacteria (p < 0.05, Figure 3D) was significantly lower in all
groups by day 3 due to the susceptibility to the antibody Clindamycin, whereas the relative
abundance of Proteobacteria (p < 0.001, Figure 2A) and Bacteroidetes (p < 0.05, Figure 3A)
increased significantly), except for the Vancomycin-treated group where Firmicutes, Acti-
nobacteria and Bacteroidetes were significantly eliminated, indicating susceptibility to the
antibiotic. In contrast, the relative frequency of Proteobacteria in the Vancomycin-treated
group increased from hardly detectable to over 85%, which is consistent with the result
reported by [12]. In the three groups treated with different concentrations of antibodies
after day 6 and 10, the frequency of Bacteroidetes was similar (Figure 3B,C). Firmicutes
were less frequent (Figure 2B,C), while Proteobacteria (Figure 2E,F) and Actinobacteria
(Figure 3E,F) were significantly more frequent compared to before treatment The change
of the microbiota can also be seen in Figure 4, which shows a de novo clustering of all
samples based on the distance of their microbial profile. Cluster 1 (red) shows the intestinal
community of the hamsters before treatment. The application of Clindamycin changed the
intestinal microbiome, and the microbiome of the hamsters of all treatment groups differed
on day three resulting in a new cluster (green) (p < 0.001). However, the microbiome of all
treatment groups changed again until day six (blue cluster) (p = 0.001). The only exception
was the group treated with antibiotics, where the microbial distance of the bacteria changed
so little that they were assigned to group two over the entire study period. This means
that although the diversity was equally diverse from day six onwards compared to before
treatment, the relative composition changed in relation to the abundance. In the future,
it should be investigated whether there was no change in the microbiome without the
susceptibility antibiotic or whether the administration of milk proteins led to a change due
to the actual treatment.

2.2. Over-Time Comparison of Treatment Groups

Interindividual changes over time and between groups were analyzed as well. There
was no significant difference in the number of surviving animals (23/30) within the three
groups (WPI 100, 1000, 10,000) in terms of number of species present, overall diversity or
relative composition. Therefore, they were combined and fused into one group (Figure 5).
At the end of treatment, the relative abundance of Firmicutes, Bacteroidetes and Acti-
nobacteria (Figure 5C–E) was again at the same level as before treatment, while the relative
abundance of Proteobacteria (Figure 5F) was still significantly (p < 0.001) increased.
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2.3. Expanding the Level of Understanding of the Role of the Microbiome in CDI

The commensal gut microbiota is a complex community of microorganisms that exist
in the gastrointestinal tract, consisting of about 300 ± 150 different species in humans [13].
The balance of this microecosystem is essential for the homeostasis of the host. It protects
the intestine by providing colonization stability and resistance against the infection by
pathogens [14]. Mechanisms involved in this protection are direct inhibition of C. difficile
through bacteriocins [15] or indirect by bacteria-derived metabolites, nutrient depletion [16]
or stimulation of host immune defenses [17]. Even though several studies on the role of the
microbiome in CDI have been carried out, there are still many gaps in knowledge regarding
to the role of the microbiome in CDI [2,14]

Therefore, irrespective of the therapy used, the linearized cell and spore numbers
of C. difficile [5] were correlated with the different metabolites measured by RP-HPLC
(Table A1) in intestinal fluid (Figure 6) and with the relative abundance of different species
(Figure 7). C. difficile was significantly positively (correlation coefficient >0.5) correlated
with the metabolites ethanol, succinate and lactic acid, and significantly negatively (correla-
tion coefficient <−0.5) correlated with the metabolites phosphate/citrate (no differentiation
possible with the used RP-HPLC method), glucose, galactose, butyric acid and alpha diver-
sity indicators, richness and Simpson effective. In addition to the Simpson effective index,
the Shannon effective index was also considered in this evaluation. In analogy to the Simp-
son effective index, the Shannon effective index is a measure of the equality of microbiome
diversity, with a slightly different weighting on the abundance of the species present. Since
both parameters are used in the literature, both are shown here. The individual pairwise
correlation coefficients and p-values are shown in Table A2 and for some selected values in
the body text in brackets.
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The role of the indigenous intestinal microbiota for the CDI, which has been extended
by our findings, is shown in Figure 8, hence the individual steps or processes are numbered.
Although the exact mechanism by which a healthy microbiota suppresses the growth of
C. difficile is not known, it is known that bile acids play an important role. The intact
microbiota converts the primary bile acids into secondary bile acids (step 1 & 6), thereby
inhibiting vegetative C. difficile by detergent-induced toxicity (Ridlon and Hylemon 2012).
Correlation values of C. difficile spores/cells are given in brackets and the significance levels
presented in Table A1 It was shown that at the taxonomic family level (−0.79/0.8) and genus
level (−0.89/0.89), Lachnospiraceae correlated significantly negatively with C. difficile
cell and spore counts (Figures 6 and 7). This is consistent with findings of Reeves et al.
(2012) with experiments using aseptic mice, where it was shown that administration of a
single bacterium of the family Lachnospiraceae could reduce the cell density of C. difficile.
Lachnospiraceae can convert primary bile acids into secondary bile acids and thus inhibit
the growth of C. difficile (Figure 8A, step 1). In addition, Lachnospiraceae can produce
butyric acid, which is also negatively correlated with the growth of C. difficile.
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In addition, indigenous intestinal bacteria express sialidases that cleave sugars from
glycosylated proteins bound to epithelial cells, which, in turn, release free sialic acid into
the intestinal lumen [18] (Figure 8A, step 2). In addition, carbohydrates enter the colon via
food, and fermenting gut bacteria break down the split carbohydrates and convert them
into short chain fatty acids (SCFAs) [19] (Figure 8A, step 3). Succinate is a typical SCFA [16].
Among others, the metabolites glucose, galactose, sialic acid and succinate are used as
energy sources for other commensal gut bacteria.

However, treatment with antibiotics, especially broad-spectrum antibiotics, signifi-
cantly changes the intestinal microbiota and inactivates, for example, Lachnospiraceae, as
shown by our results. The altered relative composition of the intestinal microbiome led to
higher concentrations of metabolites, which correlate significantly positive with C. difficile
in the case of sialic acid [16] succinate (r = 0.77) lactate (r = 0.67), ethanol (r = 0.82) and pro-
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pionate (r = 0.41) (Figure 8B, step 5). This was likely due to the lack of organisms breaking
these molecules down or because of the increased growth of organisms producing these
metabolites. This indicates that a more hospitable environment for the growth of C. difficile
is produced by these metabolites, as was also shown for succinate [20]. In addition, the
dietary restriction, i.e., a low concentration of glucose (r = −0.92) and galactose (r = −0.68
favors the growth of C. difficile (Figure 8B, step 5). C. difficile can metabolize these molecules
(Figure 8B step 7), followed by toxin production and CDI symptoms.

Our results contribute to a better understanding of the role of intestinal microbiome
in CDI by correlating different metabolic by-products with C. difficile cell and spore counts.
High concentrations of nutrients such as glucose and galactose, as well as butyric acid,
inhibit the growth of C. difficile, whereas high concentrations of ethanol, lactic acid and
succinate support the growth of C. difficile. The results also confirm that the specific
approach using bovine antibodies does not interfere with the natural microbial balance
and, therefore, is a sustainable alternative to the antibiotics used so far. As a follow-up,
it is suggested that this knowledge could possibly be used to support the selection and
cultivation of a so-called minimal consortium of intestinal bacteria, which may in the
future be an alternative to FMT and would ideally complement our specific approach for
CDI treatment.

3. Materials and Methods
3.1. Study Design

The study design is described in detail by Heidebrecht et al. (2019) [5]. Briefly, anti-
Clostridium difficile whey protein isolate (anti-CD-WPI) powder was prepared from the
milk or colostrum of specifically vaccinated cows. Cows were multiple vaccinated with
inactivated TcdA and TcdB (accountable for CDI pathogenesis) and C. difficile cell/spore
material to induce antigen-specific secretory immunoglobulin A (sIgA) and IgG antibodies
in the milk (animal study approval number AZ 55.2-1-54-2532.6-17-12). Six groups of
ten healthy hamsters each were infected orally with 100 spores of C. difficile strain 630
(tgcBiomics, Bingen, Germany) one day after the susceptibility antibody Clindamycin
was provided. Three different concentrations were used based on their neutralization
capacity (NC) against toxin A (anti-CD-WPI 10,000, anti-CD-WPI 1000, anti-CD-WPI 100)
as described by [5]. Reference groups were treated with control WPI from the same cows
before immunization, the standard of care antibiotic Vancomycin and liquidation buffer
only. Hamsters were dosed with 1 mL WPI-solution/100 g body weight by oral gavage.
Preparations were administered 3 h before and 3 h after bacterial challenge and then
every 8 h during the consecutive days for 75 h in total. All procedures were conducted
in accordance with the approved protocol of the ‘Institutional Animal Care and Use
Committee’ (IACUC-2016-0015).

3.2. Sample Collection

A single fecal pellet was collected from individual cages of all hamsters. Samples
were collected on day one, i.e., after five days of acclimation and before administration
of Clindamycin, on day zero, i.e., after administration of Clindamycin and before first
treatment, and thereafter on day 3, 6, 10, 14 and 21 from surviving hamsters. In addition,
about 10 mL of caecal fluid was taken from all 60 hamsters either on the day of death
due to the disease or at the study end (day 21) after euthanization of surviving hamsters.
Samples were stored and shipped on dried ice and subsequently stored at −20 ◦C for
further analysis.

3.3. Microbiome Analysis by Sequencing of 16S rRNA

Microbiome analysis was done as described by [21]. Paired end sequencing was
performed by using specific primer (341 forward and 785 reverse) targeting the V3–V4
region of the hypervariable region of the 16S rRNA gene [22,23]. Amplicons were generated
by a two-step (25 cycles) polymerase chain reaction (PCR), purified and pooled. The DNA
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quality and quantity of all samples were in the calibration range and were checked by water
samples. The 2nM PCR-fragment was sequenced on a MiSeq (Illumina) at the Technical
University of Munich (TUM) Microbiome Core Facility. The negative controls’ sole DNA
stabilization buffer and water on every 96-well plate were inconspicuous and removed for
further data processing.

3.4. Data Processing

Raw FASTQ files were demultiplexed using the pipeline ‘Integrated Microbial Next
Generation Sequencing’ (IMNGS) [24], which is based on UPARSE approach [25]. Two
errors in barcode sequences were the maximal allowed number. Reads were trimmed to the
position of the first base with a quality factor <3 and then paired. The resulting sequences
were size filtered, except those of assembled size <300 and >600 nucleotides. Paired reads
with expected error >3 were further filtered out and the remaining reads were trimmed at
each end by 10 nucleotides to prevent analysis of the distorted base composition regions at
the beginning of the sequences. Operational taxonomic units (OTUs) were grouped with a
sequence similarity of 97%, keeping only those with a relative abundance of >0.25% in at
least one sample of the 412 samples (352 fecal samples and 60 ceacal samples). OTU tables
of all study groups are provided in the Appendix A. The Rhea pipeline [26], a set of scripts
of the statistical computing software R, was used for data processing. In brief, sequences
were normalized to the minimum count of sequences observed. Samples with less than
2500 reads counts were excluded [26]. Microbial diversity between groups was calculated
by generalized Unifrac distances [27]. The Ribosomal Database Project (RDP v.9) classifier
(Wang et al., 2007) was used to assign taxonomies at 80% confidence level. Important
unidentified OTUs were classified using ExTaxon. p values were corrected for multiple
comparisons according to the Benjamini-Hochberg method. Only taxa with a prevalence
of 10% (proportion of samples positive for the given taxa) in at least one group were
considered for statistical testing.

3.5. Determination of Intestinal Metabolites with Reversed-Phase High-Performance Liquid
Chromatography (RP-HPLC)

A new HPLC method was established to measure the different metabolites. The
intestinal fluid was sterile-filtered directly into a vial using a 0.2 µm syringe filter. An
Aminex HPX-87H 300 × 7.8 mm (Bio-Rad, Hercules, CA, USA) and a guard column were
used for separation, in which 20 µL were injected and isocratically eluted with 0.005 M
sulfuric acid at a flow rate of 0.450 mL/min and a temperature of 35 ◦C. The detection was
done by measuring refractive index. With this method the metabolites glucose, galactose,
succinic acid, lactic acid, acetic acid, propionic acid, ethanol, butyric acid and iso-valeric
acid could be quantified simultaneously. Phosphate and citrate elute at the same time with
this method and therefore could not be differentiated.

4. Conclusions

From the comparison of the groups among themselves and with the group treated with
Vancomycin and integrating our previous data (8) published in Heidebrecht et al. (2019),
several conclusions can be drawn. As described above, an active and antibody-induced
mechanism must take place in the intestine which causes the survival of the animals.
Our antibodies can inactivate foreign C. difficile antigens through various mechanisms of
action. These include opsonization, activation of the complement system, agglutination,
prevention of adhesion and direct neutralization. It is unlikely, or at least not the primary
mechanism of action, that cell adhesion is prevented, and direct neutralization of the
C. difficile cells occurs. Had this been the case, there would not have been initial spore
germination and cell growth [5], but the cells would have been directly eliminated. The
later decline in cell growth between days six and eight indicates that the host’s own immune
system was activated (which is a delayed process), either by activation of the complement
system or by direct labelling of the cells for the host’s own defense cells. However, since
cell decline was also observed in some control groups (e.g., control WPI), the deduced
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conclusion is that both indirect regeneration of intestinal microbial diversity (as observed
in all groups except the antibiotics group) and direct antibody-induced inactivation were
crucial for cell and spore decline of C. difficile. In other words, prevention of recurrences
(only observed in the groups treated with active antibodies) can only be achieved if both
mechanisms are given the chance to work, which is the case for Ig-based CDI treatment
instead of antibiotics.
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Appendix A
Table A1. Concentration of Different Metabolites in Intestinal Fluid Measured by RP-HPLC.

Phosphate
[mg/mL]

Glucose
[mg/mL]

Galactose
[mg/mL]

Succinic
Acid

[mg/mL]

Lactic Acid
[mg/mL]

Acetic
Acid

[mg/mL]

Propionic
Acid

[mg/mL]

Ethanol
[mg/mL]

Butyric
Acid

[mg/mL]

Iso-Valeric
Acid

[mg/mL]

Placebo

2.68 1.23 0.23 0.09 0.34 1.77 0.42 0.18 0.40 0.60
1.44 0.00 0.21 2.05 0.25 3.90 1.15 0.76 0.25 0.70
0.96 0.00 0.02 0.84 1.30 1.11 0.29 1.66 0.48 0.77
1.36 0.00 0.13 2.01 0.97 2.37 1.11 1.43 0.24 0.50
1.03 0.00 0.09 2.29 0.74 2.51 1.23 2.10 0.52 0.16
1.06 0.00 0.18 1.37 1.10 2.03 0.96 3.57 0.48 0.14
1.23 0.00 0.04 1.48 0.13 3.83 1.25 2.28 0.49 0.24
1.54 0.24 0.24 1.87 1.53 4.04 1.18 1.89 0.82 0.32

WPI 1000

3.28 2.89 0.27 0.11 0.11 2.25 0.31 0.45 1.50 0.03
3.29 1.45 0.31 0.04 0.13 1.29 0.20 0.08 0.63 0.02
2.84 1.74 0.27 0.03 0.16 1.29 0.17 0.05 0.90 0.70
3.25 1.87 0.26 0.79 0.14 1.86 0.29 0.00 1.06 0.46
1.60 0.67 0.16 0.03 0.13 0.76 0.11 0.02 0.49 0.01

WPI100

2.83 1.08 0.36 0.09 0.19 1.68 0.27 0.03 0.81 0.53
3.91 2.88 0.44 0.11 0.31 3.02 0.27 0.07 2.04 1.02
1.02 0.04 0.11 0.19 0.25 0.64 0.03 0.96 0.28 0.02
2.91 1.37 0.19 0.01 0.29 1.53 0.15 0.10 1.03 0.49
3.06 1.47 0.23 0.04 0.18 1.66 0.18 0.03 1.05 0.39
3.04 1.85 0.28 0.22 0.15 1.58 0.42 0.03 0.84 0.82
3.34 1.98 0.32 0.05 0.09 1.86 0.27 0.28 1.05 0.61
2.45 1.28 0.18 0.03 0.21 1.11 0.30 0.01 0.61 0.64
3.08 1.52 0.51 0.05 0.12 1.60 0.31 0.06 0.99 0.53
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Table A1. Cont.

Phosphate
[mg/mL]

Glucose
[mg/mL]

Galactose
[mg/mL]

Succinic
Acid

[mg/mL]

Lactic Acid
[mg/mL]

Acetic
Acid

[mg/mL]

Propionic
Acid

[mg/mL]

Ethanol
[mg/mL]

Butyric
Acid

[mg/mL]

Iso-Valeric
Acid

[mg/mL]

WPI10000

3.00 1.85 0.29 0.27 0.31 1.73 0.27 0.12 1.12 0.04
3.02 1.44 0.59 0.02 0.10 1.68 0.20 0.07 1.00 0.04
3.17 2.30 0.25 0.09 0.08 1.62 0.17 0.10 1.10 0.46
3.06 1.76 0.18 0.01 0.09 1.09 0.12 0.01 0.77 0.44
2.96 1.78 0.20 0.17 0.07 1.61 0.57 0.00 0.86 0.04
3.08 1.64 0.27 0.05 0.13 1.34 0.25 0.09 0.75 0.62
2.91 1.09 0.43 0.48 0.08 1.33 0.21 0.12 0.86 0.76
2.81 1.80 0.28 0.04 0.11 1.44 0.15 0.02 0.89 0.44
3.22 1.79 0.36 0.10 0.07 1.31 0.19 0.05 0.86 0.58
3.48 2.00 0.29 0.05 0.16 1.51 0.20 0.04 1.25 0.61

Vancomycin

1.73 0.00 0.14 0.82 0.80 2.56 1.09 0.64 1.21 0.33
1.67 0.00 0.06 1.36 0.41 2.03 0.26 1.07 0.98 0.33
1.24 0.07 0.08 0.84 0.19 2.59 0.94 5.71 0.97 0.24
2.61 0.77 0.20 0.03 0.22 0.84 0.13 0.14 0.63 0.02
1.62 0.00 0.09 1.35 0.77 3.28 1.05 0.34 1.03 0.28

Vehicle

1.02 0.00 0.09 0.43 0.44 0.71 0.09 0.25 0.43 0.58
0.90 0.00 0.13 0.89 0.00 1.39 0.47 1.88 0.35 0.07
1.04 0.00 0.18 0.62 0.21 1.26 0.35 1.70 0.58 0.62
0.80 0.10 0.07 0.13 0.20 1.20 0.07 0.74 0.44 0.04
0.97 0.06 0.14 0.38 0.07 0.63 0.23 0.09 0.23 0.04
1.28 0.15 0.23 1.41 0.25 3.34 1.30 1.92 1.07 0.24

Table A2. Individual pairwise correlation coefficients and p-values.

Variable 1 Variable 1 Correlation p-Value Number of
Supporting Data

Phosphate/Citrate Log value of vegetative C. difficile count −0.86 2.9 × 10−13 43
Phosphate/Citrate Log value of C. difficile spore count −0.89 8.88 × 10−16 43

Glucose Log value of vegetative C. difficile count 0.85 1.67 × 10−09 31
Glucose Log value of C. difficile spore count −0.92 1.05 × 10−13 31

Galactose Log value of vegetative C. difficile count −0.67 8.79 × 10−7 43
Galactose Log value of C. difficile spore count −0.68 5.89 × 10−7 43

Butyric acid Log value of vegetative C. difficile count −0.54 1.78 × 10−4 43
Butyric acid Log value of C. difficile spore count −0.51 4.83 × 10−4 43

Ethanol Log value of vegetative C. difficile count 0.79 9.44 × 10−10 41
Ethanol Log value of C. difficile spore count 0.82 4.03 × 10−11 41

Succinic acid Log value of vegetative C. difficile count 0.74 1.61 × 10−8 43
Succinic acid Log value of C. difficile spore count 0.77 1.11 × 10−9 43

Lactic acid Log value of vegetative C. difficile count 0.61 2.10 × 10−5 42
Lactic acid Log value of C. difficile spore count 0.67 1.24 × 10−6 42
Richness Log value of vegetative C. difficile count −0.80 9.33 × 10−15 60
Richness Log value of C. difficile spore count −0.81 5.55 × 10−15 60

Shannon effective Index Log value of vegetative C. difficile count −0.61 2.22 × 10−7 60
Shannon effective Index Log value of C. difficile spore count −0.63 8.06 × 10−8 60
Simpson effective Index Log value of vegetative C. difficile count −0.41 1.04 × 10−3 60
Simpson effective Index Log value of C. difficile spore count −0.44 4.86 × 10−4 60
Simpson effective Index Log value of C. difficile spore count −0.80 9.33 × 10−15 60
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Abstract: This study investigated the prophylactic and therapeutic efficacies of baicalin (BC), a
plant-derived flavone glycoside, in reducing the severity of Clostridioides difficile infection (CDI) in a
mouse model. In the prophylactic trial, C57BL/6 mice were provided with BC (0, 11, and 22 mg/L
in drinking water) from 12 days before C. difficile challenge through the end of the experiment,
whereas BC administration started day 1 post challenge in the therapeutic trial. Both challenge and
control groups were infected with 106 CFU/mL of hypervirulent C. difficile BAA 1803 spores or sterile
PBS, and the clinical and diarrheal scores were recorded for 10 days post challenge. On day 2 post
challenge, fecal and tissue samples were collected from mice prophylactically administered with BC
for microbiome and histopathologic analysis. Both prophylactic and therapeutic supplementation
of BC significantly reduced the severity of colonic lesions and improved CDI clinical progression
and outcome compared with control (p < 0.05). Microbiome analysis revealed a significant increase
in Gammaproteobacteria and reduction in the abundance of protective microbiota (Firmicutes)
in antibiotic-treated and C. difficile-infected mice compared with controls (p < 0.05). However,
baicalin supplementation favorably altered the microbiome composition, as revealed by an increased
abundance in beneficial bacteria, especially Lachnospiraceae and Akkermansia. Our results warrant
follow-up investigations on the use of BC as an adjunct to antibiotic therapy to control gut dysbiosis
and reduce C. difficile infection in humans.

