biomolecules

Article

Prophylactic Oral Application of Activated Charcoal Mitigates
Acute Campylobacteriosis in Human Gut Microbiota-Associated

IL-10~/~ Mice

Markus M. Heimesaat **/, Niklas Schabbel, Luis Q. Langfeld, Nizar W. Shayya, Soraya Mousavi and Stefan Bereswill

check for
updates

Citation: Heimesaat, M.M.;

Schabbel, N.; Langfeld, L.Q.;

Shayya, N.W.; Mousavi, S.;

Bereswill, S. Prophylactic Oral
Application of Activated Charcoal
Mitigates Acute Campylobacteriosis
in Human Gut Microbiota-Associated
IL-10~/~ Mice. Biomolecules 2024, 14,
141. https://doi.org/10.3390/
biom14020141

Academic Editors: Maria Beatrice
Morelli and Vladimir N. Uversky

Received: 17 November 2023
Revised: 15 January 2024
Accepted: 20 January 2024
Published: 23 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Gastrointestinal Microbiology Research Group, Institute of Microbiology, Infectious Diseases and Immunology,
Charité—Universitidtsmedizin Berlin, Corporate Member of Freie Universitdt Berlin, Humboldt-Universitit zu
Berlin, and Berlin Institute of Health, 12203 Berlin, Germany

* Correspondence: markus.heimesaat@charite.de; Tel.: +49-30-450524318

Abstract: The incidence of human Campylobacter jejuni infections is increasing worldwide. It is highly
desirable to prevent campylobacteriosis in individuals at risk for severe disease with antibiotics-
independent non-toxic compounds. Activated charcoal (AC) has long been used as an anti-diarrheal
remedy. Here, we tested the disease-mitigating effects of oral AC versus placebo in human gut
microbiota-associated (hma) IL-10~/~ mice starting a week prior to C. jejuni infection. On day 6
post-infection, the gastrointestinal C. jejuni loads were comparable in both infected cohorts, whereas
campylobacteriosis symptoms such as wasting and bloody diarrhea were mitigated upon AC prophy-
laxis. Furthermore, AC application resulted in less pronounced C. jejuni-induced colonic epithelial
cell apoptosis and in dampened innate and adaptive immune cell responses in the colon that were ac-
companied by basal concentrations of pro-inflammatory mediators including IL-6, TNF-«, IFN-y, and
nitric oxide measured in colonic explants from AC treated mice on day 6 post-infection. Furthermore,
C. jejuni infection resulted in distinct fecal microbiota shift towards higher enterobacterial numbers
and lower loads of obligate anaerobic species in hma mice that were AC-independent. In conclusion,
our pre-clinical placebo-controlled intervention study provides evidence that prophylactic oral AC
application mitigates acute murine campylobacteriosis.

Keywords: activated charcoal; enteropathogenic infection; Campylobacter jejuni; immune-modulatory
effects; secondary abiotic L1107/~ mice; human gut microbiota-associated mice; campylobacteriosis model;
host-pathogen interaction; placebo-controlled pre-clinical intervention study; prophylactic treatment

1. Introduction

Human infections with the zoonotic enteropathogen Campylobacter jejuni are increasing
all over the globe and are responsible for serious morbidities and tremendous health care
and socioeconomic expenses [1]. In fact, C. jejuni constitutes the most frequently reported
food-borne bacterial infectious agent of enteritis worldwide [1,2]. In Europe, more than
127,000 campylobacteriosis cases were reported in 2021 [3]. The main reservoir of the
thermophilic and highly motile Gram-negative rod bacteria is the intestinal tract of warm-
blooded vertebrates, where Campylobacter reside as part of the commensal gut microbiota
without causing harm to the host [4,5]. Humans become infected following ingestion of
undercooked contaminated meat products, particularly from poultry, and surface waters,
for instance [6]. After an incubation period of approximately 3-7 days, infected humans
complain about enteritis symptoms including general malaise, bloating, abdominal cramps,
nausea, vomiting, watery or even bloody diarrhea with mucous discharge, and fever [7,8].
Following survival of the gastroduodenal passage, C. jejuni adhere to and invade the
intestinal epithelial cells and transmigrate further to the subepithelial tissues [9,10]. Subse-
quently, Toll-like receptor-4 (TLR-4) dependent sensing induced by the C. jejuni cell wall
constituent lipo-oligosaccharide (LOS) leads to recruitment of both innate and adaptive
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immune cells, such as macrophages, monocytes, neutrophils, and T lymphocytes, to the
infected colonic mucosa and lamina propria [11]. The pro-inflammatory mediators released
by the stimulated immune cells do not only aim to limit the enteropathogenic infection, but
also result in severe intestinal tissue damage such as cellular apoptosis and ulcerations re-
sulting in a compromised epithelial barrier and malabsorptive “leaky gut disease” [12-14].
In most cases, the campylobacteriosis symptoms resolve without residues within two
weeks post-infection (p.i.). With a latency of several weeks or even months after the initial
enteritis event, however, autoimmune diseases can occur on rare occasions [15]. These
post-infectious complications might affect the nervous system (e.g., Guillain-Barré syn-
drome (GBS)), the joints (e.g., reactive arthritis), and the intestinal tract (e.g., irritable bowel
syndrome, inflammatory bowel diseases) [16-18]. Importantly, the risk for the development
of such post-infectious collateral damages of C. jejuni infection directly correlates with the
severity of the preceding enteritis [19]. Campylobacteriosis patients are usually treated
symptomatically with non-steroidal analgetics, antipyretics, and replacement of fluids and
electrolytes [8]. In severe and invasive courses with bacteremia in immunocompromised
patients, however, antibiotic treatment with macrolides and fluoroquinolones might be
additionally indicated [8,20]. One needs to take into consideration that the emergence of
multi-drug resistant Campylobacter strains could hamper successful treatment of severely
diseased patients [21]. Therefore, it is highly significant to identify antibiotic-independent
treatment options to mitigate human campylobacteriosis and, thereby, to decrease the risk
for post-infectious sequelae afterward.

Activated charcoal (AC) has been used as anti-diarrheal agent for centuries [22]. AC is
usually prepared from plant material containing carbon and activated by heating. It pos-
sesses large pores and provides a large surface area and, hence, favorable prerequisites for
the absorption of distinct molecules providing harm to the vertebrate host. AC has long been
used as an antidote for the treatment of intoxications [22] and of infectious enteritis caused
by Escherichia coli, Vibrio cholerae, and Cryptosporidium species [22-25]. In clinical studies, AC
was shown to mitigate diarrhea caused by antibiotic and chemotherapeutic agents [26-28]
and to alleviate symptoms of patients diagnosed with irritable bowel syndrome [29,30].
Notably, AC was shown to exert anti-inflammatory effects due to the binding and inac-
tivation of bacterial endotoxins including LOS and of pro-inflammatory mediators [31],
making AC an attractive candidate in the combat of acute campylobacteriosis. In order
to address this in a pre-clinical setting, we applied IL-10~/~ mice harboring a human gut
microbiota as a C. jejuni infection and inflammation model [32]. Importantly, conventional
laboratory mice are protected from C. jejuni infection due to the host-specific composition of
the murine gut microbiota [33]. This protective colonization resistance can be overcome by
gut microbial depletion upon broad-spectrum antibiotic pre-treatment [33]. Remarkably, the
colonization resistance can be sufficiently restored upon reintroduction of the complex gut
microbiota from murine as opposed to human donors following oral fecal microbiota trans-
plantation (FMT) [33]. This clearly indicates that the host specificity of the gut microbiota
determines the resistance against and susceptibility towards enteropathogenic infection [34].
Notably, rodents including mice are approximately 10,000 times more resistant against
TLR-4 ligands such as lipo-polysaccharides (LPS) and LOS [35], whereas il10 gene defi-
ciency can render mice susceptible to C. jejuni LOS [36]. In consequence, we use human gut
microbiota-associated (hma) IL-10~/~ mice to dissect the triangular relationship between
the enteropathogen C. jejuni on one side and the immune system and human gut microbiota
on the other, the host side [32]. Within less than a week following oral C. jejuni infection,
hma IL-10~/~ mice were shown to develop key symptoms of severe campylobacteriosis,
such as acute enterocolitis with bloody diarrhea and wasting and pro-inflammatory immune
responses that do not only affect the intestinal tract, but also extra-intestinal organs including
the livers, kidneys, lung, and the systemic circulation [32]. Our recent study underscored
the suitability of the hma IL-10~/~ mouse model to test the disease-alleviating effects of
defined molecules such as carvacrol, for instance, during acute campylobacteriosis [37]. This
prompted us to unravel the disease-mitigating effects of AC when applied prophylactically
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to hma IL-10~/~ in our pre-clinical placebo-controlled trial. Therefore, we assessed (i) the
gastrointestinal C. jejuni numbers, (ii) the clinical outcome, (iii) the histopathological includ-
ing apoptotic changes, (iv) the immune cell responses in the colonic mucosa and lamina
propria, (v) the intestinal and (vi) the extra-intestinal pro-inflammatory mediator secretion,
and finally (vii) the changes in the gut microbiota composition following C. jejuni infection
of hma IL-10~/~ mice that had been pre-treated orally with AC.

2. Materials and Methods
2.1. Ethics Statement

Every day, a survey of the clinical conditions of the animals was performed. All mice
studies were conducted in compliance with the 2010/63/EU European Animal Welfare
Guidelines, after having received permit from the local ethics commission (“Landesamt fiir
Gesundheit und Soziales”, LaGeSo, Berlin; registration number G0104/19).