Keywords: Clostridioides difficile; baicalin; microbiome; gut dysbiosis; mouse model

1. Introduction

Clostridioides difficile is an important cause of nosocomial, antibiotic-associated diarrhea
around the world [1,2]. The pathogen causes a toxin-mediated colitis in individuals of all
age groups, with more severity observed in elderly and immunocompromised patients [3].
In the United States, more than 453,000 cases of C. difficile infection (CDI) with 29,000 deaths
are reported annually, which incur an economic burden ranging between USD 0.4 to
3.0 billion as healthcare-associated costs [4,5]. The increased incidence of CDI in humans
is primarily attributed to the emergence of NAP1/ribotype 027, a highly toxigenic and
hypervirulent C. difficile strain [1,6–8].

Generally, individuals requiring long-term antibiotic therapy and gastric acid sup-
pressing agents are highly predisposed to CDI [9–11]. Broad-spectrum antibiotics and acid
suppressants alter the diversity and abundance of the normal gut microbial communities,
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resulting in a condition known as gut dysbiosis [12–15]. The dysbiotic gut environment
facilitates C. difficile spore germination, outgrowth, colonization, and toxin productions in
the distal gut [16]. C. difficile exotoxins—namely, toxin A and toxin B—disrupt the actin
cytoskeleton and interepithelial tight junctions of the colonic epithelium, leading to severe
diarrhea and suppurative inflammation that could culminate in pseudomembranous colitis
and toxic megacolon in extreme cases [1,8,17,18].

Although extended antibiotic therapy predisposes individuals to CDI, antibiotics are
still considered as the primary line of treatment for this disease, and the most commonly
prescribed drugs include metronidazole, vancomycin, and fidaxomicin [4,7,19,20]. How-
ever, C. difficile has been continuously acquiring resistance to different classes of antibiotics,
including those currently in clinical use against CDI [7,21]. With global emergence of
antibiotic resistant and hypervirulent C. difficile strains, the Centers for Disease Control and
Prevention (CDC) categorized the pathogen a few years ago as one among the three urgent
threats to public health [22]. Therefore, there is an emergent need to identify alternative
therapeutic agents that could reduce C. difficile virulence without adversely affecting the
gut microbiota.

Phytochemicals represent a natural group of molecules that have been used for treating
various diseases in traditional medicine [23]. Baicalin (5,6-dihydroxy-7-O-glucuronide
flavone) is a flavone glycoside present in the plant Scutellaria baicalensis Georgi, known to
possess antimicrobial, antioxidant, and anti-inflammatory properties [24–30]. Previously,
our laboratory demonstrated the use of baicalin as a potential anti-C. difficile therapeutic
agent owing to its inhibitory effect on C. difficile toxin production with minimal effects
on the growth of selected beneficial microbiota in vitro [31]. As a logical next step, this
study investigated the prophylactic and therapeutic effects of baicalin against CDI in an
in vivo model by focusing on the clinical course and host microbiome changes in mice.
Mouse models for CDI are well established, and antibiotic-induced gut dysbiosis in mice
can be simulated by administering antibiotics orally and intraperitoneally, followed by
inoculation of C. difficile spores [32,33].

2. Results
2.1. Effect of Baicalin Supplementation on the Incidence of Diarrhea and Severity of C. difficile
Infection in Mice

The prophylactic efficacy of baicalin against CDI in mice was assessed by supplement-
ing the phytochemical in drinking water at two different concentrations (11 and 22 mg/L).
Oral administration of 106 CFU/mL C. difficile spores (ATCC BAA 1803) resulted in high
morbidity with low mortality in infected mice. In C. difficile-infected control groups (CD),
61% and 85% of animals showed severe diarrhea on the first- and second-day post infection
(DPI) (n = 13), respectively (Figure 1a). On 7 DPI, one animal from the CD group died, and
no further mortality was recorded in this group (Supplementary Figure S3a). Although
diarrhea continued for five days in the CD group, there was no increase in the percentage
incidence of diarrhea thereafter (data not shown). However, the incidence of diarrhea was
significantly lower in the CD+BC1 (challenged mice treated with 11 mg/L of BC) group,
with 38% and 31% incidence on 1 DPI and 2 DPI, respectively, and with the absence of
diarrhea on the subsequent days (Figure 1a). Moreover, diarrhea was not observed in
the CD+BC2 group (challenged mice treated with 22 mg/L of BC) (p < 0.05), although
there were two mortalities recorded in this group, one each on days 2 and 3 post infection
(Supplementary Figure S3a).
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Figure 1. Effect of baicalin supplementation on the incidence of diarrhea in mice after CDI. Percentage incidence of diar-
rhea was recorded from 1 DPI to 5 DPI in the different treatment groups in the prophylactic BC study (a) therapeutic BC 
Figure 1. Effect of baicalin supplementation on the incidence of diarrhea in mice after CDI. Percentage incidence of diarrhea
was recorded from 1 DPI to 5 DPI in the different treatment groups in the prophylactic BC study (a) therapeutic BC study
(b). *** indicates a statistically significant difference (p < 0.0001) relative to challenged, positive control (CD) vs. the
baicalin-treated challenged mice (CD+BC1 or CD+BC2). Error bars represent SEM. Treatment groups: NC (unchallenged
negative control), Ant (unchallenged antibiotic control), Ant+BC (unchallenged antibiotic + 22 mg/L BC control), BC2
(unchallenged 22 mg/L BC control), CD (Ant+C. difficile-challenged control), CD+PBS (Ant+C. difficile-challenged control,
PBS solvent control), CD+BC1 (Ant+ CD + 11 mg/L BC), CD+BC2 (Ant+ CD + 22 mg/L BC).

In the therapeutic trial, baicalin was supplemented in drinking water similar to the
prophylactic trial but was initiated from day 1 post challenge. Interestingly, the C. difficile
positive control group (Ant+CD) did not show any diarrhea on 1 DPI; however, diarrhea
was observed in 62.5% and 87.5% animals on 2 DPI (n = 13) and 3 DPI (n = 5), respectively
(Figure 1b). Diarrhea was observed until the fifth day post infection in this group, with
no additional increase in percentage incidence after 3 DPI. Diarrhea was observed from
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1 DPI in the CD+BC1 and CD+BC2 groups, although a significantly reduced incidence
was observed for both BC-treated groups compared with the positive control (p < 0.05).
An incidence of 25% was observed on both 2 DPI and 3 DPI in CD+BC1 group, with no
diarrhea thereafter. In the CD+BC2 group, the incidence of diarrhea stayed at 14% for
days 1–3 post infection, with no more diarrhea observed for the remainder of experiment
duration (Figure 1b). In addition, there was only one mortality recorded in the C. difficile-
positive control group on 6 DPI (Supplementary Figure S3b).

No diarrhea was observed in the control groups (i.e., negative control (NC), baicalin
control (BC2), antibiotic control (Ant), and antibiotic with baicalin control (Ant+BC2)) in
both the prophylactic and therapeutic BC studies.

2.2. Effect of Baicalin Supplementation on Clinical Score and Body Weight of C.
difficile-Infected Mice

Clinical scores of animals from different treatment groups were individually recorded
using a standard score chart, from 1 DPI to 10 DPI (Supplementary Table S1) (Chen et al.,
2008). Groups receiving prophylactic supplementation of baicalin (CD+BC1 and CD+BC2)
had a significantly reduced average clinical score compared with the challenge control (CD)
(p < 0.05) (Figure 2a). The recovery of surviving morbid animals in the C. difficile control
group was much slower compared with baicalin-treated groups (p < 0.05), with apparent
clinical resolution observed by 9 DPI. However, the baicalin-supplemented groups showed
a dose-dependent reduction in disease severity, with complete recovery observed by 6 DPI
(p < 0.05). Although not statistically significant, the clinical score of the CD+BC2 group was
lower compared with that of CD+BC1 group. Interestingly, a similar trend in the average
clinical scores was also observed in the baicalin therapeutic trial. The clinical scores in
CD+BC1 and CD+BC2 groups also followed a dose-dependent reduction in disease severity
(Figure 2b). However, the recovery rate was much slower compared with the prophylactic
study, where no complete resolution of clinical disease was observed until the end of the
experiment (day 10 post-C. difficile challenge).

Body weights were recorded on a daily basis post infection, and the relative percentage
weight with respect to the initial weight prior to the C. difficile challenge was calculated.
In the prophylactic study, the baicalin control group (BC2) and Ant+BC2 group showed
no significant weight loss compared with negative control. However, mice in the C.
difficile-positive control (CD) showed a significant and progressive weight loss from 1 DPI
to 5 DPI compared with unchallenged control (p < 0.05), with animals regaining their
pre-challenge body weights by 9 DPI. Although there was no significant difference in
the average body weights of mice from the BC-treated challenge groups (CD+BC1 and
CD+BC2) compared with positive control, baicalin-treated animals were able to rapidly
regain their pre-challenge body weights by 5 DPI compared with the C. difficile-positive
control (9 DPI) (Figure 2c).

In the therapeutic trial, C. difficile-challenge control (CD) showed significant weight
loss compared with negative controls (p < 0.05). Mice in the C. difficile-challenge control
group showed progressive weight reduction 3 DPI through 6 DPI, returning to their initial
body weights by 8 DPI. In addition, there was no significant difference in average per-
centage body weights between the CD group and CD+BC1 group. However, a significant
difference was observed in the average percentage body weights of the CD+BC2 groups
compared with the CD group on days 3 and 4 post challenge (p < 0.05) (Figure 2d). More-
over, the CD+BC2 group attained their pre-challenge body weight by 4 DPI; however, a
slight delay was observed in the CD+BC1 group, with animals attaining their initial body
weight by 6 DPI (Figure 2d).
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otic control group (Ant) had a higher proportion of Gammaproteobacteria and Enterococ-
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Figure 2. Effect of baicalin supplementation on clinical severity and change in body weight in mice after CDI. Average
clinical scores and percentage body weights were recorded from 1 DPI to 10 DPI for the different treatment groups in the
prophylactic BC study (a,c) and therapeutic BC study (b,d). **, * indicates a statistically significant difference (p < 0.001,
p < 0.05, respectively) relative to the untreated challenge group (CD); † symbol indicates a statistically significant difference
(p < 0.05) relative to CD+PBS. Percentage body weights among treatment groups (in (c,d) were compared within the same
day time point. Error bars represent SEM. Treatment groups: NC (unchallenged negative control), Ant (unchallenged
antibiotic control), Ant+BC (unchallenged antibiotic + 22 mg/L BC control), BC2 (unchallenged 22 mg/L BC control), CD
(Ant+C. difficile-challenged control), CD+PBS (Ant+C. difficile-challenged control, PBS solvent control), CD+BC1 (Ant+CD +
11 mg/L BC), CD+BC2 (Ant+CD + 22 mg/L BC).

2.3. Effect of Baicalin Supplementation on the Gut Microbiome of C. difficile-Challenged and
Non-Challenged Mice

The results from the prophylactic trial revealed distinctive patterns in the composition
of bacterial communities in the different treatment groups. In the unchallenged control
group (NC), the predominant phyla groups consisted of Firmicutes and Bacteroidetes in a
ratio of 1.05:1, with a minimal proportion of other taxa related to opportunistic pathogens
such as Gammaproteobacteria and Enterococcaceae (Figure 3a). In the baicalin control group
(BC2), a higher proportion of Firmicutes was observed, compared with Bacteroidetes hav-
ing a ratio of 1.79:1. Although, the phyla comparisons seemingly had a greater degree of
difference in their proportion across groups, it was statistically insignificant. The antibiotic
control group (Ant) had a higher proportion of Gammaproteobacteria and Enterococcaceae
compared with the negative control and baicalin control group. The supplementation
of baicalin along with the antibiotic (Ant+BC2) seemed to reduce the proportion of Ente-
rococcaceae but was not able to reverse the increase in Gammaproteobacteria. However,
there was an increase in the proportion of the phylum Verrucomicrobia (represented as
genus Akkermansia) compared with the antibiotic control group (Figure 3a). The baicalin
untreated challenge groups (CD and CD+PBS) had a predominantly higher proportion
of Firmicutes and Gammaproteobacteria compared with uninfected controls. However,
baicalin administration to C. difficile-challenged groups (CD+BC1 and CD+BC2) reduced
the abundance of Firmicutes and increased the proportion of Proteobacteria compared with
the antibiotic control and positive control groups (CD and CD+PBS). A notably distinct
phylum that prevailed among baicalin-treated, spore-challenged (CD+BC1 and CD+BC2),
and unchallenged (BC2 and Ant+BC2) groups was Verrucomicrobia, specifically the genus
Akkermansia (Figure 3a).
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Figure 3. Effect of baicalin supplementation on the abundance of major gut microbiome taxa and 
microbiome diversity in the antibiotic-treated and C. difficile-challenged mice. (a) Relative taxa 
abundance of OTUs: Fecal samples were collected 2 DPI from the prophylactic BC study. DNA 
was extracted for microbiome analysis using Illumina MiSeq platform, and the relative abundance 
of OTUs of major phyla, order, family, and genera was determined. (b) Abundance of major bacte-
rial family taxa. Percentage abundances of major families—Lactobacillaceae, Lachnospriaceae, Akker-
mansia, Peptostreptococcaceae, and Enterobacteriaceae—in the mice treatment groups of the prophy-
lactic BC study. **, * indicates a statistically significant difference (p < 0.001, p < 0.05, respectively) 
relative to the untreated challenge group (CD). Error bars represent SEM. (c) Bray–Curtis plot: 
Relationships between treatment groups based on the abundance of species present in each sam-
ple were plotted. NMS ordinations were run in R (v 3.3.0) using metaMDS in the vegan (v 2.3-5) 
package after calculating the stress scree plots to determine the number of axes required to achieve 
stress below 0.2, plotted using ggplot2 (v 2.1.0). (d) Inverse Simpson Plot: Fecal samples were col-

Figure 3. Effect of baicalin supplementation on the abundance of major gut microbiome taxa and microbiome diversity in
the antibiotic-treated and C. difficile-challenged mice. (a) Relative taxa abundance of OTUs: Fecal samples were collected
2 DPI from the prophylactic BC study. DNA was extracted for microbiome analysis using Illumina MiSeq platform, and the
relative abundance of OTUs of major phyla, order, family, and genera was determined. (b) Abundance of major bacterial
family taxa. Percentage abundances of major families—Lactobacillaceae, Lachnospriaceae, Akkermansia, Peptostreptococcaceae,
and Enterobacteriaceae—in the mice treatment groups of the prophylactic BC study. **, * indicates a statistically significant
difference (p < 0.001, p < 0.05, respectively) relative to the untreated challenge group (CD). Error bars represent SEM.
(c) Bray–Curtis plot: Relationships between treatment groups based on the abundance of species present in each sample were
plotted. NMS ordinations were run in R (v 3.3.0) using metaMDS in the vegan (v 2.3-5) package after calculating the stress
scree plots to determine the number of axes required to achieve stress below 0.2, plotted using ggplot2 (v 2.1.0). (d) Inverse
Simpson Plot: Fecal samples were collected 2 DPI of the prophylactic BC study. DNA was extracted for microbiome analysis
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using Illumina MiSeq platform, and Alpha diversity was calculated using inverse Simpson to measure the richness and
evenness of the OTUs. Treatment groups: NC (unchallenged negative control), Ant (unchallenged antibiotic control),
Ant+BC (unchallenged antibiotic + 22 mg/L BC control), BC2 (unchallenged 22 mg/L BC control), CD (Ant+C. difficile-
challenged control), CD+PBS (Ant+C. difficile-challenged control, PBS solvent control), CD+BC1 (Ant+CD + 11 mg/L BC),
CD+BC2 (Ant+CD + 22 mg/L BC).

At the family/genus level, the relative abundance of Lactobacillaceae did not show
any significant difference amongst the negative control (NC), baicalin control (BC2), and
baicalin-treated antibiotic control groups (Ant+BC2) (p > 0.05). In contrast, the antibiotic
control and untreated spore challenge groups (CD and CD+PBS) had a higher abundance of
Lactobacillaceae compared with the aforementioned controls; however, it was not statistically
significant. However, although not significant, baicalin-treated spore challenge groups had
a much lower abundance of Lactobacillaceae compared with positive controls (Figure 3b).
With regards to Lachnospiraceae and Akkermansia, although not significant, baicalin-treated
control (BC2) marginally increased their relative abundance compared with the negative
control (p > 0.05) (Figure 3b). In untreated spore challenge groups (CD and CD+PBS), the
abundance of both Lachnospiraceae and Akkermansia was significantly reduced compared
with the negative control (NC), baicalin control (BC2), and the baicalin-treated antibiotic
control (Ant+BC2) (p < 0.05). However, with the exception of the CD+BC1 group, there
was a significant increase in the relative abundance of Lachnospiraceae in the CD+BC2
group compared with untreated spore challenge groups (CD and CD+PBS) (p < 0.05).
In terms of the relative abundance of Akkermansia, there was a significant increase in
both baicalin-treated challenge groups compared with untreated spore challenge groups
(p < 0.05) (Figure 3b). The relative abundance of Peptostreptococcaceae was negligible and
showed no significant difference in the negative control (NC), baicalin control (BC2),
and antibiotic controls (Ant and Ant+BC2 groups) (p > 0.05) (Figure 3b). However, in
baicalin-treated spore-challenged groups (CD+BC1 and CD+BC2), Peptostreptococcaceae
was significantly reduced compared with the CD+PBS group (not CD group), which
had a higher abundance (p < 0.05). The abundance of Enterobacteriaceae was higher in
antibiotic control (Ant), baicalin-treated antibiotic control group (Ant+BC2), C. difficile-
positive control and PBS control (CD and CD+PBS) groups compared with negative control
and baicalin control (BC2) groups (Figure 3b).

The non-metric multi-dimensional scaling (NMDS) plot indicating the differential
pattern of bacterial diversity revealed a close clustering of baicalin control (BC2) and
negative control, suggesting that the species abundance in the BC2 group is comparable
with the untreated negative control. However, the other treatment groups (antibiotic-
treated groups, challenged or unchallenged with C. difficile, and with or without BC
treatment) did not indicate a typical relationship pattern for the abundance of species
present in each sample (Figure 3c). The inverse Simpson plot representing the differential
pattern of bacterial diversity revealed that the BC2 group did not alter the diversity of the
gut bacterial community compared with the negative control (NC) (p > 0.05). However,
irrespective of the baicalin treatment, there was a marked reduction in the diversity of
bacterial communities in C. difficile-infected groups and antibiotic controls (Figure 3d).

2.4. Effect of Baicalin Supplementation on Histopathologic Lesion Score of C. difficile-Infected and
Non-Infected Mice

In both the prophylactic and therapeutic studies, the C. difficile-positive control (CD)
and CD+PBS group showed significantly severe colitis compared with the unchallenged
negative controls (p < 0.0001). The representative histopathological slides shown in the
figure are from the treatment groups NC (Figure 4a(i)), CD+BC1 (Figure 4a(ii)), CD+BC2
(Figure 4a(iii,iv)), and CD (Figure 4a(v,vi)) and from the histopathological scores for all
the treatment groups provided in Figure 4b(i,ii)). The microscopic observations and
histopathological scores indicate that the model was a severe disease challenge model, and
the positive and negative control treatment groups worked accordingly.
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Figure 4. Colon histology and lesion scores. (a) Histologic examination of representative colonic tissues; (i) NC group—
normal colon appearance; (ii) CD+BC1 group—colitis with submucosal and lamina propria inflammation (arrowhead) 
and moderate submucosal edema with dilated lymphatics (arrow); (iii,iv) CD+BC2 group—moderate colitis with submu-
cosal edema (arrow), inflammation composed predominantly of neutrophils (arrowhead), and inset in (iv) shows neutro-
phils in higher magnifications (60×), which are predominantly inflammatory cells observed in the lamina propria and 
submucosa; (v,vi) CD group—severe colitis with marked submucosal protein-rich edema (arrow) congestion (thick arrow) 
and hemorrhage, enterocyte necrosis (asterisk) and erosion, and marked neutrophil infiltration (arrowhead). (b) Histo-
pathologic scoring was based on (1) epithelial tissue damage; (2) congestion, edema, and hemorrhage; and (3) neutrophil 
infiltration. A score of 0–4 was assigned to each animal, denoting 0 for the absence of lesion, 1 for minimal, 2 for mild, 3 
for moderate, and 4 for the severe histopathologic lesion. Mean of individual category scores were calculated to provide 
an overall histopathologic lesion score for each mouse and then for each group. Error bars represent SEM. (i) Prophylactic 

Figure 4. Colon histology and lesion scores. (a) Histologic examination of representative colonic tissues; (i) NC group—
normal colon appearance; (ii) CD+BC1 group—colitis with submucosal and lamina propria inflammation (arrowhead) and
moderate submucosal edema with dilated lymphatics (arrow); (iii,iv) CD+BC2 group—moderate colitis with submucosal
edema (arrow), inflammation composed predominantly of neutrophils (arrowhead), and inset in (iv) shows neutrophils in
higher magnifications (60×), which are predominantly inflammatory cells observed in the lamina propria and submucosa;
(v,vi) CD group—severe colitis with marked submucosal protein-rich edema (arrow) congestion (thick arrow) and hem-
orrhage, enterocyte necrosis (asterisk) and erosion, and marked neutrophil infiltration (arrowhead). (b) Histopathologic
scoring was based on (1) epithelial tissue damage; (2) congestion, edema, and hemorrhage; and (3) neutrophil infiltration.
A score of 0–4 was assigned to each animal, denoting 0 for the absence of lesion, 1 for minimal, 2 for mild, 3 for moderate,
and 4 for the severe histopathologic lesion. Mean of individual category scores were calculated to provide an overall
histopathologic lesion score for each mouse and then for each group. Error bars represent SEM. (i) Prophylactic study;
(ii) therapeutic study. ††, † symbol indicates a statistically significant difference (p < 0.001, p < 0.05, respectively) relative to
challenged, positive control (CD) vs. the baicalin-treated challenged mice (CD+BC1 or CD+BC2).
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Interestingly, mice groups receiving the prophylactic supplementation of baicalin
(CD+BC1 and CD+BC2) had a significantly reduced histopathologic lesion score compared
with C. difficile-positive control (CD) (p < 0.05 and p < 0.001) (Figure 4a(ii–iv),b(i)). However,
in the therapeutic study, only high baicalin dose treatment (CD+BC2) had significantly
reduced histopathologic lesion score (p < 0.05) compared with C. difficile-positive control
(CD) (Figure 4b(ii)). However, in both study designs, i.e., the prophylactic and therapeutic
studies, the higher doses in the CD+BC2 group had decreased histopathologic lesions
as compared with the low dose CD+ BC1, although this reduction was not statistically
significant.