2.2. Mice, Murine Commensal Gut Microbiota Eradication

Specific pathogen-free and hygienic conditions were followed during the generation
and housing of IL-10~/~ mice (C57BL/6j background) at the Forschungsinstitute fiir Exper-
imentelle Medizin, Charité—Universititsmedizin Berlin, Germany. Mice were maintained
in experimental semi-barriers in autoclaved cages with filter tops. They were given free
access to sterile tap water and regular chow diet (ssniff R/M-H, V1534-300, Sniff, Soest,
Germany). Three-week-old male and female mice were given ampicillin plus sulbactam
(2g/Land 1 g/L, respectively; Dr. Friedrich Eberth Arzneimittel, Ursensollen, Germany)
via the drinking water (two months, ad libitum) in order to eradicate the commensal murine
intestinal flora. Fecal specimens were cultured in enrichment broths to guarantee efficient
microbial depletion, as reported earlier [38]. Every secondary abiotic mouse was kept,
handled, and treated aseptically. The antibiosis was stopped 48 h before the human FMT,
and autoclaved water (ad libitum) was used in its place (Figure 1A).
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Figure 1. Experimental timeline and microbiota composition of human fecal donor suspensions.
(A) Conventional IL-10~/~ mice were pre-treated with antibiotics for 8 weeks to deplete the com-
mensal murine gut microbiota. Two days prior to human fecal microbiota transplantation (hFMT),
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the antibiotics were replaced by autoclaved tap water (i.e., on day (d)-16). The secondary abiotic
IL-10~/~ mice were orally subjected to human FMT on d-14, d-13, and d-12. Starting on d-7, human
microbiota-associated (hma) IL-10~/~ mice were prophylactically challenged with activated charcoal
(AC) via the drinking water (ad libitum), infected with Campylobacter jejuni strain 81-176 on d-0 and
d-1 by gavage, and finally sacrificed on d-6. (B) The microbiota composition of the human fecal
transplants was quantitatively assessed by culture-independent, 165 rRNA-based methodology (see
methods). Medians (black bars) are indicated and the total eubacterial loads (TEL), enterobacteria (EB),
enterococci (EC), lactobacilli (LB), bifidobacteria (BB), Bacteroides/Prevotella species (BP), Clostridium
coccoides (CC), and Clostridium leptum (CL) groups are expressed as gene copies per ng DNA. Data
were pooled from three independent experiments.

2.3. Transplantation of Human Fecal Microbiota

The secondary abiotic mice were orally challenged with human FMTs beginning
14 days before the C. jejuni infections (i.e., on days —14, —13, and —12; Figure 1A). This was
conducted in order to introduce a complex commensal human intestinal microbiota into
the microbiota-depleted murine host by gavage (0.3 mL volume). Prior to this, fecal donor
specimens, which had been obtained from five healthy individuals (all samples free of
enteropathogenic bacteria, viruses, and parasites) and stored at —80 °C, were thawed and
resuspended in sterile phosphate buffered saline (PBS, Thermo Fisher Scientific, Waltham,
MA, USA) as outlined earlier [32]. Figure 1B displays the commensal gut microbial loads
of the donor suspensions utilized in human FMTs.

2.4. Preventive Measures

Sigma-Aldrich (Munich, Germany) supplied the activated charcoal, which was then
dissolved in autoclaved drinking water (concentration of 10 g/L) and applied to the
mice with a daily dosage of 2.5 g per kilogram of murine body weight (ad libitum). Only
autoclaved water was given to the placebo counterparts. Mice were subjected to oral AC
prophylaxis starting a week prior C. jejuni infection (Figure 1A).

2.5. Infection

After thawing from frozen stocks kept at —80 °C, C. jejuni strain 81-176 bacteria were
cultivated for a minimum of 2 days at 37 °C in a microaerophilic environment on selective
karmali agar plates (Oxoid, Wesel, Germany). As previously described [33], grown bacteria
were transferred to sterile PBS (Thermo Fisher Scientific, Waltham, MA, USA) with sterile
cotton swabs to create an inoculum of 10° bacterial cells. On days 0 and 1, hma IL-10~/~
mice (12-week-old age- and sex-matched littermates) were gavaged for infection with
10° colony-forming units (CFU) of the pathogen (in 0.3 mL volume).