2.5. Effect of Baicalin Supplementation on Fecal C. difficile Counts and Fecal Toxin-Mediated
Cytotoxicity on Vero Cells

qPCR-based fecal C. difficile counts in the untreated, challenged mice groups, CD
and CD+PBS, were 4.25 and 4.10 log CFU/mL, respectively. However, there was a mild
reduction in counts by ~0.5 log CFU/mL in both the CD+BC1 and CD+BC2 treatment
groups when compared with the untreated challenged mice groups (Figure 5a(i)). Fecal
C. difficile spore enumeration was performed by serial dilution and plating on samples
collected from day 4 and 6 post infection. Although there was approximately a 2-log
reduction in C. difficile spore counts in the day 4 fecal samples of challenged, BC-treated
mice compared with the positive control (CD) (p < 0.001), the C. difficile counts were almost
the same level by day 6 post infection (p > 0.05) (Figure 5b(ii,iii)). In addition, the fecal
slurry supernatants from the BC-treated, challenged mice showed a reduction in Vero cell
cytotoxicity compared with the untreated, challenged mice. Vero cell cytotoxicity with day
4 and day 6 fecal samples from CD+BC1 and CD+BC2 mice groups showed 96% (p < 0.05)
and 99% (p < 0.05), and 64% (p = 0.18) and 96% (p < 0.05) reduction, respectively when
compared with the untreated, C. difficile-challenged mice (Figure 5b(i,ii)).
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Figure 5. Effect of prophylactic baicalin supplementation on C. difficile counts and Vero cell cytotoxicity using fecal slurry 
supernatants. (a) Enumeration of C. difficile from fecal samples using (i) qPCR-based quantification using fecal DNA (5 ng 
content) from day 2 post infection, and (a (ii,iii)) serial dilution and plating of fecal samples on cycloserine-cefoxitin fruc-
tose containing 0.1% sodium taurocholate (CCFA-T) agar plates from day 4 and 6 post infection. (b(i,ii)) Fecal cytotoxicity 
assay using fecal samples collected during day 4 and 6 of the prophylactic study. Error bars represent SEM. ††, † symbol 
indicates a statistically significant difference (p < 0.001, p < 0.05, respectively) relative to challenged positive control (CD) 
vs. the baicalin-treated challenged mice (CD+BC1 or CD+BC2). 
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baicalin as an alternative agent to ameliorate CDI without compromising the normal gut 
microbial population. Previous research conducted in our laboratory revealed that sub-

Figure 5. Effect of prophylactic baicalin supplementation on C. difficile counts and Vero cell cytotoxicity using fecal slurry
supernatants. (a) Enumeration of C. difficile from fecal samples using (i) qPCR-based quantification using fecal DNA (5 ng
content) from day 2 post infection, and (a (ii,iii)) serial dilution and plating of fecal samples on cycloserine-cefoxitin fructose
containing 0.1% sodium taurocholate (CCFA-T) agar plates from day 4 and 6 post infection. (b(i,ii)) Fecal cytotoxicity assay
using fecal samples collected during day 4 and 6 of the prophylactic study. Error bars represent SEM. ††, † symbol indicates
a statistically significant difference (p < 0.001, p < 0.05, respectively) relative to challenged positive control (CD) vs. the
baicalin-treated challenged mice (CD+BC1 or CD+BC2).

3. Discussion

In the current study, we investigated the prophylactic and therapeutic efficacies of
baicalin as an alternative agent to ameliorate CDI without compromising the normal gut
microbial population. Previous research conducted in our laboratory revealed that sub-
inhibitory concentration of baicalin reduced C. difficile toxin production and cytotoxicity
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in vitro. Additionally, baicalin inhibited C. difficile spore germination and outgrowth [31].
The results from the current study translate our previous findings in vivo by demonstrating
a dose-dependent reduction of CDI severity in BC-supplemented mice. Concurring with
the reduced incidence of diarrhea in baicalin-treated C. difficile-infected mice (p < 0.05)
(Figure 2a,b), a significant reduction in average clinical scores, fecal toxin-mediated Vero
cell cytotoxicity, and histopathologic lesion scores were also observed compared with the
challenge control group (CD) (p < 0.05) (Figure 2c,d, Figures 4b and 5b). Although the fecal
C. difficile counts on day 6 were comparable across the challenged mice groups treated with
or without BC (5a (iii)), there was a significant reduction in the fecal toxin-mediated Vero
cell cytotoxicity in the CD+BC2 mouse group (Figure 5b(ii)). The reduced CDI severity in
baicalin-treated mice could be attributed to the inhibitory effect of baicalin on C. difficile
toxin production, as observed in our in vitro studies [31]. In addition, baicalin is known to
possess anti-inflammatory and anti-diarrheal properties [34–36], which could also have
contributed to the improved clinical outcome in BC-administered mice.

A normal and healthy gastrointestinal microbiota is key for preventing pathogen colo-
nization, including C. difficile [37]. Disruption of host gut microbiota as a result of antibiotic
therapy is the most important predisposing factor for CDI [1]. Antibiotic administration
significantly alters microbiome diversity and composition, the effects of which can persist
even after the withdrawal of antibiotics [38,39]. The increased risk for CDI susceptibility
in the elderly is attributed to the reduction of the protective bacterial population such as
Firmicutes and undesirable Proteobacteria groups in the gut [40–42].

In this study, baicalin did not reduce the bacterial diversity of the mouse gut micro-
biome compared with the untreated negative control (Figure 3c,d). Baicalin treatment
alone significantly increased the abundance of Firmicutes, especially the members of Lach-
nospiraceae and, to a modest extent, the Lactobacillaceae group, compared with the negative
control (Figure 3b). Microbiome analyses of human CDI patients by previous researchers
have identified that Ruminococcaceae and Lachnospiraceae, as well as butyrate-producing
bacteria were significantly depleted in patients with CDI compared with healthy subjects,
whereas Enterococcus and Lactobacillus were more abundant in CDI patients [43]. In addition,
a decrease in Enterococcaceae along with an increase in Peptostreptococcaceae, Lactobacillaceae,
and Enterobacteriaceae have also been reported in C. difficile-positive patients [44–49]. An
abundance of Lachnospiraceae, Ruminococcaceae, and Bacteroidaceae families mainly con-
tribute to C. difficile colonization resistance in humans [43,47,50]. Similar observations in
the gut microbiome of mice were also observed, wherein an increase in Lactobacillaceae and
Enterobacteriaceae families was noted in susceptible mice that were treated with antibiotics,
whereas Lachnospiraceae dominated in animals that remained resistant to CDI [51]. In addi-
tion, it has been collectively implicated from several research findings that that a decrease
in Lachnospiraceae and Barnesiella with an increase in Lactobacillaceae and Enterobacteriaceae
is responsible for the loss of colonization resistance against C. difficile [50]. Antibiotic-
induced microbiome dynamics observed in the current study are in agreement with the
findings reported by previous researchers. Antibiotic pre-treatment significantly increased
the abundance of the Lactobacillaceae and Proteobacteria, with a drastic reduction in the
Lachnospiraceae (Figure 3b). This change in the microbial composition could be correlated
with an increased susceptibility of mice to C. difficile challenge. Akkermansia genus (phylum
Verrucomicrobia) is a strictly anaerobic, Gram-negative bacterium that has been detected in
the intestine of most healthy individuals, representing 1–4% of the total microbiota, and is
capable of utilizing gut-secreted mucin as a sole source of carbon and nitrogen [52,53]. The
only species in this genus, Akkermansia muciniphila, has beneficial effects on metabolism
and gut health by exhibiting anti-inflammatory and immunostimulant properties [53,54].
Recent studies have revealed that co-administration of A. muciniphila with polyphenols or
prebiotics resulted in improvement of gut barrier function and reduced endotoxemia [55].
Although co-administration of baicalin with antibiotics (Ant+BC2) was not able to reverse
the abundance of Enterobacteriaceae, a significant increase in Lachnospiraceae and Akkermansia
was observed (p < 0.05) (Figure 3b). Therefore, in the CD+BC1 and CD+BC2 groups, the
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microbiome shift observed during co-administration of baicalin and antibiotics may have
contributed to the colonization resistance against C. difficile on days 2 and 4 post infection.
The untreated spore-challenged mice groups (CD and CD+PBS) had invariably shown an
increased abundance of Lactobacillus and Proteobacteria due to antibiotic administration,
along with an increase in the abundance of Peptostreptococcaceae, the family under which
the pathogenic C. difficile are classified [56]. However, in baicalin-treated spore challenge
groups, we observed a dose-dependent increase in the abundance of Lachnospiraceae and
Akkermansia, along with a significant reduction in Peptostreptococcaceae (p < 0.05) (Figure 3b).
These results suggest that the reduced clinical symptoms and infection in baicalin-treated
animals could be attributed in part to the beneficial shift in the gut microbiome, especially
with the improved abundance of Lachnospiraceae and Akkermansia.

4. Materials and Methods
4.1. Ethics Statement, Animals, and Housing

The study was performed with the approval of the Institutional Animal Care and Use
Committee (IACUC) at the University of Connecticut, following the endorsed guidelines for
animal care and use. Five- to six-week-old C57BL/6 mice were obtained from Charles River
(Boston, MA), housed in a biohazard level II AALAC-accredited facility, and monitored
for health status twice daily. Mice were provided with irradiated feed, autoclaved water,
and bedding, along with 12 h light/dark cycles. The procedures that required animal
handling (spore administration, cage changes, and sample collection) were done under a
biosafety cabinet (class II) using proper personal protective equipment. Decontamination
and sterilization of the biosafety cabinet was done using 10% bleach to prevent cross-
contamination between experimental treatment groups. The mice were singly housed in a
cage, and twelve cages were included for each treatment in each of the experiments.

4.2. Prophylactic and Therapeutic Administration of Baicalin in a Mouse Model of
C. difficile Infection

The in vivo infection model was based on a previously established protocol with
minor modifications [32]. Five- to six-week-old female animals were randomly assigned
to one of the following eight treatment groups of thirteen animals each (Table 1). In
the prophylactic model, animals were provided irradiated pellet feed and incorporated
baicalin in drinking water containing 0, 11, and 22 mg/L of the compound for a period
of twenty-two days (Supplementary Figure S1). As equated from the average daily water
consumed by each mouse (~5–7 mL per day), baicalin-treated water was expected to
deliver approximately 250 mg/kg and 500 mg/kg of the compound per day in the 11
and 22 mg/L treatments, respectively. Previous researchers have indicated that baicalin
dosage of 400 mg/kg is well tolerated by mice [57]. Subsequently, an antibiotic cocktail
comprising kanamycin (0.4 mg/mL), gentamicin (0.03 mg/mL), colistin (850 U/mL),
metronidazole (0.215 mg/mL), and vancomycin (0.045 mg/mL) was added in drinking
water for 3 days. After antibiotic supplementation, the mice were switched back to their
prior treatment regimens, and all animals in the challenge groups (CD, CD+PBS, CD+BC1,
and CD+BC2) and the antibiotic control group (Ant) received a single intraperitoneal
injection of clindamycin (10 mg/kg, with a maximum of 0.5 mL/mouse using a 27G needle
and syringe) a day prior to C. difficile challenge. Pre-treatment of mice with antibiotics was
intended to induce gastrointestinal dysbiosis and enable C. difficile colonization following
the spore challenge. Mice proposed for C. difficile infection were orally administered
106 spores (CFU) per 0.1 mL total volume of hypervirulent C. difficile ATCC BAA 1803 using
a straight 18G gavage needle (1” shaft length) and were observed for signs of CDI, including
diarrhea, wet tail, and hunched posture using a mouse clinical score sheet (Supplementary
Figure S2 and Supplementary Table S1).
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Table 1. Different treatment groups used in the experiment. Abbreviations: Ant (antibiotic); CD
(C. difficile); BC (baicalin); PBS (phosphate buffered saline).

Group Antibiotic BC Spore
Challenge

NC (Unchallenged negative control) - - -

Ant (Unchallenged antibiotic control) + - -

Ant+BC (Unchallenged antibiotic + 22 mg/L BC control) + + -

BC2 (Unchallenged 22 mg/L BC control) - + -

CD (Ant + C. difficile challenged control) + - +

CD+PBS (Ant + CD challenged, PBS solvent control) + - +

CD+BC1 (Ant + CD + 11 mg/L BC) + + +

CD+BC2 (Ant + CD + 22 mg/L BC) + + +

The individual weight of each mouse was measured every day, fecal samples were col-
lected on alternate days post infection (DPI; days 4 and 6 for the prophylactic study only),
and all animals were observed twice daily for ten days for morbidity and mortality. At the
end of the experiment (10th day after challenge), all animals were euthanized. In the thera-
peutic model, the only difference from the aforementioned procedure is that baicalin was
administered from day 1 post-C. difficile spore challenge (1 DPI). In addition, microbiome
analysis was not performed in the therapeutic study (Supplementary Figure S1).

4.3. Histopathologic Analysis

Colon and cecum were collected from each mouse from the prophylactic study (n = 8),
and the tissues were fixed in 10% formalin. Formalin-fixed tissues were then embedded
in paraffin, and slides were made and stained with hematoxylin and eosin. A board-
certified veterinary pathologist performed blinded histopathological analysis on all sections.
Histopathologic grading was based on a scoring system reported previously [32,58]. Briefly,
scoring was based on (1) epithelial tissue damage; (2) edema, congestion, and hemorrhage;
and (3) neutrophil infiltration. A score of 0–4 was assigned to each animal, with 0 denoting
the absence of lesion, 1 for minimal, 2 for mild, 3 for moderate, and 4 for severe. Mean
of individual category scores were calculated to provide an overall histopathologic lesion
score for each mouse and then for each group.

4.4. DNA Extraction, PCR Amplification, and Sequencing of Taxonomic Markers

Fecal samples from day 2 post infection from all treatment groups (from eight animals
per treatment group) of the prophylactic baicalin study were subjected to DNA extraction
using the MoBio PowerMag Soil 96 well kit (MoBio Laboratories, Inc., Carlsbad, CA, USA),
according to the manufacturer’s protocol for the Eppendorf ep Motion liquid-handling
robot. Quantification of DNA was performed using the Quant-iT PicoGreen kit (Invitrogen,
ThermoFisher Scientific, Waltham, MA, USA), and DNA was subjected to amplification
of partial bacterial 16S rRNA genes (V4 region) from 30 ng of extracted DNA as template,
using 515F and 806R primers bound with Illumina adapters and dual indices (8 basepair
golay in 3′ and 5′) [59,60]. Amplification was performed in triplicates with the addition
of 10 µg BSA (New England BioLabs, Ipswich, MA, USA) using Phusion High-Fidelity
PCR master mix (New England BioLabs, Ipswich, MA, USA). The reaction mixes were
incubated at 95 ◦C for 3.5 min and then subjected to PCR reaction for 30 cycles of 30 s at
95.0 ◦C, 30 s at 50.0 ◦C, and 90 s at 72.0 ◦C, followed by a final extension at 72.0 ◦C for
1 min. Quantification and visualization of pooled PCR products were performed using the
QIAxcel DNA Fast Analysis (Qiagen, Germantown, MD, USA). DNA concentrations of
the PCR products were normalized to 250–400 bp and pooled using the QIAgility liquid
handling robot. Pooled PCR products were cleaned up using the Gene Read Size Selection
kit (Qiagen, Germantown, MD, USA) according to the manufacturer’s protocol, and the
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cleaned pool was subjected to sequencing on MiSeq using a v2 2 × 250 base pair kit
(Illumina, Inc., San Diego, CA, USA).

4.5. Sequence Analysis

Microbiome analysis was set up as a completely randomized design with treatments
done in replicates of eight. Filtering and clustering of sequences were performed using
Mothur 1.36.1 based on a published protocol [60]. The operational taxonomic units (OTUs)
of samples were clustered at 97% sequence similarity, and downstream analysis was
done using R version 3.2. The richness and evenness of sample OTUs were calculated
by estimating alpha diversity using inverse Simpson diversity index, which were then
analyzed using Tukey’s test. Permutational multivariate analysis (PERMANOVA, adonis
function, 75 permutations) was performed to analyze differences in bacterial community
composition in the various treatment groups. Test for significance in alpha diversity was
determined by ANOVA followed by Tukey’s honest significant differences, adjusting for
multiple comparisons (p = 0.05). NMS ordinations were run in R (v 3.3.0) using metaMDS in
the vegan (v 2.3-5) package after calculating the stress scree plots to determine the number
of axes required to achieve stress below 0.2, plotted using ggplot2 (v 2.1.0). In addition, the
relative abundance of OTUs of major phyla, order, and genera was determined to assess
the effect of treatment. Tukey’s test was used to identify changes in groups of bacteria
based on treatment, and the significance was detected at p < 0.05.

4.6. Fecal C. difficile Enumeration and Cytotoxicity Assay

DNA extracted from day 2 post-infection fecal samples in the previous section (pro-
phylactic study; n = 8) was subjected to qPCR-based enumeration of C. difficile. The Ct
values obtained were compared against the standard curve for the tcdA gene of BAA 1803.
The bacterial counts for the standard curve ranged from 0.5 log CFU/mL to 6 log CFU/mL.
The trendline from the scatter plot of the standard curve generated the regression equation
y = −3.8456x = 36.4 (R2 = 0.9899), wherein y denotes the Ct values of the respective samples
and x would provide the counts in log10 bacterial copy number/qPCR. Fecal material
obtained from days 4 and 6 of the prophylactic study (n = 4) was subjected to C. difficile
enumeration using serial dilution and plating. An amount of 15 mg of fecal material was
weighed and transferred into an Eppendorf tube containing 500 µL of PBS. The samples
were mixed thoroughly by vortexing and subjected to heat shock at 60 ◦C for 20 min (in a
water bath) to kill the vegetative bacteria and favor sporulation of C. difficile in the fecal
slurry. To enumerate C. difficile spores, the samples were serially diluted and plated on to
cycloserine-cefoxitin fructose agar containing 0.1% sodium taurocholate (CCFA-T)) and
incubated in an anaerobic chamber (A35, Don Whitley Scientific Ltd., Bingley, UK) at 37 °C
for 48 h. In addition, fecal samples collected from day 4 and 6 post infection were also
subjected to Vero cell cytotoxicity. In this method, 15 mg of fecal material was weighed and
mixed thoroughly by vortexing with 200 µL of sterile PBS and subsequently centrifuged
at 14,000× g at 4 ◦C for 10 min (samples were stored at −80 ◦C if not used immediately).
The supernatants of the fecal slurry were subjected to Vero cell cytotoxicity assay [31].
Fecal slurry supernatants were serially diluted by 1:10 up to a dilution of 1:100,000,000
onto confluent Vero cell monolayers in 96-well microtiter plates. The cell culture plates
were incubated in a carbon dioxide incubator (5% CO2) at 37 ◦C for 24 h and observed
for cytopathic changes under an inverted microscope. Cytopathic changes were observed
as Vero cell rounding, and the cytotoxicity titer was considered as the highest microtiter
well dilution showing 80% cell rounding. The identified titer values were expressed as the
reciprocal of the identified dilution.

4.7. Statistical Analysis

Data were analyzed using R and GraphPad Prism 8.4.2. Chi-squared test was used
to compare diarrhea incidence rate between to different treatments. For analyzing the
percentage body weight and average clinical scores, the differences between means between
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experimental groups across the days were compared by two-way mixed ANOVA using
Tukey’s test. For analyzing the qPCR based fecal C. difficile counts and fecal cytotoxicity
assay, the differences between means were compared using one-way ANOVA. Percentage
abundance of major family taxa in the microbiome was analyzed using one-way analysis
using the Mann–Whitney test. A two-sided Cochran–Armitage test was used to compare
the histopathologic lesion scores between the groups, with the Benjamini and Hochberg
correction being applied to p values. The statistical significance level was set at p < 0.05.
Survival curve comparisons were analyzed using the log-rank (Mantel–Cox) test.

5. Conclusions

The results from this study suggest that oral BC supplementation protects mice from
antibiotic-induced gut dysbiosis and CDI. Baicalin supplementation significantly reduced
the incidence of diarrhea as well as the severity of CDI clinical symptoms and enteric lesions
in mice. In addition, BC favorably modulated the composition of gut microbiota without
detrimentally affecting the gut microbiome diversity. However, further mechanistic and
clinical investigations are warranted to validate and extrapolate these results for controlling
CDI in human patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10080926/s1, Figure S1: Antibiotic-induced murine CDI model, Figure S2: Mouse
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Abstract: Clostridioides (also known as Clostridium) difficile is a Gram-positive anaerobic, spore pro-
ducing bacterial pathogen that causes severe gastrointestinal infection in humans. The current
chemotherapeutic options are inadequate, expensive, and limited, and thus inexpensive drug treat-
ments for C. difficile infection (CDI) with improved efficacy and specificity are urgently needed. To
improve the solubility of our cationic amphiphilic 1,1′-binaphthylpeptidomimetics developed earlier
that showed promise in an in vivo murine CDI model we have synthesized related compounds
with an N-arytriazole or N-naphthyltriazole moiety instead of the 1,1′-biphenyl or 1,1′-binaphthyl
moiety. This modification was made to increase the polarity and thus water solubility of the over-
all peptidomimetics, while maintaining the aromatic character. The dicationic N-naphthyltriazole
derivative 40 was identified as a C. difficile-selective antibacterial with MIC values of 8 µg/mL against
C. difficile strains ATCC 700057 and 132 (both ribotype 027). This compound displayed increased wa-
ter solubility and reduced hemolytic activity (32 µg/mL) in an in vitro hemolysis assay and reduced
cytotoxicity (CC50 32 µg/mL against HEK293 cells) relative to lead compound 2. Compound 40
exhibited mild efficacy (with 80% survival observed after 24 h compared to the DMSO control of
40%) in an in vivo murine model of C. difficile infection by reducing the severity and slowing the
onset of disease.

Keywords: antibacterial; Clostridioides (Clostridium) difficile; peptidomimetic; triazole

1. Introduction

Clostridioides (also known as Clostridium) difficile is a Gram-positive, anaerobic spore-
forming bacterium that causes mild to serious infections in the gastrointestinal tract (GIT)
due to the production of potent exotoxins (TcdA, TcdB, and CDT) that cause severe gas-
trointestinal damage [1–3]. The resilient endospores contaminate healthcare environments
and facilitate disease initiation, dissemination, and re-infection. In the GIT, spores require
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glycine and cholate derivatives for germination. In a healthy GIT, the microbiota metabo-
lizes cholate derivatives preventing germination of C. difficile spores. CDI occurs when the
normal GIT microbiota is disrupted or killed by conventional broad-spectrum antimicro-
bials [1]. Under these conditions the metabolism of cholate is significantly compromised,
facilitating the germination of spores into C. difficile vegetative cells [4,5].

CDI has a mortality rate of up to 8% [2] with the reoccurrence of infections occurring
in up to 20% of cases treated with vancomycin or metronidazole [6]. A 2019 Antibiotic
Resistance Threat Report from the US Centers for Disease Control and Prevention indicated
that in the USA in 2017 an estimated 223,900 cases of CDI in hospitalized patients resulted
in 12,800 deaths and $1 billion in attributed healthcare costs [7]. Thus, there is a significant
and important incentive to develop novel therapeutics that show selectivity for C. difficile
over other gut bacteria to effectively combat CDI. While fecal microbiota transplantation
can be effective for recurrent CDI, there can be adverse effects and the long-term impacts
are unknown [1,2,8].

Fidaxomicin was specifically approved by the FDA in 2011 for treating CDI [9]; result-
ing in approximately 50% less CDI recurrence compared to vancomycin [10] most likely
due to its greater selectivity for C. difficile, less impact on commensal enteric microflora
(i.e., Bacteroides spp.), and its ability to reduce C. difficile sporulation [11]. There are many
potential chemotherapeutics undergoing clinical trials for the treatment of CDI [12]. Other
small molecule chemotherapeutics currently under investigation for use against C. difficile,
include antimicrobial peptidomimetics [13–15], glycopeptides [16], bis-indoles [17], purine
derivatives [18], tetramic acids [19], nitroheterocycles [20], macrolides [21], and nylon-3
polymers [22]. Two vaccines are being investigated in clinical trials (Pfizer and Inter-
cell [23]), whereas bezlotoxumab (a monoclonal antibody targeting C. difficile TcdB) was
given FDA approval in 2016 as adjunctive therapy for patients undergoing antimicrobial
treatment who were at high risk of recurrent infection [24].

In our earlier work on the development of the cationic amphiphilic 1,1′-binaphthylpep-
tidomimetics, we established the pharmacophoric importance of a hydrophobic head group
(e.g., a binaphthyl moiety) connected to a dicationic peptide in the development of broad-
spectrum antibacterial agents. This led to the identification of compound 1 with potent
antibacterial activity against drug resistant Gram-positive bacteria with potential for topical
applications (Figure 1) [25]. More recent work in our laboratory has identified compounds
2–4 from a class of small molecule cationic amphiphilic 1,1′-biarylpeptidomimetics that
exert antibacterial activity through cytoplasmic membrane disruption [13,14]. These com-
pounds have IC50 values of 4–8 µg/mL against C. difficile (Figure 1). The efficacy of
these compounds at treating CDI in an in vivo murine CDI model was assessed against
vancomycin as a positive control with 10% DMSO as the negative control. Compound
2 appeared to protect the mice from disease at the 24 h point with a 50% survival rate
(2/4 mice) vs. 0% survival in the 10% DMSO group; this was not statistically significant
due to the small sample size. These results clearly showed that compound 2 exhibited a
notable positive effect in the treatment of CDI. Unfortunately compound 3 showed poor
solubility with precipitation during preparation in a 10% DMSO solution, and high in vitro
hemolytic activity against HEK293 cells. While compound 4 showed promising in vitro
properties, it performed poorly in the C. difficile murine model with a survival rate of
60% after 24 h, but a 0% rate after 48 h [13], despite its low hemolytic activity. Despite
some positive results, more water-soluble derivatives with lower hemolytic activity for
further in vivo murine CDI model studies needed to be developed. To achieve this aim,
we replaced the hydrophobic binaphthyl group found in 2 and 3 with an N-arytriazole
or N-naphthyltriazole moiety as shown in Figure 2. These modifications should retain
the aromatic character of these molecules while inducing a better polarity profile and
thereby increasing the water solubility of the overall peptidomimetics. It was not clear
at the start what effect these modifications would have on the antibacterial activities of
these newly proposed compounds or their specificity for C. difficile over other pathogenic
bacteria. Herein, we disclose the results of this investigation.
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Figure 2. Hydrophobic scaffold replacements of the binaphthyl moiety for the target peptidomimetics.

2. Results and Discussion

Preparation of the target N-arytriazole or N-naphthyltriazole peptidomimetics re-
quired the synthesis of the carboxylic acid derivatives 5, 6, 17, 18, 27, and 28 based on
scaffolds 1–4 (Figure 2); the syntheses of acid 17 is described in the experimental section
with the other acid syntheses described in the Supporting Information.

The synthesis of the new peptidomimetic derivatives is described in Schemes 1–3.
In a typical example, derivative 40 (Scheme 3) was generated starting from acid 17 cou-
pling with the protected azidodipetide 29 under standard peptide coupling conditions
(EDCI/HOBt) [26,27] to give amide 32 in 67% yield. This was followed by a standard
copper-catalyzed azide-alkyne cycloaddition reactions [28] with ethenylcyclohexane to
give the corresponding 1,4-disubstituted 1,2,3-triazole product which was deprotected
using TFA/CH2Cl2/H2O followed by treatment with ethereal HCl to yield the dicationic
amphiphile 40 in 46% yield over two steps. The synthesis of the additional mono- and

133



Antibiotics 2021, 10, 913

dicationic peptidomimetic amphiphiles 10–16, 21–26, and 36–50 followed an analogous
strategy and is summarized in Schemes 1–3 with experimental and characterization details
provided in the Supporting Information.
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in Et2O.

The N-arytriazole and N-naphthyltriazole peptidomimetics were subjected to antimi-
crobial screening. In the first instance, minimum inhibitory concentrations (MICs) were
determined against a panel of Gram-positive (including two strains of C. difficile) and Gram-
negative pathogenic bacteria with vancomycin and the commercially available peptide
colistin as positive controls, respectively; the MICs are displayed in Table 1. The compounds
were then tested against a second panel of Gram-positive and Gram-negative pathogenic
bacteria and two fungi strains at the Community for Open Antimicrobial Drug Discovery
(CO-ADD)-these results are reported in the Supporting Information (Table S1) [29]. A
cytotoxicity concentration (CC50) assay was also performed by CO-ADD; the synthesized
compounds were tested at concentrations ≤32 µg/mL on human embryonic kidney cells
(HEK293 cells; ATCC CRL-1573) while hemolysis assays for lysis of human erythrocytes
were also performed. Vancomycin, colistin, fluconazole, and tamoxifen were used as
positive controls (see Table 1 for details). The CC50 and HC50 values are also shown
in Table 1.
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Table 1. Preliminary antibacterial screening a.

Compound
C. difficile

ATCC
700057

C. difficile
132 b (RT027)

S. aureus
ATCC
29213

S. aureus
NCTC
10442 c

E. faecalis
ATCC
29212

S. pneumoniae
ATCC
49619

E. coli
ATCC
25922

CC50
d HC50

e

1 10 32 64 32 32 32 16 128 >32 >32
2 11 32 64 32 32 32 16 128 >32 >32
3 12 32 64 32 32 32 16 128 >32 >32
4 13 32 64 32 32 32 16 128 >32 >32
5 14 128 128 32 32 32 32 >128 >32 >32
6 15 64 64 16 16 16 16 128 >32 >32
7 16 32 32 32 32 32 32 >128 >32 >32
8 21 128 >128 8 8 16 16 128 >32 >32
8 22 32 32 4 4 8 8 32 >32 >32
9 23 32 32 4 4 4 4 64 >32 >32
10 24 32 32 8 8 8 8 32 21.9 >32
11 25 32 64 4 4 8 8 16 >32 10.6
12 26 64 >128 8 8 16 4 64 23.5 >32
13 36 128 128 32 32 64 16 128 >32 >32
14 37 64 64 16 32 16 8 64 >32 >32
15 38 128 >128 128 128 >128 128 >128 32 32
16 39 64 32 32 64 32 16 128 >32 >32
17 40 8 8 16 16 32 16 64 32 32
18 41 16 16 8 8 8 16 128 16 32
19 42 8 8 8 8 8 8 32 32 32
20 43 128 128 16 16 64 4 64 >32 >32
21 44 32 32 8 4 16 4 64 >32 >32
22 45 128 128 16 16 64 4 128 >32 >32
23 46 128 128 32 32 64 16 128 >32 >32
24 47 128 128 32 32 64 16 128 >32 >32
25 48 >32 >32 >32 >32 >32 >32 >32 >32 24.5
26 49 >32 >32 32 >32 >32 >32 >32 >32 17.1
27 50 >32 >32 32 >32 >32 >32 >32 >32 19.8

vanc 0.5 0.5 1 1 4 1 >16 - -
colistin 0.25 0.25 0.25 0.125

tamoxifen 13.1
a Values are reported as MIC values in µg/mL. b C. difficile PCR Ribotype (RT027). c Methicillin resistant S. aureus (MRSA). d Cytotoxicity;
determined on HEK293 cells. e Hemolysis; HC50 values determined by lysis of human erythrocytes and % hemolysis was determined by
lysis of sheep erythrocytes. Vanc = vancomycin. Coloured cells refer to the same activities.

Preliminary screening revealed that compared to the previously synthesized com-
pounds 1–4, the new N-naphthyltriazole dicationic derivatives 40 and 42 showed the best
activities against the two C. difficile RT 027 strains, ATCC 700,057 and 132 with a similar
activity of 8 µg/mL compared to compounds 1, 3, and 4. However, they were generally
less active against the other Gram-positive and Gram-negative bacteria (Table 1). The
relative solubility ratios (relative to compound 1) [13] for 40 and 42 were 5 and 4 with
CLogP values of 4.46 and 4.39, respectively, when compared to 1 with a ClogP of 7.47.
Therefore, despite the better solubility profiles of these compounds, they failed to show
better activity against C. difficile. However, the increased solubility (enhanced polarity)
of derivatives 40–42 could be a factor in the reduced activities against the other bacteria,
when compared to compounds 1–4 (see Table 2). None of the other derivatives synthesized
in this study showed appreciable activity against C. difficile with MIC values ranging from
32 to 128 µg/mL (Table 1). Importantly, the remaining anti-bacterial results were generally
poor, however for these specific derivatives, these reduced activities could indicate reduced
capacity to interfere with normal GIT microbiota (Table 2). Compounds 40 and 42 showed
a slight reduction in cytotoxicity against HEK293 cells compared to compounds 2 and 4.
The hemolytic activity of these compounds was 32 µg/mL against human erythrocytes,
2-fold more than their IC50 values against C. difficile.
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Table 2. Antimicrobial, cytotoxicity, and hemolytic activities of the three most active derivatives synthesized in this study a.
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104422 c,d 

E. faecalis 
ATCC 
29212 

S. pneu-
moniae 
ATCC 
49619 

E. coli 
ATCC 
25922 

CC50 e HC50 f 

40 8 8 16 8 16 32 16 64 32 32 
41 16 16 8 4 8 8 16 128 16 32 
42 8 8 8 8 8 8 8 32 32 32 

1 [30] 8 g 8 h 2 - - 2 2 16 - - 
2 [31] - 32 4 2 4 4 4 8 27.4 94% i 

3 [19] 8 g 8 h 2 - 2 4 8 >128 - - 
4 [31] - 8 8 4 4 8 4 8 14.2 23% i 

vanc 0.5 0.5 1 - 1 4 1 >16 - - 
a Values are reported as MIC values in µg/mL. b C. difficile PCR Ribotype (RT027). c Methicillin resistant S. aureus (MRSA). 
d Testing performed by the Community for Open Antimicrobial Drug Discovery (CO-ADD). e Cytotoxicity; determined on 
HEK293 cells. f Hemolysis; determined by lysis of sheep erythrocytes g C. difficile strain tested M7404 (RT027). h C. difficile 
strain tested R20291 (RT207). i % hemolysis at 50 µg/mL. vanc = vancomycin. Coloured cells refer to the same activities. 

3. In Vivo Assay: Murine Model of CDI 
Compound 40 was selected for further evaluation as an effective treatment for C. dif-
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Compound
C. difficile

ATCC
700057

C. difficile
132 b

(RT027)

S. aureus
ATCC
29213

S. aureus
ATCC
43300 c

S. aureus
NCTC

104422 c,d

E. faecalis
ATCC
29212

S. pneu-
moniae
ATCC
49619

E. coli
ATCC
25922

CC50
e HC50

f

40 8 8 16 8 16 32 16 64 32 32
41 16 16 8 4 8 8 16 128 16 32
42 8 8 8 8 8 8 8 32 32 32

1 [30] 8 g 8 h 2 - - 2 2 16 - -
2 [31] - 32 4 2 4 4 4 8 27.4 94% i

3 [19] 8 g 8 h 2 - 2 4 8 >128 - -
4 [31] - 8 8 4 4 8 4 8 14.2 23% i

vanc 0.5 0.5 1 - 1 4 1 >16 - -
a Values are reported as MIC values in µg/mL. b C. difficile PCR Ribotype (RT027). c Methicillin resistant S. aureus (MRSA). d Testing
performed by the Community for Open Antimicrobial Drug Discovery (CO-ADD). e Cytotoxicity; determined on HEK293 cells. f Hemolysis;
determined by lysis of sheep erythrocytes g C. difficile strain tested M7404 (RT027). h C. difficile strain tested R20291 (RT207). i % hemolysis
at 50 µg/mL. vanc = vancomycin. Coloured cells refer to the same activities.

Analysis of the anti-bacterial activities against other bacterial species indicated that
the monocationic naphthyltriazole derivatives 21–26 showed appreciable activity against
Staphylococcus aureus (including an MRSA strain) with MIC values between 4 and 8 µg/mL
(Table 1). Additionally, compound 21 had notable MIC values of 4 µg/mL against Ente-
rococcus faecalis and Streptococcus pneumoniae. An overview of activity shown in Table 1
showed “pockets” of activities focused on the naphthyl-based derivatives (21–26 and 40–45,
columns 1–4), with the monocationic examples (21–26) producing better outcomes against
the Gram positive strains. The second screening results (Table S1, Supporting Information)
were consistent with these results with analogous trends in activity against an additional
S. aureus strain.

The secondary testing (Table S1, Supporting Information) also identified compounds
21, 25, and 40–46 as having activity against the fungal strain Cryptococcus neoformans var.
grubii (ATCC208821) (MIC 4-8 µg/mL).

3. In Vivo Assay: Murine Model of CDI

Compound 40 was selected for further evaluation as an effective treatment for C. difficile
using a murine model of CDI study because of its sustained antimicrobial potency against
C. difficile and its better water solubility profile. The results from these studies are summa-
rized in Figure 3.
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tion for appearance (d) and mice were individually assessed for fecal consistency (e) and physiological appearance (f). 
Data represent the mean ±S.E.M. and statistical significance was assessed using a log-rank (Mantel–Cox) test or one-way 
ANOVA with a post hoc Tukey’s multiple comparison test. 
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and stirring was continued at rt for 12 h, before being diluted with EtOAc (2 × 50 mL). The 
resulting mixture was washed with water (2 × 50 mL), brine (2 × 50 mL), dried (MgSO4), 
filtered, and concentrated under vacuum. The residue was subjected to silica gel flash col-
umn chromatography to afford the desired ester product. 

General Procedure II: Ester hydrolysis 
A solution of the ester (1 eq) in ethanol (10 mL/mmol substrate) was stirred followed 

by the addition of 7% KOH solution (5 mL/mmol) at rt. The mixture was stirred at rt for 2 

Figure 3. C57BL/6J mice (n = 5 per group) were infected with 105 spores of C. difficile strain M7404 (RT027). Six hours
post-infection and then every 12 h thereafter, mice were administered either 10% DMSO (blue) or 2.5 mg (100 mg/kg in
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ANOVA with a post hoc Tukey’s multiple comparison test.

The mice treated with compound 40 (red) showed delayed disease onset compared
to mice treated with DMSO (blue; Figure 3), although they still succumbed to infection
by day 2. Notably, at day 1 post-infection, mice treated with compound 40 showed 40%
greater survival compared with mice treated with DMSO (Figure 3a), although there
was no effect on mouse weight (Figure 3b), or spore numbers shed in the feces of these
animals (Figure 3c), suggesting that compound 40 was not impacting C. difficile colonization.
Furthermore, on day 1 post-infection, treatment with compound 40 resulted in a lower
overall cage appearance score when compared to DMSO (Figure 3d), which suggested that
this compound was delaying diarrheal onset although there was no significant difference
in individual fecal score (Figure 3e) or physiological appearance score (Figure 3f) detected
between the two groups of mice (Figure 3e). Thus, collectively these data suggest that
compound 40 may reduce the severity of disease caused by C. difficile.

4. Materials and Methods

Synthetic methods and general characterization and analysis were as described previ-
ously [13].

Notes and other considerations. Known reagents that were not available commer-
cially were prepared as reported using known methods and is detailed in the Supporting
Information, [14,32–35].

4.1. General Synthesis Procedures
4.1.1. General Procedure I: Alkylation of Phenols (with Ethyl Bromoacetate)

A solution of the phenol (1 eq) in dry DMF (5 mL/mmol substrate) was stirred during
the addition of K2CO3 (3 eq). Ethyl bromoacetate (1.3 eq) was added at room temperature
and stirring was continued at rt for 12 h, before being diluted with EtOAc (2 × 50 mL). The
resulting mixture was washed with water (2 × 50 mL), brine (2 × 50 mL), dried (MgSO4),
filtered, and concentrated under vacuum. The residue was subjected to silica gel flash
column chromatography to afford the desired ester product.

4.1.2. General Procedure II: Ester Hydrolysis

A solution of the ester (1 eq) in ethanol (10 mL/mmol substrate) was stirred followed
by the addition of 7% KOH solution (5 mL/mmol) at rt. The mixture was stirred at rt for
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2 h, then acidified with 1 M HCl (25 mL). The resulting mixture was extracted with EtOAc
(2 × 25 mL) and the combined extracts washed with brine (50 mL), dried (MgSO4), filtered,
and concentrated under vacuum to afford the acid product.

4.1.3. General Procedure III: Amide Coupling

A mixture of the amine (1.0 eq), carboxylic acid (1.0 eq), EDC.HCl (1.2 eq), HOBt (1.1 eq),
and TEA (1 eq) in dichloromethane/acetonitrile solution (10 mL/mmol amine) was stirred
at rt for the specified time. The mixture was concentrated (if >5.0 mL dichloromethane/
acetonitrile), and then the resulting residue dissolved in EtOAc (25 mL for reactions that
contained ≤1.0 mmol amine or 25 mL/mmol amine for larger scale reactions) and washed
with aqueous HCl (1.0 M–2 × 25 mL), saturated aqueous NaHCO3 (3 × 25 mL), and
brine (1 × 25 mL). The organic solution was dried (MgSO4), filtered, concentrated and
subjected to further purification via flash chromatography (if required) to furnish the
targeted amide product.

4.1.4. General Procedure IV: Copper-Catalyzed Azide-Alkyne Cycloaddition

To a stirred solution of the azide (1.0 eq) and alkyne (2.0–3.0 eq) in tert-butanol/water
(4:1) at rt was added CuSO4·5H2O (0.2 eq), followed by sodium ascorbate (0.4 eq). The
reaction was stirred at rt (unless noted otherwise) for the specified time. To the mixture
was added aqueous saturated NH4Cl solution (1 mL), and water (20 mL) with the mix-
ture then extracted with EtOAc (20 mL for reactions that contained ≤1.0 mmol azide or
20 mL/mmol azide for larger scale reactions). The organic layers were back-washed with
water (2 × 25 mL), brine (2 × 25 mL), then dried (MgSO4), filtered, concentrated under
vacuum and subjected to flash chromatography to afford the desired 1,4-disubstituted
1,2,3-triazole product.