2.6. Pathogen Burdens

The numbers of live C. jejuni bacteria were counted in fecal samples daily p.i. and
intraluminal gastrointestinal specimens (colon, ileum, duodenum, stomach) were collected
on day 6 p.i. For culture, specimens were homogenized in sterile PBS (Thermo Fisher
Scientific, Waltham, MA, USA), diluted aliquots grown on karmali agar plates (Oxoid,
Wesel, Germany) for minimum 2 days at 37 °C under microaerophilic conditions, and C.
jejuni was quantitated by counting the CFU [33]. One hundred CFU per gram of fecal
material was the detection limit for viable pathogens.
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2.7. Gut Microbiota Composition

The human fecal transplants and the microbiota compositions of the fecal pellets
collected from the hma mice were examined both immediately prior to (i.e., day 0) and six
days following C. jejuni infection. 16S rRNA-based techniques were used to quantitatively
evaluate even uncultivable commensals. Therefore, the total genomic DNA was extracted
from the corresponding fecal specimen, and the predominant bacterial groups in the human
gut microbiota were identified by quantitative real-time polymerase chain reaction with
species-, genera-, and group-specific 165 rRNA primers (Tib MolBiol, Berlin, Germany) as
outlined in detail earlier [38,39].

2.8. Assessment of Clinical Outcome

The clinical outcomes of the animals were recorded using clinical campylobacteriosis
scores for wasting symptoms, diarrhea, and fecal blood both before and every day following
the infection with C. jejuni (Table 1).

Table 1. Clinical scores (maximum 12 points).

Clinical Aspect Scores

: normal

: ruffled fur

: less locomotion

: isolation

: severely compromised locomotion, pre-final aspect

Wasting symptoms

: formed feces
: pasty feces
: liquid feces

Stool consistency

: no blood

: microscopic detection of blood by the Guajac method using
Haemoccult, Beckman Coulter/PCD, Germany

4: macroscopic blood visible

NO I  B_RNOIkWNFO

Fecal blood

2.9. Sampling

Animals were necrotized upon carbon dioxide asphyxiation on day 6 p.i.. Luminal
content from the stomach, duodenum, ileum, and colon, as well as tissue specimens from
the distal large intestines, were taken aseptically.

2.10. Histopathology

Tissue specimens from the distal large intestines were promptly preserved in 5% for-
malin, embedded in paraffin, and cut into 5-pum thin slices for hematoxylin and eosin (H&E)
staining. In order to record the degree of histological alterations in the colonic mucosa and
lamina propria, the corresponding biopsies were graded under light microscopy (100-times
magnification) (Table 2).

Table 2. Histopathological scores.

Score 0 Normal epithelium without inflammatory cell infiltrates
Score 1 Minimal inflammatory cell infiltrates in the mucosa with intact epithelium
Mild inflammatory cell infiltrates in the mucosa and submucosa with mild
Score 2 . .
hyperplasia and mild goblet cell loss
Moderate inflammatory cell infiltrates in the mucosa and submucosa with
Score 3
moderate goblet cell loss
Score 4 Marked inflammatory cell infiltration into the mucosa and submucosa with

marked goblet cell loss, multiple crypt abscesses, and crypt loss
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2.11. Immunohistochemistry

3-um-thin slices of distal large intestinal paraffin specimens were stained with distinct
antibodies to quantitate apoptotic epithelial cells, monocytes/macrophages, T lymphocytes,
and B lymphocytes (Table 3).

Table 3. Primary antibodies for in situ immunohistochemical analyses.

Cells Primary Antibody

Apoptotic epithelial cells cleaved caspase-3 (Asp175, Cell Signaling, Beverly, MA, USA, 1:200)
Macrophages/monocytes  F4/80 (no. 14-4801, clone BMS, eBioscience, San Diego, CA, USA, 1:50)
T lymphocytes CD3 (no. N1580, Dako, Glostrup, Denmark, 1:10)

B lymphocytes B220 (no. 337 14-0452-81, eBioscience; 1:200)

2.12. Mediators of Inflammation

Distal large intestinal biopsies that had been cut lengthwise were cleaned from fe-
cal matter by rinsing in PBS. In culture supernatants of corresponding tissue specimens
(approximately 1 cm?), tumor necrosis factor-alpha (TNF-«), interleukin-6 (IL-6), and
interferon-gamma (IFN-y) concentrations were measured using the Mouse Inflammation
Cytometric Bead Assay (CBA) in a BD FACSCanto II flow cytometer (both from BD Bio-
sciences, Heidelberg, Germany) following an 18-h incubation period at 37 °C. By using the
Griess reaction, colonic nitric oxide concentrations were assessed.

2.13. Statistics

GraphPad Prism (version 9; San Diego, CA, USA) was used to compute medians
and significance levels following the pooling of data from three separate intervention
trials. A survey on data set normalization was conducted using the Anderson-Darling
test. Pairwise comparisons of normally distributed and non-normally distributed values
were performed using the Student’s ¢-test and the Mann-Whitney test, respectively. The
one-way ANOVA with Tukey post-correction (for normally distributed values) and the
Kruskal-Wallis test with Dunn'’s post-correction (for non-normally distributed values) were
applied for multiple comparisons. Significant two-sided probability (p) values were defined
as <0.05.