4.1.5. General Procedure VII: Amine Deprotection (N-Boc and/or N-Pbf Removal)

To a solution of the N-protected amine (1.0 eq) in CH2Cl2 (30 mL/mmol substrate)
(if the substrate contained an N-Pbf moiety, H2O (20.0 eq) was added to the solution) was
added TFA (30.0 mL/mmol substrate) and then stirred at rt overnight (>16 h). The solvent
was removed and the resulting residue dissolved in CH2Cl2 (30 mL/mmol substrate).
Excess anhydrous HCl (2.0 M in Et2O, 15 mL/mmol substrate, 30.0 eq) was added and the
solvent was then removed. The residue was then dissolved in a minimal volume of CH2Cl2
(or MeOH) and excess Et2O (25 mL for ≤0.1 mmol substrate) was added, resulting in a
precipitate of the hydrochloride salt of the amine. The reaction mixture was filtered; the
resulting filtrate collected, concentrated, triturated with Et2O (3 × 20 mL); and the solids
then dissolved in MeOH. The solution was concentrated and dried in vacuo to yield the
mono or di-hydrochloride salt as a thin, translucent film that usually required scratching
with a spatula, producing a fine hygroscopic powder or amorphous gum.

4.2. Representative Synthesis of Compound 40
4.2.1. Ethyl 2-((1-iodonaphthalen-2-yl)oxy)acetate
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Following General Procedure I, 1-iodonaphthol (1.00 g, 3.70 mmol), K2CO3 (1.53 g,
11.11 mmol), and ethyl bromoacetate (0.80 g, 4.81 mmol) were stirred in DMF (8 mL) at
rt for 16 h to give the titled ester (0.68 g, 52%) as a pale yellow waxy solid after flash
chromatography over silica gel (EtOAc/n-hexane-10:90). TLC (EtOAc/n-hexane-20:80):
Rf = 0.6; 1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 7.2 Hz, 1H, H8), 7.78 (d, J = 7.2 Hz,
1H, H5), 7.72 (d, J = 8.0 Hz, 1H, H4), 7.54 (t, J = 7.2 Hz, 1H, H7), 7.39 (t, J = 7.2 Hz, 1H,
H6), 7.08 (d, J = 8.0 Hz, 1H, H3), 4.80 (s, 2H, H1′), 4.27 (q, J = 5.6 Hz, 2H, OCH2CH3),
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1.29 (t, J = 5.6 Hz, 3H, OCH2CH3); 13C NMR (101 MHz, CDCl3) δ 168.7 (C = O), 155.6 (C2),
135.8 (C8a), 131.7 (C4a), 130.6 (C4), 130.5 (C8), 128.4 (C7), 128.3 (C5), 121.1 (C6), 114.4 (C3),
89.47 (C1), 67.6 (C1′), 61.7 (OCH2CH3) 14.3 (OCH2CH3); IR (neat) νmax 2981, 1756, 1622,
1593, 1502, 1462, 1349, 1291, 1200, 1151, 1134, 1096, 1028, 801, 764, 747 cm−1; MS (ESI +ve)
m/z 379 ([M + Na]+, 100%); HRMS (ESI + ve TOF) calcd for C14H13O3NaI 378.9807, found
378.9801 ([M + Na]+).

4.2.2. Ethyl 2-((1-(4-isopentyl-1H-1,2,3-triazol-1-yl)naphthalen-2-yl)oxy)acetate
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To a stirred solution of ethyl 2-(2-iodophenoxy)acetate (0.20 g, 0.54 mmol), 5-methyl-
1-hexyne (0.16 g, 1.64 mmol), CuI (0.02 g, 0.11 mmol), NaN3 (0.04 g, 0.60 mmol), and
sodium ascorbate (0.04 g, 0.22 mmol) in DMSO (2.5 mL) in H2O (0.5 mL) was added
racemic trans-N,N′-dimethyl cyclohexane-1,2-diamine (0.016 g, 0.11 mmol) at rt under
a nitrogen atmosphere. The reaction mixture was stirred and heated at 75 ◦C for 16 h.
The reaction was cooled to rt and aqueous saturated NH4Cl solution (3 mL) was added,
and the mixture was extracted with EtOAc (2 × 25 mL). The combined extracts were
washed with water (25 mL), brine (25 mL) and dried (MgSO4). The solution was filtered,
concentrated under vacuum and the residue was subjected to silica gel flash column
chromatography (EtOAc/n-hexane-10:90→ 100:0) to afford the titled compound (0.05 g,
25%) as a yellow waxy solid. TLC (EtOAc/n-hexane-33:67); Rf = 0.4; 1H NMR (400 MHz,
CDCl3) δ 7.97 (d, J = 7.2 Hz, 1H, H8′), 7.84 (d, J = 6.4 Hz, 1H, H5′), 7.67 (s, 1H, H5), 7.49–7.41
(m, 2H, H6′/H7′), 7.27–7.25 (m, 2H, H3′/H4′), 4.67 (s, 2H, H1′ ′ ′), 4.22 (q, J = 5.6 Hz, 2H,
OCH2CH3), 2.89 (t, J = 5.6 Hz, 2H, H1′ ′), 1.73–1.67 (m, 3H, H2′ ′/H3′ ′), 1.26 (t, J = 5.6 Hz,
3H, OCH2OCH3), 0.99 (d, J = 4.0 Hz, 6H, H4′ ′/H5′ ′); 13C NMR (101 MHz, CDCl3) δ 168.5
(C = O), 150.5 (C2′), 148.1 (C8a′), 131.6 (C4), 131.3 (C4a′), 129.5 (C4′), 128.5 (C5′), 127.9 (C7′),
125.3 (C8′), 124.7 (C6′), 122.1 (C5), 121.3 (C3′), 114.3 (C1′), 66.7 (C1′ ′ ′), 61.6 (OCH2CH3),
38.6 (C2′ ′), 27.9 (C1′ ′), 23.8 (C3′ ′), 22.5 (C4′ ′/C5′ ′; Observed by gHMBC), 14.2 (OCH2CH3);
IR (neat) νmax 2954, 2928, 2868, 1748, 1632, 1600, 1513, 1483, 1454, 1430, 1366, 1288, 1206,
1150, 1117, 1087, 1042, 806, 749 cm−1; MS (ESI +ve) m/z 390 ([M +Na]+, 100%); HRMS (ESI
+ve TOF) calcd for C21H26N3O3 368.1974, found 368.1985 ([M + H]+).
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water (25 mL), brine (25 mL) and dried (MgSO4). The solution was filtered, concentrated 
under vacuum and the residue was subjected to silica gel flash column chromatography 
(EtOAc/n-hexane-10:90 → 100:0) to afford the titled compound (0.05 g, 25%) as a yellow 
waxy solid. TLC (EtOAc/n-hexane-33:67); Rf = 0.4; 1H NMR (400 MHz, CDCl3) δ 7.97 (d, J 
= 7.2 Hz, 1H, H8′), 7.84 (d, J = 6.4 Hz, 1H, H5′), 7.67 (s, 1H, H5), 7.49–7.41 (m, 2H, H6′/H7′), 
7.27–7.25 (m, 2H, H3′/H4′), 4.67 (s, 2H, H1′′′), 4.22 (q, J = 5.6 Hz, 2H, OCH2CH3), 2.89 (t, J = 
5.6 Hz, 2H, H1′′), 1.73–1.67 (m, 3H, H2′′/H3′′), 1.26 (t, J = 5.6 Hz, 3H, OCH2OCH3), 0.99 (d, 
J = 4.0 Hz, 6H, H4′′/H5′′); 13C NMR (101 MHz, CDCl3) δ 168.5 (C = O), 150.5 (C2′), 148.1 
(C8a′), 131.6 (C4), 131.3 (C4a′), 129.5 (C4′), 128.5 (C5′), 127.9 (C7′), 125.3 (C8′), 124.7 (C6′), 
122.1 (C5), 121.3 (C3′), 114.3 (C1′), 66.7 (C1′′′), 61.6 (OCH2CH3), 38.6 (C2′′), 27.9 (C1′′), 23.8 
(C3′′), 22.5 (C4′′/C5′′; Observed by gHMBC), 14.2 (OCH2CH3); IR (neat) �̅�max 2954, 2928, 
2868, 1748, 1632, 1600, 1513, 1483, 1454, 1430, 1366, 1288, 1206, 1150, 1117, 1087, 1042, 806, 
749 cm−1; MS (ESI +ve) m/z 390 ([M +Na]+, 100%); HRMS (ESI +ve TOF) calcd for C21H26N3O3 
368.1974, found 368.1985 ([M + H]+). 

2-((1-(4-Isopentyl-1H-1,2,3-triazol-1-yl)naphthalen-2-yl)oxy)acetic acid (17) 

 
Following General Procedure II, ethyl 2-((1-(4-isopentyl-1H-1,2,3-triazol-1-yl)naph-

thalen-2-yl)oxy)acetate (0.07 g, 0.19 mmol) and 7% KOH solution (0.5 mL) were stirred in 
ethanol (2 mL) at rt for 2 h to give after acidification the acid 17 (0.04 g, 62%) as a white 
solid. M.P: 152–154 °C. TLC (EtOAc/n-hexane-100:0): Rf = 0.2; 1H NMR (500 MHz, CDCl3) 
δ 8.00 (d, J = 9.0 Hz, 1H, H8′), 7.88 (d, J = 7.5 Hz, 1H, H5′), 7.69 (s, 1H, H5), 7.54–7.46 (m, 
2H, H6′/H7′), 7.47–7.29 (m, 2H, H3′/H4′), 4.78 (s, 2H, H1′′′), 2.91–2.87 (m, 2H, H1′′), 1.71–
1.68 (m, 3H, H2′′/H3′′), 0.98 (d, J = 6.0 Hz, 6H, H4′′/H5′′), COOH resonance was not ob-
served; 13C NMR (126 MHz, CDCl3) δ 170.6 (C = O), 150.4 (C2′), 148.4 (C8a′), 132.2 (C4), 
130.7 (C4a′), 129.6 (C4′), 128.8 (C5′), 128.2 (C7′), 125.6 (C8′), 124.9 (C6′), 121.7 (C5), 120.9 
(C3′), 114.4 (C1′), 66.8 (C1′′′), 38.5 (C2′′), 28.0 (C1′′), 23.7 (C3′′), 22.6 (C4′′/C5′′; Observed by 
gHMBC); IR (neat) �̅�max 3147, 2954, 2929, 2868, 1731, 1631, 1600, 1514, 1483, 1429, 1366, 
1284, 1213, 1151, 1118, 1087, 1062, 923, 806, 748 cm−1; MS (ESI +ve) m/z 362 ([M + Na]+, 40%), 
340 ([M + H]+, 100%); HRMS (ESI + ve TOF) calcd for C19H22N3O3 340.1661, found 340.1667 
([M + H]+). 

Following General Procedure II, ethyl 2-((1-(4-isopentyl-1H-1,2,3-triazol-1-yl)naphth-
alen-2-yl)oxy)acetate (0.07 g, 0.19 mmol) and 7% KOH solution (0.5 mL) were stirred in
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ethanol (2 mL) at rt for 2 h to give after acidification the acid 17 (0.04 g, 62%) as a white
solid. M.P: 152–154 ◦C. TLC (EtOAc/n-hexane-100:0): Rf = 0.2; 1H NMR (500 MHz, CDCl3)
δ 8.00 (d, J = 9.0 Hz, 1H, H8′), 7.88 (d, J = 7.5 Hz, 1H, H5′), 7.69 (s, 1H, H5), 7.54–7.46
(m, 2H, H6′/H7′), 7.47–7.29 (m, 2H, H3′/H4′), 4.78 (s, 2H, H1′ ′ ′), 2.91–2.87 (m, 2H, H1′ ′),
1.71–1.68 (m, 3H, H2′ ′/H3′ ′), 0.98 (d, J = 6.0 Hz, 6H, H4′ ′/H5′ ′), COOH resonance was not
observed; 13C NMR (126 MHz, CDCl3) δ 170.6 (C = O), 150.4 (C2′), 148.4 (C8a′), 132.2 (C4),
130.7 (C4a′), 129.6 (C4′), 128.8 (C5′), 128.2 (C7′), 125.6 (C8′), 124.9 (C6′), 121.7 (C5), 120.9
(C3′), 114.4 (C1′), 66.8 (C1′ ′ ′), 38.5 (C2′ ′), 28.0 (C1′ ′), 23.7 (C3′ ′), 22.6 (C4′ ′/C5′ ′; Observed
by gHMBC); IR (neat) νmax 3147, 2954, 2929, 2868, 1731, 1631, 1600, 1514, 1483, 1429, 1366,
1284, 1213, 1151, 1118, 1087, 1062, 923, 806, 748 cm−1; MS (ESI +ve) m/z 362 ([M + Na]+,
40%), 340 ([M + H]+, 100%); HRMS (ESI + ve TOF) calcd for C19H22N3O3 340.1661, found
340.1667 ([M + H]+).

4.2.4. (9H-Fluoren-9-yl)methyl tert-butyl
((R)-6-(((R)-1-azido-5-(2-((2,2-dimethyl-2,3-dihydro
benzofuran-5-yl)sulfonyl)guanidino)pentan-2-yl)amino)-6-oxohexane-1,5-diyl)
dicarbamate
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(9H-Fluoren-9-yl)methyl tert-butyl ((R)-6-(((R)-1-azido-5-(2-((2,2-dimethyl-2,3-di-
hydro benzofuran-5-yl)sulfonyl)guanidino)pentan-2-yl)amino)-6-oxohexane-1,5-diyl) 
dicarbamate 

 
To a reaction vessel charged with azide 7 [30] (1.38 g, 3.16 mmol), Fmoc-L-Lys(Boc)-

OH (1.62 g, 3.50 mmol), EDCI (0.67 g, 3.50 mmol) and HOBt (0.53 g, 3.50 mmol) was added 
CH2Cl2 (10 mL) and the mixture was stirred at rt for 12 h. The reaction mixture was con-
centrated and diluted with water (100 mL) and extracted with EtOAc (3 × 100 mL). The 
organic extracts were combined and washed with HCl (1 M–100 mL), aqueous NaHCO3 
(100 mL), brine (25 mL), dried (MgSO4) and concentrated to give a pale-yellow residue. 
This residue was purified via flash chromatography over SiO2 (MeOH/CH2Cl2 = 4:96) to 
afford the titled compound as an off-white foam (1.50 g, 54%). TLC (MeOH/CH2Cl2–10:90) 
Rf = 0.52; 1H-NMR (400 MHz, CDCl3) δ 7.77–7.70 (m, 2H, H4′′/H5′′), 7.55 (d, J = 7.5 Hz, 2H, 
H1′′/H8′′), 7.55 (brs, 1H, βCONH), 7.41–7.32 (m, 2H, H2′′/H7′′), 7.29–7.21 (m, 2H, H3′′/H6′′), 
7.17 (brs, 1H, αCONH), 6.31–6.24 (m, 2H, NH2 (guanidine)), 6.19–6.09 (brs, 1H, N5-H), 
4.82–4.72 (brs, 1H, LysN1-H), 4.33 (d, J = 7.4 Hz, 2H, H10′′), 4.25–4.07 (m, 2H, Lys5/H9′′), 
4.07–3.97 (m, 1H, H2), 3.41–3.23 (m, 2H, H1), 3.23–2.98 (m, 4H, H5/Lys1), 2.89 (s, 2H, H3′), 
2.55 (s, 3H, C6′-CH3), 2.48 (s, 3H, C4′-CH3), 2.06 (s, 3H, C7′-CH3), 1.67 (s, 6H, C2′-CH3), 
1.55–1.35 (m, 19H, H3/H4/Lys2/Lys3/Lys4/C(CH3)3); 13C NMR (101 MHz, CDCl3) δ 172.7 
(Cβ), 158.8 (C7a′), 156.7 (Cα), 156.4 (C = N), 156.2 (COOC(CH3)3), 143.85 (C1a′′or C8a′′), 
143.83 (C8a′′ or C1a′′), 143.82 (C4a′′ or C5a′′), 143.6 (C5a′′ or C4a′′), 138.3 (C3a′), 132.8 (C6′), 
132.2 (C4′), 127.8 (C3′′/C6′′), 127.1 (C4′′/C5′′), 125.0 (C2′′/C7′′), 124.7 (C5′), 120.0 (C1′′/C8′′), 
117.6 (C7′), 86.4 (C2′), 79.3 (C(CH3)3), 67.3 (C10′′), 55.1 (Lys5), 54.8 (C1), 48.8 (C2), 47.0 
(C9′′), 43.2 (C3′), 40.9 (C5), 39.9 (Lys1), 31.9 (Lys2), 29.5 (Lys4), 29.3 (C3), 28.6 (C2′-(CH3)2), 
28.4 (C(CH3)3), 25.5 (C4), 22.5 (Lys3), 19.3 (C6′-CH3), 17.9 (C4′-CH3), 12.5 C7′-CH3); IR (neat) �̅�max 3322, 2101, 1634, 1548, 1450, 1248, 1165, 1092, 739, 567 cm−1; MS (ESI +ve) m/z 888 ([M 
+ H]+), 910 ([M + Na]+); HRMS (ESI +ve TOF) calcd for C45H61N9O8SNa 910.4262, found 
910.4218 ([M + Na]+). 

Tert-butyl ((R)-5-amino-6-(((R)-1-azido-5-(2-((2,2-dimethyl-2,3-dihydrobenzofu-
ran-5-yl)sulfonyl)guanidino)pentan-2-yl)amino)-6-oxohexyl)carbamate (31). 

 

To a reaction vessel charged with azide 7 [30] (1.38 g, 3.16 mmol), Fmoc-L-Lys(Boc)-OH
(1.62 g, 3.50 mmol), EDCI (0.67 g, 3.50 mmol) and HOBt (0.53 g, 3.50 mmol) was added
CH2Cl2 (10 mL) and the mixture was stirred at rt for 12 h. The reaction mixture was
concentrated and diluted with water (100 mL) and extracted with EtOAc (3 × 100 mL). The
organic extracts were combined and washed with HCl (1 M–100 mL), aqueous NaHCO3
(100 mL), brine (25 mL), dried (MgSO4) and concentrated to give a pale-yellow residue.
This residue was purified via flash chromatography over SiO2 (MeOH/CH2Cl2 = 4:96) to
afford the titled compound as an off-white foam (1.50 g, 54%). TLC (MeOH/CH2Cl2–10:90)
Rf = 0.52; 1H-NMR (400 MHz, CDCl3) δ 7.77–7.70 (m, 2H, H4′ ′/H5′ ′), 7.55 (d, J = 7.5 Hz,
2H, H1′ ′/H8′ ′), 7.55 (brs, 1H, βCONH), 7.41–7.32 (m, 2H, H2′ ′/H7′ ′), 7.29–7.21 (m, 2H,
H3′ ′/H6′ ′), 7.17 (brs, 1H, αCONH), 6.31–6.24 (m, 2H, NH2 (guanidine)), 6.19–6.09 (brs,
1H, N5-H), 4.82–4.72 (brs, 1H, LysN1-H), 4.33 (d, J = 7.4 Hz, 2H, H10′ ′), 4.25–4.07 (m, 2H,
Lys5/H9′ ′), 4.07–3.97 (m, 1H, H2), 3.41–3.23 (m, 2H, H1), 3.23–2.98 (m, 4H, H5/Lys1),
2.89 (s, 2H, H3′), 2.55 (s, 3H, C6′-CH3), 2.48 (s, 3H, C4′-CH3), 2.06 (s, 3H, C7′-CH3), 1.67
(s, 6H, C2′-CH3), 1.55–1.35 (m, 19H, H3/H4/Lys2/Lys3/Lys4/C(CH3)3); 13C NMR (101
MHz, CDCl3) δ 172.7 (Cβ), 158.8 (C7a′), 156.7 (Cα), 156.4 (C = N), 156.2 (COOC(CH3)3),
143.85 (C1a′ ′or C8a′ ′), 143.83 (C8a′ ′ or C1a′ ′), 143.82 (C4a′ ′ or C5a′ ′), 143.6 (C5a′ ′ or C4a′ ′),
138.3 (C3a′), 132.8 (C6′), 132.2 (C4′), 127.8 (C3′ ′/C6′ ′), 127.1 (C4′ ′/C5′ ′), 125.0 (C2′ ′/C7′ ′),
124.7 (C5′), 120.0 (C1′ ′/C8′ ′), 117.6 (C7′), 86.4 (C2′), 79.3 (C(CH3)3), 67.3 (C10′ ′), 55.1 (Lys5),
54.8 (C1), 48.8 (C2), 47.0 (C9′ ′), 43.2 (C3′), 40.9 (C5), 39.9 (Lys1), 31.9 (Lys2), 29.5 (Lys4),
29.3 (C3), 28.6 (C2′-(CH3)2), 28.4 (C(CH3)3), 25.5 (C4), 22.5 (Lys3), 19.3 (C6′-CH3), 17.9
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(C4′-CH3), 12.5 C7′-CH3); IR (neat) νmax 3322, 2101, 1634, 1548, 1450, 1248, 1165, 1092, 739,
567 cm−1; MS (ESI +ve) m/z 888 ([M + H]+), 910 ([M + Na]+); HRMS (ESI +ve TOF) calcd
for C45H61N9O8SNa 910.4262, found 910.4218 ([M + Na]+).