3. Results
3.1. Engraftment of Human Fecal Transplants in Murine Recipients

First, we tested the engraftment of the human fecal transplants in the microbiota-
depleted murine recipients two weeks following oral human FMTs and, hence, a week
after the start of the oral AC versus PLC prophylaxis (Figure 1). Therefore, we obtained
fecal pellets immediately prior to C. jejuni infection and quantitatively assessed the fecal
microbiota composition including fastidious and uncultivable commensal gut bacteria. Our
molecular analyses revealed comparable fecal gene numbers of facultative and obligate
anaerobic bacterial taxa in prophylactically treated and untreated hma IL-10~/~ mice on
day 0 (not significant (n.s.); Figure 2). Hence, the fecal microbiota in human gut microbiota
recipient mice was comparable immediately before C. jejuni infection irrespective of the
applied prophylactic regimen.
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Figure 2. Engraftment of human fecal transplants in murine recipients. Two weeks prior to C. jejuni
infection, (with respect to the gut microbiota) “humanized” mice were generated by oral human
fecal microbiota transplantation (hFMT) of secondary abiotic IL-10~/~ mice on day (d)-14, d-13,
and d-12 and subjected to oral activated charcoal (AC, white circles) or placebo (PLC; grey circles)
prophylaxis via the drinking water starting on d-7. The engraftment of the human fecal transplants
was assessed in mice immediately before C. jejuni infection (i.e., on d-0) by culture-independent,
16S rRNA-based methods. Untreated “humanized” mice without subsequent infection served as
controls (naive). The (A) total eubacterial loads, (B) enterobacteria, (C) enterococci, (D) lactobacilli,
(E) bifidobacteria, (F) Bacteroides/Prevotella species (spp.), (G) Clostridium coccoides, and (H) Clostridium
leptum (CL) groups are expressed as gene copies per ng DNA. Medians (black bars) and numbers
of bacteria-positive mice out of the total cohort (in parentheses) are indicated from three pooled
independent experiments.

3.2. Activated Charcoal Prophylaxis and the Gastrointestinal Pathogen Loads following C. jejuni
Infection of hma IL-10~/~ Mice

Then we asked whether the AC prophylactic measures had an impact on the pathogen
loads in C. jejuni infected hma mice. Our cultural analyses over time post-infection revealed
median C. jejuni numbers of approximately 10® viable bacteria per gram feces taken from
AC and placebo challenged mice (n.s.; Supplemental Figure S1). Upon sacrifice on day 6
p-i, irrespective of the prophylactic regimen, comparable pathogen numbers were cultured
in luminal samples derived from defined gastrointestinal parts with the highest counts in
the colon (n.s. versus placebo; Figure 3). Hence, the oral AC prophylaxis did not affect the
gastrointestinal pathogen burdens in C. jejuni infected hma mice.
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Figure 3. Activated charcoal prophylaxis and the gastrointestinal pathogen loads following C. jejuni
infection of human gut microbiota-associated IL-10~/~ mice. Humanized IL-10~/~ mice were orally
challenged with activated charcoal (AC; white circles) or placebo (PLC; grey circles) via the drinking
water starting 7 days prior to C. jejuni infection on days 0 and 1. On day 6 post-infection, the C.
jejuni bacteria were cultured from luminal samples derived from the stomach, duodenum, ileum, and
colon and expressed as colony-forming units per gram (CFU/g). Individual data pooled from three
experiments, medians (black bars), and the numbers of culture-positive mice out of the total number
of analyzed animals (in parentheses) are shown.

3.3. Activated Charcoal Prophylaxis and Clinical Outcome of hma IL-10~/~ Mice following
C. jejuni Infection

Next, we surveyed the impact of oral AC prophylaxis on the course of C. jejuni induced
disease. Therefore, we scored the severity of the distinct campylobacteriosis symptoms
over time following infection, such as wasting, diarrhea, and fecal blood. C. jejuni infection
resulted in enhanced wasting symptoms in mice from the placebo as opposed to the AC
cohort on days 3, 4, and 5 p.i. (p < 0.05-0.01 versus naive; Supplemental Figure 52), whereas
no differences were found for severities of diarrheal symptoms at respective time points (n.s.
versus naive, Supplemental Figure S3). On days 4 and 5 p.i., however, fecal blood scores
were exclusively increased in placebo control mice (p < 0.05 versus naive; Supplemental
Figure S4). When assessing the clinical outcome at the end of the observation period on
day 6 p.i., scores for wasting symptoms, diarrhea, and fecal blood were increased in placebo
controls only (p < 0.05-0.01 versus naive), whereas mice from the AC prophylaxis cohort
exhibited basal values (n.s. versus naive; n.s. versus placebo; Figure 4). Hence, clinical
signs of campylobacteriosis were mitigated upon oral AC prophylaxis.
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Figure 4. Activated charcoal prophylaxis and clinical outcome of human gut microbiota-associated
IL-10~/~ mice following C. jejuni infection. Humanized IL-10~/~ mice were orally challenged with
activated charcoal (AC; white circles) or placebo (PLC; grey circles) via the drinking water starting
7 days prior to C. jejuni infection on days 0 and 1. On day 6 post-infection, the clinical outcome of
infected mice was quantitated with a campylobacteriosis score assessing (A) wasting, (B) diarrhea,
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and (C) fecal blood. Naive hma IL-10~/~ mice (white diamonds) were used as untreated and non-
infected controls. The medians (black bars), the numbers of mice included from three independent
experiments (in parentheses), and the significance levels (p values) determined by the Kruskal-Wallis
test and Dunn’s post-correction are shown.