4.2.5. Tert-butyl ((R)-5-amino-6-(((R)-1-azido-5-(2-((2,2-dimethyl-2,3-dihydrobenzofuran-
5-yl)sulfonyl)guanidino)pentan-2-yl)amino)-6-oxohexyl)carbamate (31)
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(9H-Fluoren-9-yl)methyl tert-butyl ((R)-6-(((R)-1-azido-5-(2-((2,2-dimethyl-2,3-di-
hydro benzofuran-5-yl)sulfonyl)guanidino)pentan-2-yl)amino)-6-oxohexane-1,5-diyl) 
dicarbamate 

 
To a reaction vessel charged with azide 7 [30] (1.38 g, 3.16 mmol), Fmoc-L-Lys(Boc)-

OH (1.62 g, 3.50 mmol), EDCI (0.67 g, 3.50 mmol) and HOBt (0.53 g, 3.50 mmol) was added 
CH2Cl2 (10 mL) and the mixture was stirred at rt for 12 h. The reaction mixture was con-
centrated and diluted with water (100 mL) and extracted with EtOAc (3 × 100 mL). The 
organic extracts were combined and washed with HCl (1 M–100 mL), aqueous NaHCO3 
(100 mL), brine (25 mL), dried (MgSO4) and concentrated to give a pale-yellow residue. 
This residue was purified via flash chromatography over SiO2 (MeOH/CH2Cl2 = 4:96) to 
afford the titled compound as an off-white foam (1.50 g, 54%). TLC (MeOH/CH2Cl2–10:90) 
Rf = 0.52; 1H-NMR (400 MHz, CDCl3) δ 7.77–7.70 (m, 2H, H4′′/H5′′), 7.55 (d, J = 7.5 Hz, 2H, 
H1′′/H8′′), 7.55 (brs, 1H, βCONH), 7.41–7.32 (m, 2H, H2′′/H7′′), 7.29–7.21 (m, 2H, H3′′/H6′′), 
7.17 (brs, 1H, αCONH), 6.31–6.24 (m, 2H, NH2 (guanidine)), 6.19–6.09 (brs, 1H, N5-H), 
4.82–4.72 (brs, 1H, LysN1-H), 4.33 (d, J = 7.4 Hz, 2H, H10′′), 4.25–4.07 (m, 2H, Lys5/H9′′), 
4.07–3.97 (m, 1H, H2), 3.41–3.23 (m, 2H, H1), 3.23–2.98 (m, 4H, H5/Lys1), 2.89 (s, 2H, H3′), 
2.55 (s, 3H, C6′-CH3), 2.48 (s, 3H, C4′-CH3), 2.06 (s, 3H, C7′-CH3), 1.67 (s, 6H, C2′-CH3), 
1.55–1.35 (m, 19H, H3/H4/Lys2/Lys3/Lys4/C(CH3)3); 13C NMR (101 MHz, CDCl3) δ 172.7 
(Cβ), 158.8 (C7a′), 156.7 (Cα), 156.4 (C = N), 156.2 (COOC(CH3)3), 143.85 (C1a′′or C8a′′), 
143.83 (C8a′′ or C1a′′), 143.82 (C4a′′ or C5a′′), 143.6 (C5a′′ or C4a′′), 138.3 (C3a′), 132.8 (C6′), 
132.2 (C4′), 127.8 (C3′′/C6′′), 127.1 (C4′′/C5′′), 125.0 (C2′′/C7′′), 124.7 (C5′), 120.0 (C1′′/C8′′), 
117.6 (C7′), 86.4 (C2′), 79.3 (C(CH3)3), 67.3 (C10′′), 55.1 (Lys5), 54.8 (C1), 48.8 (C2), 47.0 
(C9′′), 43.2 (C3′), 40.9 (C5), 39.9 (Lys1), 31.9 (Lys2), 29.5 (Lys4), 29.3 (C3), 28.6 (C2′-(CH3)2), 
28.4 (C(CH3)3), 25.5 (C4), 22.5 (Lys3), 19.3 (C6′-CH3), 17.9 (C4′-CH3), 12.5 C7′-CH3); IR (neat) �̅�max 3322, 2101, 1634, 1548, 1450, 1248, 1165, 1092, 739, 567 cm−1; MS (ESI +ve) m/z 888 ([M 
+ H]+), 910 ([M + Na]+); HRMS (ESI +ve TOF) calcd for C45H61N9O8SNa 910.4262, found 
910.4218 ([M + Na]+). 

Tert-butyl ((R)-5-amino-6-(((R)-1-azido-5-(2-((2,2-dimethyl-2,3-dihydrobenzofu-
ran-5-yl)sulfonyl)guanidino)pentan-2-yl)amino)-6-oxohexyl)carbamate (31). 

 
To a solution of the above Fmoc-protected amine (1.50 g, 1.69 mmol) in acetonitrile

(15 mL) was added piperidine (0.25 mL, 1.5 eq.) and the reaction was stirred vigorously at
rt for 12 h. The reaction mixture was diluted with MeOH (50 mL) and extracted with hexane
(50 mL) multiple times until TLC analysis showed no byproduct (dibenzofulvene piperidine
adduct) present in the MeOH layer. The MeOH extract was concentrated under reduced
pressure to give 31 as an off-white foam (0.80 g, 71%). TLC (MeOH/CH2Cl2–10:90) Rf = 0.2;
1H-NMR (500 MHz, CDCl3) δ 7.61 (brs, 1H, N2-H), 6.42–6.20 (m, 3H, N5-H/NH2 (guani-
dine)), 4.82–4.72 (m, 1H, LysN1-H), 4.12–3.99 (m, 1H, Lys5), 3.46–3.29 (m, 3H, H1/H2), 3.29–
3.14 (m, 2H, H5), 3.14–3.04 (m, 2H, Lys1), 2.96 (s, 2H, C3′), 2.58 (s, 3H, C6′-CH3), 2.52 (s, 3H,
C4′-CH3), 2.10 (s, 3H, C7′-CH3), 1.62–1.31 (m, 25H, H3/H4/Lys2/Lys3/Lys4/C(CH3)3/C2′-
(CH3)2), N5H2 resonance was not observed; 13C-NMR (126 MHz, CDCl3) δ 158.8 (C7a′),
156.6 (C = O), 156.4 (C = N), 138.5 (C3a′), 133.2 (C4′), 132.4 (C6′), 124.7 (C5′), 117.6 (C7′), 86.5
(C2′), 79.4 ((C(CH3)3), 55.1 (Lys5), 55.0 (C1), 46.9 (C2), 43.4 (C3′), 40.9 (C5), 40.4 (Lys1), 34.7
(Lys4), 30.1 (Lys2), 29.8 (C3), 28.8 (C2′-(CH3)2), 28.6 (C(CH3)3), 25.8 (C4), 22.7 (Lys3), 19.4
(C6′-CH3), 18.1 (C4′-CH3), 12.6 (C7′-CH3), COO(C(CH3)3) resonance was not observed; IR
(neat) νmax 3327, 2101, 1685, 1620, 1551, 1454, 1366, 1278, 1250, 1168, 1094, 665, 569 cm−1;

MS (ESI +ve) m/z 666 ([M + H]+); HRMS (ESI +ve TOF) calcd for C30H52N9O6S 666.3761,
found 666.3741 ([M + H]+).
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4.2.6. Tert-butyl ((R)-6-(((R)-1-azido-5-(2-((2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-
5-yl)sulfonyl)guanidino)pentan-2-yl)amino)-5-(2-((1-(4-isopentyl-1H-1,2,3-triazol-1-
yl)naphthalen-2-yl)oxy)acetamido)-6-oxohexyl)carbamate (32)
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To a solution of the above Fmoc-protected amine (1.50 g, 1.69 mmol) in acetonitrile 
(15 mL) was added piperidine (0.25 mL, 1.5 eq.) and the reaction was stirred vigorously 
at rt for 12 h. The reaction mixture was diluted with MeOH (50 mL) and extracted with 
hexane (50 mL) multiple times until TLC analysis showed no byproduct (dibenzofulvene 
piperidine adduct) present in the MeOH layer. The MeOH extract was concentrated under 
reduced pressure to give 31 as an off-white foam (0.80 g, 71%). TLC (MeOH/CH2Cl2–10:90) 
Rf = 0.2; 1H-NMR (500 MHz, CDCl3) δ 7.61 (brs, 1H, N2-H), 6.42–6.20 (m, 3H, N5-H/NH2 
(guanidine)), 4.82–4.72 (m, 1H, LysN1-H), 4.12–3.99 (m, 1H, Lys5), 3.46–3.29 (m, 3H, 
H1/H2), 3.29–3.14 (m, 2H, H5), 3.14–3.04 (m, 2H, Lys1), 2.96 (s, 2H, C3′), 2.58 (s, 3H, C6′-
CH3), 2.52 (s, 3H, C4′-CH3), 2.10 (s, 3H, C7′-CH3), 1.62–1.31 (m, 25H, 
H3/H4/Lys2/Lys3/Lys4/C(CH3)3/C2′-(CH3)2), N5H2 resonance was not observed; 13C-NMR 
(126 MHz, CDCl3) δ 158.8 (C7a′), 156.6 (C = O), 156.4 (C = N), 138.5 (C3a′), 133.2 (C4′), 132.4 
(C6′), 124.7 (C5′), 117.6 (C7′), 86.5 (C2′), 79.4 ((C(CH3)3), 55.1 (Lys5), 55.0 (C1), 46.9 (C2), 
43.4 (C3′), 40.9 (C5), 40.4 (Lys1), 34.7 (Lys4), 30.1 (Lys2), 29.8 (C3), 28.8 (C2′-(CH3)2), 28.6 
(C(CH3)3), 25.8 (C4), 22.7 (Lys3), 19.4 (C6′-CH3), 18.1 (C4′-CH3), 12.6 (C7′-CH3), 
COO(C(CH3)3) resonance was not observed; IR (neat) �̅�max 3327, 2101, 1685, 1620, 1551, 
1454, 1366, 1278, 1250, 1168, 1094, 665, 569 cm−1; MS (ESI +ve) m/z 666 ([M + H]+); HRMS 
(ESI +ve TOF) calcd for C30H52N9O6S 666.3761, found 666.3741 ([M + H]+). 

Tert-butyl ((R)-6-(((R)-1-azido-5-(2-((2,2,4,6,7-pentamethyl-2,3-dihydrobenzofu-
ran-5-yl)sulfonyl)guanidino)pentan-2-yl)amino)-5-(2-((1-(4-isopentyl-1H-1,2,3-triazol-
1-yl)naphthalen-2-yl)oxy)acetamido)-6-oxohexyl)carbamate (32) 

 
Following General Procedure III, 2-((1-(4-isopentyl-1H-1,2,3-triazol-1-yl)naphtha-

len-2-yl)oxy)acetic acid 17 (0.12 g, 0.35 mmol), tert-butyl ((R)-5-amino-6-(((R)-1-azido-5-(2-
((2,2-dimethyl-2,3-dihydrobenzofuran-5-yl)sulfonyl)guanidino)pentan-2-yl)amino)-6-
oxohexyl) carbamate 57 (0.24 g, 0.35 mmol), EDCI.HCl (0.08 g, 0.39 mmol), HOBt (0.06 g, 
0.39 mmol), and TEA (0.03 g, 0.35 mmol) were stirred in CH2Cl2 (5 mL) at rt for 12 h to 
give the acetamide 65 (0.22 g, 64%) as an off-white solid. M.P: 236–238 °C. TLC 
(MeOH/CH2Cl2-10:90): Rf = 0.5; 1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 8.5 Hz, 1H, Ar8), 
7.89 (d, J = 8.5 Hz, 1H, Ar5), 7.65 (s, 1H, H5), 7.54–7.47 (m, 2H, Ar4/βCONH), 7.37 (d, J = 
8.5 Hz, 1H, Ar7), 7.26–7.19 (m, 2H, Ar6/Ar3), 6.85 (brs, 1H, αCONH), 6.36–6.08 (m, 3H, 
N5′-H/NH2 (guanidine)), 5.00 (brs, 1H, LysN1-H), 4.69 (ABq, J = 16.5 Hz, 2H, OCHAHB), 
4.42–4.36 (m, 1H, Lys5), 4.02–3.96 (m, 1H, H2′), 3.44–2.94 (m, 6H, H1′/H5′/Lys1), 2.88 (s, 
2H, H3′′), 2.88–2.84 (m, 2H, H1′′′), 2.55 (s, 3H, C4′′-CH3), 2.48 (s, 3H, C6′′-CH3), 2.06 (s, 3H, 
C7′′-CH3), 2.00–1.86 (m, 4H, H4′/Lys4), 1.84–1.60 (m, 7H, H3′/Lys3/H2′′′/H3′′′), 1.44 (s, 6H, 
C2′′(CH3)2), 1.39 (s, 9H, C(CH3)3), 1.32–1.22 (m, 2H, Lys2), 0.9 (d, J = 5.0 Hz, 6H, H4′′′/H5′′′); 
13C NMR (101 MHz, CDCl3) δ 171.9 (βC = O), 168.1 (αC = O), 158.7 (C7a′′), 156.4 (C = N), 
150.1 (Ar2), 149.1 (COOC(CH3)3), 138.4 (Ar8a), 133.4 (C4), 132.6 (C4′′), 132.46 (C6′′), 132.44 
(C3a′′), 130.6 (C5′′), 129.4 (Ar4), 129.1 (Ar4a), 128.48 (C7′′), 128.47 (Ar5), 125.7 (Ar7), 124.7 
(Ar8), 121.1 (C5), 120.3 (Ar6), 117.5 (Ar3), 113.8 (Ar1), 86.5 (C2′′), 79.2 (C(CH3)3), 68.0 
(OCHAHB), 54.8 (Lys5), 53.6 (C1′), 43.4 (C2′), 40.8 (C2′′′), 40.2 (C5′), 38.6 (C3′′), 38.5 (Lys1), 
31.79 (Lys4), 31.74 (C3′), 29.4 (Lys2), 28.7 (C2′′-(CH3)2), 28.6 ((CH3)3), 28.0 (C1′′′), 25.5 (C4′), 
23.8 (C3′′′), 22.8 (C4′′′/C5′′′), 22.6 (Lys3), 19.4 (C4′′-CH3), 18.1 (C6′′-CH3), 12.6 (C7′′-CH3); IR 
(neat) �̅�max 3405, 3317, 3415, 3057, 2953, 2868, 2100, 1664, 1631, 1600, 1546, 1514, 1484, 1452, 

Following General Procedure III, 2-((1-(4-isopentyl-1H-1,2,3-triazol-1-yl)naphthalen-
2-yl)oxy)acetic acid 17 (0.12 g, 0.35 mmol), tert-butyl ((R)-5-amino-6-(((R)-1-azido-5-(2-((2,2-
dimethyl-2,3-dihydrobenzofuran-5-yl)sulfonyl)guanidino)pentan-2-yl)amino)-6-oxohexyl)
carbamate 57 (0.24 g, 0.35 mmol), EDCI.HCl (0.08 g, 0.39 mmol), HOBt (0.06 g, 0.39 mmol),
and TEA (0.03 g, 0.35 mmol) were stirred in CH2Cl2 (5 mL) at rt for 12 h to give the
acetamide 65 (0.22 g, 64%) as an off-white solid. M.P: 236–238 ◦C. TLC (MeOH/CH2Cl2-
10:90): Rf = 0.5; 1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 8.5 Hz, 1H, Ar8), 7.89 (d, J = 8.5 Hz,
1H, Ar5), 7.65 (s, 1H, H5), 7.54–7.47 (m, 2H, Ar4/βCONH), 7.37 (d, J = 8.5 Hz, 1H, Ar7),
7.26–7.19 (m, 2H, Ar6/Ar3), 6.85 (brs, 1H, αCONH), 6.36–6.08 (m, 3H, N5′ -H/NH2 (guani-
dine)), 5.00 (brs, 1H, LysN1-H), 4.69 (ABq, J = 16.5 Hz, 2H, OCHAHB), 4.42–4.36 (m, 1H,
Lys5), 4.02–3.96 (m, 1H, H2′), 3.44–2.94 (m, 6H, H1′/H5′/Lys1), 2.88 (s, 2H, H3′ ′), 2.88–2.84
(m, 2H, H1′ ′ ′), 2.55 (s, 3H, C4′ ′-CH3), 2.48 (s, 3H, C6′ ′-CH3), 2.06 (s, 3H, C7′ ′-CH3), 2.00–1.86
(m, 4H, H4′/Lys4), 1.84–1.60 (m, 7H, H3′/Lys3/H2′ ′ ′/H3′ ′ ′), 1.44 (s, 6H, C2′ ′(CH3)2), 1.39
(s, 9H, C(CH3)3), 1.32–1.22 (m, 2H, Lys2), 0.9 (d, J = 5.0 Hz, 6H, H4′ ′ ′/H5′ ′ ′); 13C NMR (101
MHz, CDCl3) δ 171.9 (βC = O), 168.1 (αC = O), 158.7 (C7a′ ′), 156.4 (C = N), 150.1 (Ar2),
149.1 (COOC(CH3)3), 138.4 (Ar8a), 133.4 (C4), 132.6 (C4′ ′), 132.46 (C6′ ′), 132.44 (C3a′ ′),
130.6 (C5′ ′), 129.4 (Ar4), 129.1 (Ar4a), 128.48 (C7′ ′), 128.47 (Ar5), 125.7 (Ar7), 124.7 (Ar8),
121.1 (C5), 120.3 (Ar6), 117.5 (Ar3), 113.8 (Ar1), 86.5 (C2′ ′), 79.2 (C(CH3)3), 68.0 (OCHAHB),
54.8 (Lys5), 53.6 (C1′), 43.4 (C2′), 40.8 (C2′ ′ ′), 40.2 (C5′), 38.6 (C3′ ′), 38.5 (Lys1), 31.79 (Lys4),
31.74 (C3′), 29.4 (Lys2), 28.7 (C2′ ′-(CH3)2), 28.6 ((CH3)3), 28.0 (C1′ ′ ′), 25.5 (C4′), 23.8 (C3′ ′ ′),
22.8 (C4′ ′ ′/C5′ ′ ′), 22.6 (Lys3), 19.4 (C4′ ′-CH3), 18.1 (C6′ ′-CH3), 12.6 (C7′ ′-CH3); IR (neat)
νmax 3405, 3317, 3415, 3057, 2953, 2868, 2100, 1664, 1631, 1600, 1546, 1514, 1484, 1452, 1406,
1390, 1366, 1265, 1247, 1165, 1106, 1090, 1044, 994, 970, 852, 781, 733, 661, 641 cm−1; MS (ESI
+ve) m/z 987 ([M + H]+, 100%); HRMS (ESI +ve TOF) calcd for C49H71N12O8S 987.5239,
found 987.5272 ([M + H]+).
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4.2.7. (R)-6-Amino-N-((R)-1-(4-cyclohexyl-1H-1,2,3-triazol-1-yl)-5-guanidinopentan-2-yl)-
2-(2-((1-(4-isopentyl-1H-1,2,3-triazol-1-yl)naphthalen-2-yl)oxy)acetamido)hexanamide
dihydrochloride (40)
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1406, 1390, 1366, 1265, 1247, 1165, 1106, 1090, 1044, 994, 970, 852, 781, 733, 661, 641 cm−1; 
MS (ESI +ve) m/z 987 ([M + H]+, 100%); HRMS (ESI +ve TOF) calcd for C49H71N12O8S 
987.5239, found 987.5272 ([M + H]+). 

(R)-6-Amino-N-((R)-1-(4-cyclohexyl-1H-1,2,3-triazol-1-yl)-5-guanidinopentan-2-
yl)-2-(2-((1-(4-isopentyl-1H-1,2,3-triazol-1-yl)naphthalen-2-yl)oxy)acetamido)hexana-
mide dihydrochloride (40) 

 
Following General Procedure IV, azide 32 (0.08 g, 0.08mmol), cyclohexylacetylene 

(0.03 g, 0.24 mmol), CuSO4∙5H2O (0.004 g, 0.01 mmol) and sodium ascorbate (0.006 g, 0.03 
mmol) were stirred in t-BuOH (2.0 mL) and H2O (0.5 mL) for 16 h to give the triazole 
product as an off-white gum after flash chromatography over SiO2 gel (MeOH/CH2Cl2–
0:100 → 8:92). Following General Procedure VII, the intermediate (0.06 g, 0.05 mmol) was 
dissolved in CH2Cl2 (2 mL), treated with H2O (0.02 g, 1.00 mmol) and CF3COOH (1 mL) 
followed by work-up with ethereal HCl (3 mL) to give the amine salt 40 (0.03 g, 46% over 
two steps) as an off-white solid that rapidly transitioned to a sticky gum. [𝛼]ଶଷ + 59.1 (c 
0.0052, MeOH); 1H NMR (400 MHz, CD3OD) δ 8.30 (s, 1H, H5), 8.29 (s, 1H, Hγ), 8.18 (d, J 
= 9.2 Hz, 1H, Ar8), 7.98 (d, J = 7.5 Hz, 1H, Ar5), 7.61 (ddd, J = 9.2, 9.2, 1.7 Hz, 1H, Ar7), 
7.57–7.49 (m, 2H, Ar6/Ar4), 7.14 (d, J = 8.3 Hz, 1H, Ar3), 4.93–4.89 (m, 2H, OCHAHB), 4.77–
4.72 (m, 1H, H1′), 4.59–4.53 (m, 1H, H1′), 4.37–4.32 (m, 1H, Lys5), 4.12–4.09 (m, 1H, H2′), 
3.18–3.14 (m, 2H, H5′), 2.95–2.91 (m, 2H, Lys1), 2.84–2.78 (m, 3H, H1′′′/H1′′), 2.00–1.96 (m, 
2H, Lys4), 1.74–1.60 (m, 14H, H2′′′/H3′′′/Lys2/H3′/H4′/H2′′/H3′′/H4′′/H5′′/H6′′), 1.48–1.21 
(m, 7H, Lys3/H2′′/H3′′/H4′′/H5′′/H6′′), 1.01 (d, J = 6.2 Hz, 6H, H4′′′/H5′′′); 13C NMR (101 
MHz, CD3OD) δ 173.0 (βC = O), 169.1 (αC = O), 157.1 (C = N), 150.8 (Ar2), 148.7 (C4), 147.6 
(Cδ), 132.5 (Ar8a), 130.3 (Ar4), 129.1 (Ar4a), 128.6 (Ar5), 128.0 (Ar7), 126.9 (Ar8), 125.5 (C5), 
125.1 (Cγ), 120.2 (Ar6), 119.1 (Ar3), 113.9 (Ar1), 67.4 (OCHAHB), 55.7 (C1′), 53.5 (Lys5), 49.3 
(C2′), 40.4 (C5′), 39.0 (Lys1), 37.9 (C2′′′), 33.4 (C1′′), 31.6 (C2′′), 31.5 (C6′′), 30.9 (Lys4), 28.1 
(Lys2), 27.5 (C1′′′), 26.5 (C3′), 25.2 (C4′′), 25.0 (C3′′/C5′′), 24.8 (C3′′′), 22.6 (C4′), 22.5 
(C4′′′/C5′′′), 21.3 (Lys3); IR (neat) �̅�max 3348, 3265, 3202, 3066, 2932, 2860, 1662, 1544, 1514, 
1483, 1451, 1384, 1366, 1349, 1279, 1220, 1168, 1117, 1081, 1049, 816, 749, 668, 585 cm−1; MS 
(ESI + ve) m/z 743 ([M–2HCl + H]+, 60%), 372 ([M–2HCl + H]2+, 100%); HRMS (ESI + ve 
TOF) calcd for C39H59N12O3 743.4833, found 743.4866 ([M–2HCl + H]+). 