3.4. Activated Charcoal Prophylaxis and Microscopic Inflammatory Changes in the Colon of hma
IL-10~/~ Mice following C. jejuni Infection

We assessed the microscopic inflammatory sequelae of C. jejuni infection upon AC
prophylaxis. Therefore, we scored the histopathological changes in the colonic mucosa and
observed a trend towards lower histopathological scores in AC as compared to placebo
treated mice on day 6 p.i. (n.s. due to high standard deviations; Figure 5A). In addition,
we counted the numbers of apoptotic colonic epithelial cells after immunohistochemical
staining of colonic paraffin sections with an antibody against cleaved caspase-3. On day 6
p-i., mice from the placebo control group displayed approximately 6-fold increased numbers
of median apoptotic colonic epithelial cells (p < 0.001 versus naive; Figure 5B), whereas
these increases were far less pronounced (i.e., approximately 2-fold; p < 0.05 versus naive)
in AC treated mice (p < 0.01 versus placebo; Figure 5B). Hence, oral AC prophylaxis could
effectively dampen C. jejuni induced apoptotic cell responses in the colon.
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Figure 5. Activated charcoal prophylaxis and microscopic inflammatory changes in the colon of human
gut microbiota-associated IL-10~/~ mice following C. jejuni infection. Humanized IL-10~/~ mice were
orally challenged with activated charcoal (AC; white circles) or placebo (PLC; grey circles) via the
drinking water starting 7 days prior to C. jejuni infection on days 0 and 1. On day 6 post-infection,
both, the (A) histopathology was scored and the (B) numbers of cleaved caspase-3 positive (Casp3*)
apoptotic colonic epithelial cells were enumerated in colonic paraffin sections (average numbers out of
6 representative high-power fields (HPF, 400-times magnification) per mouse). Naive hma IL-10~/~
mice (white diamonds) were used as untreated and non-infected controls. The medians (black bars), the
numbers of mice included from three independent experiments (in parentheses) and the significance
levels (p values) determined by the Kruskal-Wallis test and Dunn’s post-correction are shown.

3.5. Activated Charcoal Prophylaxis and Immune Cell Responses in the Colon of hma IL-10~/~
Mice following C. jejuni Infection

We tested for potential immune-modulatory effects of oral AC prophylactic mea-
sures during acute campylobacteriosis. Therefore, colonic paraffin sections were stained
with antibodies against surface markers of distinct innate and adaptive immune cell
subsets. Whereas C. jejuni infection was accompanied by increased numbers of F4/80*
macrophages and monocytes in the colonic mucosa and lamina propria on day 6 p.i.
(p < 0.05-0.001 versus naive), these increases were less prominent in AC as compared to
placebo treated mice (p < 0.01; Figure 6A). Furthermore, elevated numbers of CD3* T
lymphocytes and of B220* B lymphocytes were detected in the colonic mucosa and lamina
propria of placebo control mice only (p < 0.01-0.001 versus naive), whereas respective
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adaptive immune cell populations did not exceed basal values in AC treated mice on day 6
p4i. (n.s. versus naive; Figure 6B,C). Hence, oral AC prophylaxis dampened innate and
adaptive immune cell responses in the colon upon C. jejuni infection.
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Figure 6. Activated charcoal prophylaxis and immune cell responses in the colon of human gut
microbiota-associated IL-10~/~ mice following C. jejuni infection. Humanized IL-10~/~ mice were
orally challenged with activated charcoal (AC; white circles) or placebo (PLC; grey circles) via the
drinking water starting 7 days prior to C. jejuni infection on days 0 and 1. On day 6 post-infection,
(A) macrophages and monocytes (F4/80%), (B) T lymphocytes (CD3"), and (C) B lymphocytes (B220*)
were enumerated in colonic paraffin sections (average numbers out of 6 representative high-power
fields (HPF, 400-times magnification) per mouse). Naive hma IL-10~/~ mice (white diamonds)
were used as untreated and non-infected controls. The medians (black bars), the numbers of mice
included from three independent experiments (in parentheses), and the significance levels (p values)
determined by the Kruskal-Wallis test and Dunn’s post-correction are shown.