4.3. Microbiological Assays 
Primary screening (Gram-positive bacteria). Primary MIC assays were performed 

as described by the Clinical and Laboratory Standards Institute for aerobic [36] and an-
aerobic [37] bacteria. MIC values for vancomycin were within acceptable QC ranges [38]. 

Secondary screening (MRSA and Gram-negative bacteria) and cytotoxicity assay–
performed by the Community for Open Antimicrobial Drug Discovery (CO-ADD). 
Samples were provided to CO-ADD [29] for antimicrobial screening by whole cell growth 
inhibition assays. 

Bacterial Inhibition–MIC Assay. These were performed as described previously 
[13,29]. 

Cytotoxicity Assay. These were performed as described previously [13,29]. 
Haemolysis assay (sheep erythrocytes). These were performed as described previ-

ously [13]. 

Following General Procedure IV, azide 32 (0.08 g, 0.08mmol), cyclohexylacetylene
(0.03 g, 0.24 mmol), CuSO4·5H2O (0.004 g, 0.01 mmol) and sodium ascorbate (0.006 g,
0.03 mmol) were stirred in t-BuOH (2.0 mL) and H2O (0.5 mL) for 16 h to give the triazole
product as an off-white gum after flash chromatography over SiO2 gel (MeOH/CH2Cl2–
0:100→ 8:92). Following General Procedure VII, the intermediate (0.06 g, 0.05 mmol) was
dissolved in CH2Cl2 (2 mL), treated with H2O (0.02 g, 1.00 mmol) and CF3COOH (1 mL)
followed by work-up with ethereal HCl (3 mL) to give the amine salt 40 (0.03 g, 46% over
two steps) as an off-white solid that rapidly transitioned to a sticky gum. [α]23

D + 59.1 (c
0.0052, MeOH); 1H NMR (400 MHz, CD3OD) δ 8.30 (s, 1H, H5), 8.29 (s, 1H, Hγ), 8.18 (d,
J = 9.2 Hz, 1H, Ar8), 7.98 (d, J = 7.5 Hz, 1H, Ar5), 7.61 (ddd, J = 9.2, 9.2, 1.7 Hz, 1H, Ar7),
7.57–7.49 (m, 2H, Ar6/Ar4), 7.14 (d, J = 8.3 Hz, 1H, Ar3), 4.93–4.89 (m, 2H, OCHAHB), 4.77–
4.72 (m, 1H, H1′), 4.59–4.53 (m, 1H, H1′), 4.37–4.32 (m, 1H, Lys5), 4.12–4.09 (m, 1H, H2′),
3.18–3.14 (m, 2H, H5′), 2.95–2.91 (m, 2H, Lys1), 2.84–2.78 (m, 3H, H1′ ′ ′/H1′ ′), 2.00–1.96
(m, 2H, Lys4), 1.74–1.60 (m, 14H, H2′ ′ ′/H3′ ′ ′/Lys2/H3′/H4′/H2′ ′/H3′ ′/H4′ ′/H5′ ′/H6′ ′),
1.48–1.21 (m, 7H, Lys3/H2′ ′/H3′ ′/H4′ ′/H5′ ′/H6′ ′), 1.01 (d, J = 6.2 Hz, 6H, H4′ ′ ′/H5′ ′ ′);
13C NMR (101 MHz, CD3OD) δ 173.0 (βC = O), 169.1 (αC = O), 157.1 (C = N), 150.8 (Ar2),
148.7 (C4), 147.6 (Cδ), 132.5 (Ar8a), 130.3 (Ar4), 129.1 (Ar4a), 128.6 (Ar5), 128.0 (Ar7), 126.9
(Ar8), 125.5 (C5), 125.1 (Cγ), 120.2 (Ar6), 119.1 (Ar3), 113.9 (Ar1), 67.4 (OCHAHB), 55.7
(C1′), 53.5 (Lys5), 49.3 (C2′), 40.4 (C5′), 39.0 (Lys1), 37.9 (C2′ ′ ′), 33.4 (C1′ ′), 31.6 (C2′ ′), 31.5
(C6′ ′), 30.9 (Lys4), 28.1 (Lys2), 27.5 (C1′ ′ ′), 26.5 (C3′), 25.2 (C4′ ′), 25.0 (C3′ ′/C5′ ′), 24.8 (C3′ ′ ′),
22.6 (C4′), 22.5 (C4′ ′ ′/C5′ ′ ′), 21.3 (Lys3); IR (neat) νmax 3348, 3265, 3202, 3066, 2932, 2860,
1662, 1544, 1514, 1483, 1451, 1384, 1366, 1349, 1279, 1220, 1168, 1117, 1081, 1049, 816, 749,
668, 585 cm−1; MS (ESI + ve) m/z 743 ([M–2HCl + H]+, 60%), 372 ([M–2HCl + H]2+, 100%);
HRMS (ESI + ve TOF) calcd for C39H59N12O3 743.4833, found 743.4866 ([M–2HCl + H]+).

4.3. Microbiological Assays

Primary screening (Gram-positive bacteria). Primary MIC assays were performed
as described by the Clinical and Laboratory Standards Institute for aerobic [36] and anaero-
bic [37] bacteria. MIC values for vancomycin were within acceptable QC ranges [38].

Secondary screening (MRSA and Gram-negative bacteria) and cytotoxicity assay–
performed by the Community for Open Antimicrobial Drug Discovery (CO-ADD). Samples
were provided to CO-ADD [29] for antimicrobial screening by whole cell growth inhibition
assays.

Bacterial Inhibition–MIC Assay. These were performed as described previously [13,29].
Cytotoxicity Assay. These were performed as described previously [13,29].
Haemolysis assay (sheep erythrocytes). These were performed as described previ-

ously [13].
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Hemolysis assay (human erythrocytes)–HC50 determination. These were performed
as described previously [13,29].

4.4. In Vivo Murine Model of CDI Treatment

Disease Treatment Model. These experiments were performed as previously de-
scribed [39–42]. Mice were humanely killed at the onset of severe disease or at the end of
the experiment (day 4), as previously described [43].

Statistical Analysis. Statistical analysis was performed using Prism 7 (GraphPad
Software). The Kaplan–Meier survival curves were assessed using a log-rank (Mantel–Cox)
test. Weight loss, spore shedding, fecal consistency, and physiological appearance data
were analyzed by one-way ANOVA with a post hoc Tukey’s multiple comparison test.
Differences in data values were considered significant at a p value of <0.05.

5. Conclusions

This study reported the next generation of hydrophobic anchored cationic pep-
tidomimetics as antibacterial agents, with a focus on targeting CDI. A major aim was
to improve the solubility profile of these compounds to allow for sufficient solubility for
efficient administration of the drug while maintaining gut availability and antibacterial ac-
tivity. The naphthyltriazole derivates containing either a monocationic or dicationic amino
acid side chain were generally the most effective, with compounds 40 and 42, possessing
terminal cyclohexyl and benzyl moieties, respectively, exhibiting MIC values of 8 µg/mL.

Naphthyltriazole 40 was selected for an in vivo murine model trials of CDI but ex-
hibited only mild evidence of in vivo efficacy indicating that further investigation into the
structural and biological parameters affecting the in vivo efficacy of these antibacterial
peptidomimetics is required, as the observed in vitro efficacy did not translate directly
into in vivo efficacy. We have already reported that a correlation exists between increased
hemolytic activity and an increase in hydrophobic/cationic ratio [15]; unfortunately, com-
pound 40 exhibited a slight increase in hemolytic activity relative to the majority of tested
compounds in this class with an HC50 value of 32 µg/mL. While the selectivity ratio could
be more substantial, this is acceptable for the future development of these gastrointestinal
focused compounds. We have previously reported a comparative solubility assay for this
class of antimicrobial agents with increasing numerical values corresponding to better
aqueous solubility relative to compound 1 (which possesses a value of 1) [13]. Compound
40 showed a better solubility ratio with an assay value of 5, relative to our lead compound
2 with a value 3—this is also reflected in the CLogP values of 4.46 and 5.76 for 41 vs. 2,
respectively. These outcomes were confirmed with no issues during the mouse model trials
with sufficient solubility in the dosage regimen. Variations on the triazole and O-naphthyl
substituents could be made in future studies with the view of enhancing antibacterial
activity against C. difficile.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics10080913/s1, Figures S1–S85: Details of synthesis and characterization data for
compounds; Table S1: Secondary antimicrobial screening a–(bacteria and fungi), Murine model
studies experimental procedures.
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Abstract: Clostridioides difficile, a spore-forming bacterium, is a nosocomial infectious pathogen which
can be found in animals as well. Although various antibiotics and disinfectants were developed,
C. difficile infection (CDI) remains a serious health problem. C. difficile spores have complex structures
and dormant characteristics that contribute to their resistance to harsh environments, successful
transmission and recurrence. C. difficile spores can germinate quickly after being exposed to bile
acid and co-germinant in a suitable environment. The vegetative cells produce endospores, and the
mature spores are released from the hosts for dissemination of the pathogen. Therefore, concurrent
elimination of C. difficile vegetative cells and inhibition of spore germination is essential for effective
control of CDI. This review focused on the molecular pathogenesis of CDI and new trends in
targeting both spores and vegetative cells of this pathogen, as well as the potential contribution of
nanotechnologies for the effective management of CDI.

Keywords: Clostridioides difficile; spores; anti-spore; spore germination; nanomaterial

1. Introduction

Clostridioides (formerly Clostridium) difficile, a Gram-positive bacterium that causes
severe antibiotic-associated diarrheas and colitis, was first isolated from new-born in-
fants in 1935 [1]. It produces oval terminal endospores [1] and is commonly acquired
through community and hospital (nosocomial) infections [2]. The disease is associated
with inappropriate antibiotic treatment, which causes an imbalance of the host’s intestine
microbial flora, in turn activating the dormant C. difficile [3]. Clindamycin, carbapenems
and fluoroquinolones are the antibiotics most commonly associated with increasing the
risk of C. difficile infection (CDI) [4]. Additionally, gastric acid-suppressant and older age
(>65 years) are also important risk factors [5]. The symptoms of CDI include watery di-
arrhea, fever, abdominal pain and toxic megacolon [6]. From a recent epidemiological
analysis reported by NHS trusts in England, there were a total of 13,177 CDI cases diag-
nosed between 2019 and 2020 [7], a small increase of 7.4% compared to the previous year
(n = 12,274). The incidence of hospital-onset CDI cases mirrors the trends in the incidence
of all cases, with a decline between 2007 and 2014 followed by a relatively stable state
till 2018. The rate (hospital-onset cases/100,000 bed-days) of hospital-onset CDI cases
increased from 12.2 to 13.6 between 2018 and 2020. In the USA, a statistical analysis re-
vealed that CDI cases in 10 hospitals increased between 2011 and 2017, while the adjusted
estimate of the burden of hospitalizations for CDI decreased by 24% [8]. Whereas the
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adjusted estimates of the burden of first recurrences and in-hospital deaths did not change
significantly, suggesting the effectiveness of infection-prevention practices, and new more
refined diagnostic techniques, it is important to eliminate false positives and to improve
infection prevention. However, reducing the burden of CDI remains one of the imperative
health care priorities in western countries. Different ribotypes occur according to geo-
graphic localization and time of the episodes, associated with evolutionary sophistication.
Ribotype 027 and 078 strains have spread worldwide since the millennium, and this was
attributed to their ability to metabolize disaccharide trehalose approved by the USA Food
and Drug Administration (FDA) since 2000 [9]. Epidemic C. difficile ribotypes yield more
toxins and have higher sporulation compared to non-epidemic ones [10,11], in spite of
some controversial results [11].

The C. difficile spores play an important role in its pathogenesis and are well known
to resist gastric acid, harsh environments and antibiotics treatment, or even survive in
dry inorganic surfaces for months [12]. Hand washing has been recommended as a good
practice to reduce risk of pathogen transmission, not only among health care workers but
also visitors [13,14]. Hand washing with soap and water is significantly more effective at re-
moving C. difficile spores than alcohol-based hand rubs [15,16]. The unique structure of the
spores helps the pathogen to overcome UV-A and UV-B irradiation, heat (up to 71 ◦C), ex-
treme freezing, biocides, chemical disinfectants, desiccation and nutrient deficiency [17,18].
The exosporium is the outermost layer of the spore, containing cysteine (CdeC)-rich pro-
teins that enhance their surface adhesion and spore-host interactions [19,20] and were
demonstrated to assist in resistance to heat, enzymes and macrophage-inactivation [19,21].
The next layer is the coat, which blocks oxidizing agents, hypochlorite and enzymes from
damaging the microorganism [18,22]. Inside the coat is the outer membrane, and the
cortex which keeps the spore in a dehydrated state [23]. The low permeability of the inner
membrane prevents the core from invasion from water and other small molecules [24].
The innermost part of the spore is the dehydrated core, containing DNA, RNA, ribosomes,
small acid-soluble spore proteins (SASPs) and large amounts of calcium dipicolinic acid
(Ca-DPA) [18,25]. The high level of the Ca-DPA increases their resistance to environmental
stressors, such as disinfectants and ultraviolet radiation [26].

Several physical methods and chemical reagents have been developed to eliminate
spores. For examples, UV-C irradiation (254 nm) could be an ideal option for C. difficile
spore elimination in a health setting [27]. Moist heat at 85 and 96 ◦C could effectively kill
C. difficile spores in foods [28]. Several chemicals have also exhibited anti-spore activity.
Sodium hypochlorite (NaOCl) (10%) is a disinfectant with excellent capability to eliminate
spores [29]. Hydrogen peroxide (H2O2) (10%) also has good anti-spore properties [30].
Potassium peroxymonosulfate (KHSO5) (0.2%), often used to clean water, is also effec-
tive [31]. Nevertheless, these approaches readily used in routine equipment surface and
environment disinfection could not be applied for clinical treatment of C. difficile spores in
human infection. This review provides an update on novel materials that inhibit C. difficile
and harbor therapeutic potential.

2. Molecular Pathogenesis of C. difficile Infection

Transmission of C. difficile spores or vegetative cells occurs through the fecal—oral
route, and from direct contact with contaminated items [32]. However, only spore-form
C. difficile can pass through the gastric acid and achieve residence in the large intestine [6].
As the spores are exposed to an appropriate environment containing bile acid and co-
germinant, they can be reactivated into the vegetative state [33,34]. C. difficile spores
germinate mostly within the ileum due to the higher environment pH (around 7.4) [34]. At
a molecular level, CspC serves as the bile acid germinant receptor, while CspA acts as the
co-germinant receptor. Upon activation, the signal is transmitted to CspB [35–37], which
converts pro-SleC into its active form to degrade the cortex [38,39]. This leads to expansion
of the germ cell wall and rehydration of the core, together with the release of dipicolinic
acid (DPA) [40,41]. The outgrowth of C. difficile spores into a vegetative cell is the result.
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The vegetative form of C. difficile proliferates and produces toxin A (TcdA) and toxin B
(TcdB), which contribute to the major pathogenesis process. TcdE protein contributes to the
secretion of TcdA and TcdB whcih promotes C. difficile growth by obtaining nutrients from
toxin-mediated collagen degradation and suppression of competitors in the gut [42–44].
Secreted TcdA binds to carbohydrates on the apical surface of colonic epithelial cells, while
TcdB recognizes their Wnt receptor frizzled family (FZDs) proteins [45]. Both TcdA and
TcdB toxins enter cells via endocytosis, followed by fusion with the lysosome [46,47]. Upon
acidification of the organelle, protonation triggers conformation changes in TcdA and TcdB
to form hairpin pores; this is followed by release of the glucosyltransferase domains of the
toxins from the organelles via autoproteolysis [48,49]. These domains further glycosylate
Rho and Rac in the cytosol, preventing them from being activated by guanine nucleotide
exchange factors (GEFs), thereby triggering apoptosis and loss of tight junction integrity in
mucosal epithelial cells [46,50].

C. difficile cells start to sporulate when nutrients are scarce in the environment, al-
though the quorum-sensing signals to relay the environmental state are yet to be identi-
fied [25]. Stage 0 sporulation protein A (Spo0A) is a transcription factor critical for the
C. difficile life cycle that regulates genes associated with biofilm formation, metabolism,
toxin production and sporulation [51]. Phosphorylation of Spo0A is an early triggering
factor for sporulation, followed by the activation of sigma factor F (σF) to control the down-
stream effectors σG in the forespore compartment. Activation of σG is required for spore
cell wall synthesis and cortex formation [52]. Spo0A also activates σE and further activates
σk to modulate coat protein expression and DPA synthesis, as well as their structural
assembly after asymmetric division. At this stage, the replicated DNA is already packed
into the forespore [53]. After completing the development of the membrane, spore coat
and cortex proteins, the mother cell will be lysed, and the mature spore will be released
(Figure 1).

Symptomatic C. difficile patients shed out the vegetative cells and spores leading to
contamination of their environment [54]. The vegetative cells can survive 6 h in room
air, while the spores may remain alive for as long as 5 months [55,56]. As the health-care
workers and patients’ family members contact the spore-contaminated surface, the spores
tightly attach to the skin [57]. Noticeably, asymptomatic C. difficile carriers can shed out
spores and cause another CDI outbreak [58]. Prevention of C. difficile spore formation
is, therefore, an important strategy for CDI management and could reduce the threat of
relapse [59].

Biofilm formation by vegetative cells and spores has been identified in several Clostrid-
ium species, including Clostridium perfringens, C. thermocellum and C. acetobutylicum [60].
Biofilm formation could play major roles in all phases of CDI, especially in their recur-
rence [61,62], since it helps to enhance microorganism retention, enabling them to resist the
flow of luminal material in the gastrointestinal (GI) tract and to prevent the host immune
system’s attack. Biofilms provide a powerful shield against antibiotics and create a comfort
zone for the microorganism to survive and prosper [63]. Intriguingly, biofilms could also
reduce germination efficiency in C. difficile. Such controversy complicates the development
of treatment strategies.
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3. Advancements in the Treatment of C. difficile Infection

Even though antibiotic therapy is the major treatment of choice for CDI, severe side
effects and resistance remain unsolved. Metronidazole and vancomycin have been con-
sidered effective treatments for CDI patients for years. However, the two antibiotics also
disrupt the normal colonic flora [64] and recurrence is not uncommon [65,66]. Antibiotics
also promote spore formation and shedding [67]. Moreover, strains resistant to the two
antibiotics were isolated [68] and could spread widely [69]. Fidaxomicin was approved
by the FDA in 2011 as a new CDI treatment option, as it showed superior efficacy with
significantly less impact on normal colonic flora than vancomycin [70]. Fidaxomicin treat-
ment also inhibits sporulation and decreases spore shedding into the environment [71,72].
Despite only one resistant isolate being reported to date [73], development of non-antibiotic
therapy to prevent therapeutic resistance is urgently needed for CDI control.

Some non-antibiotic approaches were developed recently, such as the introduction of
probiotics, fecal microbiota transplantation (FMT), engineered microorganisms, bacterio-
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phages, diet control, natural active substances and nanomedicines. A microbiota-based
non-antibiotic drug, RBX2660, has been developed by Rebiotix Inc. Clinical trials revealed
that, although RBX2660 treatment reduced the number of antibiotic-resistant microorgan-
isms, these still occurred [74]. FMT refers to the transference of fecal materials from healthy
donors to patients and was first introduced in 1958 for the treatment of pseudomembra-
nous colitis [75]. Further clinical studies showed that FMT successfully cured patients with
recurrent CDI and attenuated CDI-associated diarrhea [76,77]. According to preclinical
and clinical data, FMT in combination with vancomycin was recommended as the primary
therapy for multiple recurrent CDIs (rCDIs) [78,79]. FMT not only restores healthy gut flora
in CDI patients but also interferes with C. difficile spore germination [80]. The mechanism
by which FMT battles C. difficile spore germination is through restoration of secondary
bile acid metabolism by bile acid-metabolizing microbiota in the colon and repair of the
gut barrier [80,81]. FMT is generally considered a safe treatment modality for rCDIs with
only mild side effects (e.g., abdominal discomfort and transient mild fever) [82]. However,
before CDI patients receive FMT therapy, both donors and recipient need to undergo rig-
orous checkups and tests, including evaluating the presence of metabolic syndromes and
screening for fecal pathogens [83,84]. In order to improve the clinical application and safety
of FMT, further studies should be performed to establish the gold standard of FMT. In
addition to FMT, the use of probiotics for CDI prevention and treatment received particular
attention in the clinic [85]. Delivery of appropriate probiotics into the intestinal tract could
restore the balance of gut microbiota. Recently, mixed regimens containing Lactobacillus
species, Saccharomyces boulardii or C. butyricum have been extensively explored for the
prophylaxis of CDI [86]. Both probiotics and FMT are high-potential alternative strategies
to rebalance the microbiota for effective clinical management of CDIs. However, FMT and
probiotics still require an extended treatment course and would not be eligible for all CDI
patients, rendering the unmet needs of others to be met by advanced therapeutic options.