3.6. Activated Charcoal Prophylaxis and Pro-Inflammatory Mediator Responses in the Intestines of
hma IL-10~/~ Mice following C. jejuni Infection

Then, we asked whether AC prophylaxis resulted in less C. jejuni induced pro-
inflammatory mediator secretion in the large intestinal tract. In fact, increased concentra-
tions of IL-6, TNF-c, IFN-y, and nitric oxide were measured in colonic explants taken from
placebo control mice only (p < 0.05-0.01 versus naive), whereas pro-inflammatory mediator
concentrations did not differ in naive and in AC treated mice on day 6 p.i. (n.s. versus
naive; Figure 7). Hence, oral AC prophylactic measures dampened C. jejuni induced colonic
pro-inflammatory mediator secretion to basal levels.

3.7. Activated Charcoal Prophylaxis and Fecal Microbiota Compositions in hma IL-10~/~ Mice
during C. jejuni Infection

Finally, we addressed whether AC prophylaxis had an impact on potential human gut
microbiota shifts during C. jejuni infection of transplanted mice. Our comprehensive molec-
ular analyses (Figure 8) revealed lower total eubacterial loads in fecal pellets collected from
placebo and AC treated mice on day 6 p.i. when compared to day 0 (p < 0.001; Figure 8A),
which were paralleled by lower gene numbers of obligate anaerobic bacterial taxa such as
bifidobacteria (p < 0.05-0.01; Figure 8E), Bacteroides / Prevotella species (p < 0.001; Figure 8F),
Clostridium coccoides (p < 0.001; Figure 8G), and Clostridium leptum (p < 0.001; Figure 8H).
Conversely, gene numbers of fecal enterobacteria increased from day 0 until day 6 following
infection of both placebo and AC prophylactically treated mice (p < 0.05-0.01; Figure 8B).
Of note, in transplanted non-infected control mice, respective fecal microbiota shifts were
not observed between day 0 and day 6 (n.s.; Figure 8A,B,E-H). Hence, C. jejuni infection
resulted in distinct fecal microbiota shift towards higher enterobacterial numbers and
lower loads of obligate anaerobic species in hma mice that were independent of oral AC
application, however.
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Figure 7. Activated charcoal prophylaxis and pro-inflammatory mediator responses in the colon
of human gut microbiota-associated IL-10~/~ mice following C. jejuni infection. Humanized IL-
10~/~ mice were orally challenged with activated charcoal (AC; white circles) or placebo (PLC; grey
circles) via the drinking water starting 7 days prior to C. jejuni infection on days 0 and 1. (A) IL-6,
(B) TNF-«, (C) IFN-y, and (D) nitric oxide concentrations were measured in colonic explants taken on
day 6 post-infection. Naive hma IL-10~/~ mice (white diamonds) were used as untreated and non-
infected controls. The medians (black bars), the numbers of mice included from three independent
experiments (in parentheses), and the significance levels (p values) determined by the Kruskal-Wallis
test and Dunn’s post-correction are shown.
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Figure 8. Activated charcoal prophylaxis and fecal microbiota compositions in human gut microbiota-
associated IL-10~/~ mice during C. jejuni infection. Humanized IL-10~/~ mice were orally challenged
with activated charcoal (AC; white circles) or placebo (PLC; grey circles) via the drinking water starting
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7 days prior to C. jejuni infection on day (d)-0 and d-1. The fecal microbiota compositions were
surveyed on d-6 after C. jejuni infection by culture-independent, molecular methods. Untreated
“humanized” mice without subsequent infection served as controls (naive). The (A) total eubacterial
loads, (B) enterobacteria, (C) enterococci, (D) lactobacilli, (E) bifidobacteria, (F) Bacteroides/Prevotella
species, (G) Clostridium coccoides, and (H) Clostridium leptum groups are expressed as copies per
ng DNA. The medians (black bars), the numbers of mice with bacteria-positive detection out of
the total number of analyzed animals (in parentheses), and the significance levels (p values) de-
termined by the Kruskal-Wallis test and Dunn’s post-correction are indicated from three pooled
independent experiments.

4. Discussion

AC has long been used as remedy for diarrheal morbidities of multiple etiologies,
including intoxications and infectious diseases affecting the intestinal tract, given its potent
adsorptive properties [22]. In fact, AC was shown to directly bind and inactivate exotoxins
from E. coli and Vibrio cholerae, for instance [40]. Data from clinical studies addressing the
therapeutic and prophylactic effects of AC in C. jejuni enteritis are scarce, however. In
our present pre-clinical intervention trial, we tested the effects of oral AC versus placebo
prophylaxis in the course of campylobacteriosis in hma IL-10~/~ mice and found (i) com-
parable gastrointestinal pathogen burdens upon C. jejuni infection, but (ii) pronounced C.
jejuni induced clinical signs such as wasting symptoms and bloody diarrhea in placebo as
opposed to AC challenged mice, that were accompanied by (iii) less distinct apoptotic and
(iv) pro-inflammatory immune responses in the colon of the latter versus the former. At
the end of the experiments, (v) the fecal microbiota compositions in C. jejuni infected hma
IL-10~/~ mice did not differ between the two oral prophylaxis cohorts.