4. Alternative Strategies for Targeting Spores

The spores of C. difficile can be found in food, in domestic animals, and on the surface of
contaminated equipment [87] and are difficult to eliminate. Therefore, C. difficile endospores
are the main vehicle of infection, and anti-spore strategies are undoubtedly important
for both disease prevention and therapeutics. These strategies could directly aim at the
structural components of the spore or their germination process, as germinating spores are
very vulnerable [88]. Many chemicals inhibit C. difficile spores.

Ceragenins are synthetic bile acid-based mimics of antimicrobial peptides with broad-
spectrum coverage [89,90]. Ceragenin (2 µM) alone significantly reduced biofilm formation
by clinical E. coli strains, and the combination of ceragenin with LL-37 peptide (10 µM at
1:1 ratio) eliminated 79% of the E. coli strains [91]. Remarkably, ceragenin CSA-13 has been
shown to have sporicidal activity against Bacillus subtilis and C. difficile [92,93]. CSA-13 at
75 µg/mL inhibited all B. subtilis spore outgrowth by disrupting the inner membrane of
B. subtilis spores, leading to the release of Ca-DPA from the core followed by premature
hydration [92]. CSA-13 affected the germination and viability of C. difficile spores even at a
lower dose (4 µg/mL), with minimum inhibitory concentration (MIC) of 60 µg/mL [93].
Furthermore, CSA-13 (3 µM) reduced toxin A-mediated inflammation and prevented
vancomycin-dependent CDI relapse (10 mg/Kg oral daily) [93]. CSA-13 has an LD50 of
24.74 µg/g body weight in mice [94].

Ursodeoxycholic acid (UDCA) is another spore germination inhibitor that acts through
a bile acid-based mechanism. When C. difficile spores were spread on BHIS agar plates
containing 0.1% UDCA (about 2.5 mM), the CFU recovery rate was below 0.0001% [33]. As
low as 0.2 mM of the compound is effective to block C. difficile spore germination and, at
2 mM concentration, it could even interfere with vegetative cell growth [94]. Weingarden
recently reported the successful treatment of CDI patients with UDCA (300 mg twice daily—
300 mg four times daily) without relapse [95]. UDCA does not have the 12α-hydroxyl
group important for sensing bile acids as a germinating signal by C. difficile spores [96].

153



Antibiotics 2021, 10, 948

More bile acid analogues have been chemically synthesized and evaluated for their ability
to prevent C. difficile spore germination [97]. Some bile acid analogues directly bind to TcdB
causing their conformation to change and lose cell binding ability [98]. These results point
towards a new pathway for bile acid-based clinical management of CDI patients.

Anti-microbial peptides have also been investigated for inhibiting spore germina-
tion. Ramoplanin, a glycolipodepsipeptide antibiotic, was discovered to effectively block
bacterial cell wall biosynthesis and presented antibacterial activities against methicillin-
resistant Staphylococcus aureus and vancomycin-resistant Enterococcus [99]. Ramoplanin
(50 mg/kg/day) treatment more prominently reduced recovery of C. difficile spores in
the caecal contents of experimental animals, and cytotoxin production compared to van-
comycin at the same dose [100]. C. difficile spores exposed to ramoplanin (300 µg/mL)
failed to grow out to form colonies on agar plates, through interaction of the compound
with the exosporium to ambush their germination [101].

Nylon-3 polymers are another artificial mimic of host-defense peptides synthesized
via various β-lactams modified with cationic and lipophilic units [102]. Nylon-3 polymers
demonstrated antimicrobial activities against both fungi and bacteria through cell mem-
brane disruption [102,103]. In CDI, nylon-3 polymers not only killed the vegetative cells
(MIC: 12.5–25 µg/mL) but also blocked C. difficile spore outgrowth (outgrowth inhibitory
concentration: 3.13–12.5 µg/mL) [104] rather than directly damage the spores.

An FDA approved bacteriocin called nisin has been used to preserve food for
decades [105,106]. Nisin and its analogues have been reported to show anti-bacterial
activity against both Gram-positive and Gram-negative bacteria and had additive and
synergistic interactions with antibiotics [107,108]. Furthermore, nisin inhibited C. botulinum
and B. anthracis spore outgrowth [109,110]. Nisin (MIC: 0.8–51.2 µg/mL) also inhibited
C. difficile vegetative cell growth and blocked spore outgrowth (log reduction > 4) at a
concentration of 3.2 µg/mL after the germination started [111,112] via binding to the lipid
II, thus interfering with cell wall biosynthesis and disrupting the spore membrane [110].
However, Le Lay’s group showed that only a higher concentration of nisin (25.6 µg/mL)
directly decreased viability of C. difficile spores to 40–50% [111].

Degradation of bacterial cell wall as an anti-CDI strategy has also been extensively
explored. Cell wall hydrolase (CWH) encoded by bacteriophages provokes degradation
of bacterial cell wall peptidoglycan [113]. Mondal et al. found that a catalytic domain
(glucosaminidase and Nlp60 domain) CWH351-656of the hydrolase encoded by C. difficile
phage phiMMP01 presented lytic activity higher than the full-length CWH. The fragment
killed 100% of C. difficile vegetative cells and completely inhibited their spores’ outgrowth at
a concentration of 200 µg/mL [113]. Although CWH351-656may have therapeutic potential
against CDI, further biocompatibility, immunological, and clinical studies are required.

5. Emergent Roles for Nanotechnology in Infectious Diseases

Infectious diseases have emerged as a serious global public health concern, under-
scored by the rapidly increasing number of drug-resistant strains of existing pathogens
and the emergence of new pathogens [114]. Multiple challenges must be overcome in the
effective management of infectious diseases. These include the lack of safe and effective
medications central for disease treatment. The recent development of nanotechnology
attracted significant attention due to its potential for transforming both disease diagnostics
and therapeutics. Over the past few decades, intensive research in the field enabled the
birth of more and more FDA-approved items in chemotherapeutics, anesthetics, imaging
contrast agents, nutritional supplements and others [115]. Infectious diseases are also a
major focus in nanomedicine.

The use of nanotechnology to defeat multidrug resistance gained significant global
attention as new effective antibiotic development is extremely challenging and costly.
Modifications in nanoparticles (NPs) could enable multifunctional purposes and bring
about advanced applications in medicine. Nanomaterials could be modified with specific
targeting moieties such as antibodies or aptamers, to enhance the therapeutic specificity

154



Antibiotics 2021, 10, 948

and minimize collateral damage to healthy tissues [116]. Various types of nanomaterials
have been shown to deliver drugs with good releasing profile and improve efficacy. These
nanomedicines have been extensively explored for applications in the infectious disease
area as well [117,118].

Organic nanoparticles (e.g., liposomes, polymeric, micelles and ferritin) have been
used to enhance the bioavailability of therapeutic compounds and to increase their delivery
and efficacy [119]. They were developed as drug delivery systems, offering a controlled-
release profile and targeting the desired tissues or cells. These nanocarrier systems may
control drug release by an excipient that enabled slow dissolution of poorly soluble drug
crystals, from the core compartment to the interstitial space. Sustained release can also be
obtained by encapsulating drugs in nanocarriers capable of loading both hydrophobic and
hydrophilic drugs. Organic nanocarrier systems have been evaluated for the treatment of
local infections of the female reproductive tract, lungs and skin. Injectable nanocarriers
have also been explored for the systemic delivery of drugs [120]. Regarding the types
of pathogens targeted, nanoparticles have also been extensively explored for treating
fungal [121], bacterial [120] and viral infections, including by Candida albicans and severe
acute respiratory syndrome 2 (SARS-CoV-2) [122].

Considerable research has focused on polyester-based organic nanosystems that de-
grade in the presence of physiological esterases (for example, poly (lactide-co-glycolide)
(PLGA) and poly (caprolactone)). Modulated by the alteration of the hydrophobicity of
the monomer, polymer chain length and particle size, active pharmaceutical ingredients
could be released in a predesigned control manner, via bulk degradation of the polymers
to enable drug diffusion [123]. Polymers such as poly (anhydrides), poly (orthoesters),
poly (cyanoacrylates) and poly (amides) have also been used in the sustained release
design [124]. The combination of polymer-based nanoparticles and antibiotics achieved
better antibacterial activity than antibiotics alone [125]. Liposomes such as MiKasomes
(NeXstar Pharmaceuticals) have also been developed to encapsulate drugs for sustained
release in the treatment of bacterial infections including C. difficile [126]. These vesicles
could also load both hydrophobic and hydrophilic drugs to reduce dosing frequency and
ease the dosing regimen.

Inorganic nanoparticles (e.g., metals or metal oxides) have also been investigated
for the prevention and treatment of infectious pathogens. Some inorganic nanomaterials
were discovered to exhibit diverse activities against multi-drug-resistant pathogens [127].
These include silver (Ag), zinc oxide (ZnO), iron-containing nanoparticles and more. The
antibacterial properties of the metallic nanoparticles may be attributed to the genera-
tion of reactive oxygen species (ROS), disruption of cell membranes, ability to bind thiol
groups (SH-)/disulfide bonds (R-S-S-R) in biomolecules and the release of soluble metal
ions [128,129]. The most widely studied metallic materials in infection control are silver
(Ag) nanoparticles. The antimicrobial mechanisms of Ag nanoparticles are associated with
ROS generation and silver ion release from the nanoparticles. Ag nanoparticles and ions
interact with the thiol group, sulfur and phosphorus in the microbial cells subsequently
bringing about DNA damage and protein dysfunction [130]. In addition, Ag nanoparticles
could also anchor to the bacterial cell wall and cause structural changes in the cell mem-
brane, thus radically affecting cell membrane permeability and inducing cell death. Free
radicals generated by Ag nanoparticles upon contact with the bacterial cell membrane are
another important mechanism for their anti-microbial activity, as confirmed by electron
spin resonance analysis [130]. Compared to their bulk state, Ag nanoparticles also display
efficient antimicrobial properties due to their large surface-to-volume ratio, providing
better contact interface with the microorganisms [131].

Moreover, nanomaterials responsive to photoactivation have especially been applied
for photodynamic, photothermal and photoactivation of chemotherapeutics or their combi-
nation. Photoactivation mechanisms could be placed in the payload of the nanocarriers
or inside the nanomaterials, as an endogenous property [132]. Photodynamic therapy
(PDT) combines special drugs, so-called photosensitizing agents, with light to destroy
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microorganisms for the management of infectious diseases [133]. The irradiated light
activates photosensitizers (PS) to induce the generation of ROS (e.g., peroxides, superoxide,
hydroxyl radical, singlet oxygen (1O2)) that in turn induce cell death [134]. Despite only
relatively low laser power being required, successful treatment is dependent upon suffi-
cient oxygen supply to the target tissues. As most PSs are hydrophobic compounds with
limited accumulation in the target regions, nanoformulation may provide a solution [135].
On the other hand, photothermal modulation utilizes photo-absorbers to convert photon
energy into heat [136]. In this application, high laser power is required and prevention of
other side effects such as overheating, which could induce excessive inflammation, should
be considered. For photoactivation, photon irradiation was applied to induce a change
in the chemical structure, leading to the cleavage of certain functional groups and release
of the active pharmaceutical ingredients from the carriers [137]. Over the years, the use
of nanomaterials in photothermal therapy has received considerable attention. Inorganic
nanoparticles such as zinc oxide (ZnO) and copper oxide nanomaterials have also been
reported to harbor strong anti-microbial activities and have been incorporated into a variety
of medical applications including skin dressing materials. ZnO has excellent photocatalytic
activity [138] and could be accumulated in the microorganisms to cause efficient inhibition
of their growth at concentrations between 3 and 10 mM [139]. The lipid bilayer of bacteria
is extremely sensitive to ROS. Therefore, photon-induced hydrogen peroxide generation by
ZnO plays a primary role in killing bacteria, together with penetration of the cell envelope
and disorganization of the cell membrane upon contact with nanoparticles [140].

Nanotechnology has also been applied to disease prevention in vaccine formulation,
the so called nanovaccinology. Over the past decade, nanoscale size materials such as virus-
like particles (VLPs), liposomes, polymeric, inorganic nanoparticles and emulsions have
gained attention as potential delivery vehicles for vaccine antigens, which can both stabi-
lize vaccine antigens and act as adjuvants [141]. These advantages are attributable to the
nanoscale particle size, which facilitates uptake by antigen-presenting cells (APCs), leading
to efficient antigen recognition and presentation. Modifying the surfaces of nanoparticles
with different targeting moieties permits the delivery of antigens to specific receptors on
the cell surface, thereby stimulating selective and specific immune responses [142]. The
most well-known example is the liposome applied for encapsulating modified mRNAs and
stimulating host immune response in SARS-CoV-2 vaccines developed by Moderna and
Pfizer-BioNTech [143]. Nanoparticles in the vaccine formulations allow for enhanced im-
munogenicity and stability of the payload (antigen or nucleic acids encoding the expression
of antigen), but also targeted delivery and slow release for longer immunostimulation [144].

Three parenterally delivered vaccines for the prevention of C. difficile infection have
been developed. These vaccines were based on detoxified or recombinant forms of TcdA
and TcdB and are expected to generate high titers of toxin neutralizing antibodies in clin-
ical trials [145]. However, improvements of existing vaccine formulations are necessary.
Strategies may include addition of more antigens to limit colonization or sporulation, or
integration with treatment regimens. The use of nanotechnology in vaccine development
against CDI was first reported in 2017 by Liu’s group using poly-γ-glutamic acid (γ-PGA)
and chitosan to form biodegradable nanoparticles [146]. The particle was used to encapsu-
late recombinant receptor binding domains of TcdB. This strategy successfully induced the
production of TcdB neutralizing antibodies in vaccinated mice. The vaccinated mice had
low-level inflammation, and all survived the lethal dose of C. difficile spore challenge [146].
A nanovaccine for CDI is currently under phase I clinical trial in the USA.

6. Nanomaterials for CDI Therapeutics

Organic nanoparticles for the delivery of anti-sense anti-microbial oligonucleotides
have been reported recently for anti-CDI therapy [147]. The modified anti-sense oligonu-
cleotides can specifically target five essential C. difficile genes simultaneously. They used
three (APDE-8, CODE-9, CYDE-21) novel cationic amphiphilic bolaamphiphiles (CABs)
to form nano-sized vesicles or vesicle-like aggregates (CABVs) and encapulate 25-mer
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antisense oligonucleotides (ASO). The empty CABVs had little effect on C. difficile growth
and could deliver an effective amount of ASO against C. difficile. Through encapsulation by
bolaamphiphile-based nanocomplex, the oligonucleotides could be effectively transported
into C. difficile to modulate the translation of specific mRNA which achieved inhibitory
concentrations in C. difficile without affecting normal microbiota [148,149].

There are reports showing most antibacterial metallic nanomaterials are non-selective
generic biocidal agents, mainly against vegetative cells. Their sporicidal activity was
explored in only a few studies under high concentrations [150,151]. Ag nanoparticles
synthesized by Streptomyces sp. have also been reported to exhibit anti-spore potency
against C. difficile at 75 µg/mL [152]. According to Gopinath’s report, these Ag nanopar-
ticles adhered to the entire spore coat followed by surface protein denaturation and pit
formation [152]. Surface modification of Ag nanoparticles with chitosan also showed
antibacterial activity against B. subtilis vegetative cells and spores [153]. Their activity
against C. difficile spores remains to be validated. However, the safety for the use of Ag
nanoparticles in the human body is still an important concern, as it has been reported
that Ag nanoparticles could compromise cell viability and induce pathological damages
in animal models [154]. In a clinical study reported by Munger, orally administered Ag
nanoparticles (32 ppm) followed by a 2-week observation period presented no clinically
important changes in metabolic, hematologic, or urinalysis measures [155]. There were
also no detectable morphological changes in the lungs, heart or abdominal organs. ROS for-
mation and subsequent pro-inflammatory cytokine generation commonly associated with
Ag nanoparticles were not noted [155]. However, the chronic toxicity of Ag nanoparticles
still remains to be further studied [156].

Polyurethane containing crystal violet (CV) and 3–4 nm ZnO nanoparticles have been
reported to present bactericidal activity against hospital-acquired pathogens including
multidrug-resistant E. coli, Pseudomonas aeruginosa, methicillin-resistant S. aureus (MRSA)
and even highly resistant endospores of C. difficile [157]. However, recent studies showed
that ZnO nanoparticles may affect other microorganisms and impact normal intestinal
microflora despite their widespread use in biomedicine [158]. DNA damage induced
by ZnO also limits its biomedical application in clinical settings [159]. Other types of
nanomaterials responsive to photonic energy (e.g., photodynamic or photothermal therapy)
have also been developed for anti-microbial therapy, to enhance drug delivery and local
activation. However, the gastrointestinal tract is not the ideal organ for light illumination.

Iron is the most abundant transition metal in the human body and participates in
important physiological functions such as oxygen transport and electron transfer. The
human body has developed sophisticated systems for the uptake, transport, storage and
metabolism of iron. Iron-containing nanoparticles usually exhibited magnetic properties
and are among the pioneer nanomaterials used in a wide variety of biomedical and bio-
engineering applications. Many iron-containing nanoparticles have been evaluated in
preclinical and clinical trials, and some of those have reached the market. Zero-valent-
iron (ZVI) nanoparticles exhibited excellent biocompatibility while harboring prominently
bactericidal efficacy against E. coli. Iron oxide nanoparticles also have been widely used
for biomedical applications, including hyperthermia therapy and magnetic resonance
imagining [160]. There are reports describing that iron oxide nanoparticles have reduced
bacterial biofilm formation and viability via an increase in oxidative stress [161,162]. The
anti-bacterial mechanisms of these metallic nanoparticles are attributed to their ability
to generate reactive oxygen species, disrupt cell membranes, bind thiol groups and re-
lease toxic ions. Iron oxide nanoparticles, widely used as T2 weighed MRI imaging
contrast agents, were recently used in CDI treatment. The Fe3-δO4 magnetite nanoparticles
(500 µg/mL) were reported to display sporicidal activity against C. difficile spores with-
out adversely affecting the gut microbiota of experimental mice [163]. Fe3-δO4 magnetite
nanoparticles bind to the surface of C. difficile spores, decreasing Ca-DPA release from
the spores. The nanoparticles eventually inhibited spore viability in vitro and attenuated
C. difficile-induced colitis in this mouse model. However, Fe3-δO4 nanoparticles did not
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kill the vegetative cells. A ZVI signal, detected in the Fe3-δO4 nanoparticles by X-ray
diffraction, has been reported to involve the induction of intracellular oxidative stress
and depleting mitochondrial membrane potential in malignant cells [164,165]. Generation
of ROS may contribute to the inhibition of C. difficile spore germination. As the Fe3-δO4
nanoparticles only showed efficacy in anti-spore germination without killing the vegetative
form of C. difficile, vancomycin-loaded Fe3-δO4 nanoparticles (van-IONPs) were synthe-
sized to further enhance CDI control. These nanoparticles demonstrated the ability to
inhibit both vegetative cell growth and spore germination [163,166] through direct binding
to C. difficile spores and blocking their germination, while inhibiting vegetative cells by
releasing antibiotics in a synchronized manner (Figure 2). Moreover, van-IONPs protected
the intestinal mucosa from C. difficile spore adhesion and significantly decreased the level
of C. difficile-induced inflammation in mice. These nanoparticles outperform both Fe3-δO4
nanoparticles and free vancomycin in overall anti-CDI efficacy, due to the dual-function
activities of targeting both spores and vegetative cells [166]. ROS production has also
been reported as the cause for the anti-bacterial properties of another type of Fe3-δO4
nanoparticles [167]. One important advantage of these iron-based nanoparticles in CDI
control is their selectivity for C. difficile spores and biocompatibility to intestinal mucosa
cells. Such properties preserved the normal intestinal flora critical for preventing invasion
by other pathogens and protecting the host from recurrence [168].
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7. Conclusions

Clostridioides difficile accounts for about 20% of antibiotic-associated diarrhea, with
global incidence increasing significantly between 2001 and 2016. CDI is a common
healthcare-associated infection and about 30% of these infections are transmitted within
hospitals. Antibiotic therapy is still the major treatment of choice for CDI, despite severe
side effects and resistance remaining unsolved. Alternative therapeutic approaches, includ-
ing FMT, probiotics and other microbiome-based therapeutics delivered through various
routes, have been extensively investigated. While novel antimicrobials are being developed
against the vegetative cells of the pathogen, non-selective inhibition of bacterial growth
may lead to the imbalance of normal intestinal microbiota, leading to recurrent disease
and therapeutic resistance. Targeting the spores is a new strategy emerging against CDI,
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as the C. difficile spores are notorious for their resistance to various antibiotic treatments,
chemical and physical disinfections, and can survive extremely harsh environment for
disease transmission. In this article, we reviewed the efficacy of regimens targeting spore
germination, including compounds mimicking bile acids to serve as a decoy to block their
germination process, anti-microbial peptides and their bio-mimetic compounds, as well as
enzyme fragments to degrade the bacterial cell wall. Nanomaterials provide opportunities
to integrate anti-vegetative cell strategies with those targeting spores, while managing
toxins produced by these pathogens. While nanomaterials have demonstrated excellent
antibacterial capability, they also showed potential adverse effects for gut microbiota,
which is important in preventing CDI. Interestingly, iron-containing nanoparticles were
recently described by several groups to harbor both antibacterial properties and excellent
biocompatibility to intestinal mucosa cells and normal flora. Fe3-δO4 nanoparticles have
especially showed specific pathogen targeting capability and effective inhibition of spore
outgrowth. The next generation of Fe3-δO4 nanoparticles carrying vancomycin (van-IONPs)
have demonstrated simultaneous targeted inhibition of vegetative cell growth, spore ger-
mination and toxin production in a superior fashion to the antibiotics or nanoparticles
alone. These advancements prove the great potential of nanomedicine as a novel strategy
in the future clinical management of CDI. Tailor-designed nanomedicine will provide
new insights and opportunities for precision medicine in the prevention and treatment of
emerging infectious diseases.
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