The results of comparable C. jejuni loads in the gastrointestinal tracts of mice from the
AC and placebo groups are not unexpected given that the direct antimicrobial potency of
AC is regarded as rather minor, if it exists at all [41]. An anti-C. jejuni effect of AC is unlikely
since Campylobacter-selective growth media (including the here used karmali agar) are
supplemented with charcoal to optimize enteropathogenic growth [42]. Despite comparable
C. jejuni numbers in the gastrointestinal lumen of infected mice, the better clinical outcome
upon AC prophylaxis might have been at least in part due to potential binding and
immobilization of C. jejuni by the compound counteracting further bacterial invasion
and subsequent activation of the host immune system. This hypothesis is supported by
a previous study showing that AC could bind toxin-producing E. coli in vitro [23]. The
disease-mitigating effects of AC prophylaxis could also be observed on the microscopic level
given less distinct colonic epithelial cell apoptosis and attenuated recruitment of both innate
and adaptive immune cell populations to the infected colonic mucosa and lamina propria
of hma IL-10~/~ mice. Remarkably, the concentrations of pro-inflammatory mediators
including IL-6, TNF-o, IFN-y, and nitric oxide measured in the colon of mice from the AC
prophylaxis cohort did not differ from naive (i.e., uninfected and untreated) “humanized”
control mice, which, in turn, resulted in diminished C. jejuni induced oxidative stress to the
intestinal epithelia. Our presented results are supported by our previous study [43] where
we tested the therapeutic effects of AC in another acute murine campylobacteriosis model
and initiated oral AC treatment (with the same concentration) two days after C. jejuni
infection of secondary abiotic IL-10~/~ mice lacking commensal gut bacteria. Notably,
the shorter therapeutic oral AC regimen resulted in an improved clinical outcome, in
less severe colonic epithelial apoptosis, and in diminished pro-inflammatory mediator
secretion in the intestinal tract of C. jejuni infected mice on day 6 p.i. [43]. Since the C. jejuni-
derived endotoxin LOS is a key player in mediating the TLR-4-driven hyperactivation of
the immune cascade mounting in acute campylobacteriosis [44], it is tempting to speculate
that the disease-mitigating effects of exogenous AC might have been due to the direct
binding of the enteropathogenic endotoxin as also shown for LPS before as well as of
binding and inactivation of the secreted pro-inflammatory mediators in vitro [31,45,46].
To date, experimental in vivo data regarding the anti-inflammatory effects of exogenous
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AC are very limited. Afrin et al. reported that following oral treatment with the charcoal
supplement Le Carbone, mice suffered less distinctly from acute dextran sulfate sodium
induced colitis as indicated by improved clinical conditions, down-regulated intestinal
expression of pro-inflammatory mediators including TNF-«, and less distinct apoptotic cell
responses [47].

Furthermore, we surveyed the fecal gut microbiota compositions during acute campy-
lobacteriosis in mice from the prophylaxis groups. Our quantitative culture-independent
analyses revealed that the fecal microbiota in human microbiota recipient mice was com-
parable immediately before C. jejuni infection irrespective of the applied prophylactic
regimen, indicative for a comparable engraftment of the human fecal transplant in recipient
secondary abiotic mice. At the end of the experiment, C. jejuni infected mice exhibited
higher enterobacterial numbers, but lower loads of obligate anaerobic species including
bifidobacteria, Bacteroides / Prevotella species, C. coccoides and C. leptum groups when com-
pared to naive control animals that were, however, independent of the prophylactic oral AC
application. The here observed C. jejuni induced fecal microbiota shifts could be confirmed
by our previous studies showing increased colonic enterobacterial counts but decreased
obligate anaerobic bacterial numbers during acute campylobacteriosis in hma IL-10~/~
mice [32,37]. Given that direct antibiotic effects of AC have not been described to date, the
risk of dysbiosis and of the development of antibacterial resistance upon AC treatment can
be considered as negligible.

5. Conclusions

The used hma IL-10~/~ mice constitute a valuable acute campylobacteriosis model
to dissect the interplay between distinct prophylactically or therapeutically applied com-
pounds, the enteropathogen, host immunity, and human gut commensals i1 vivo. Our
pre-clinical placebo-controlled intervention study provides evidence that prophylactic oral
application of AC mitigates acute campylobacteriosis in hma IL-10~/~ mice and could
open novel avenues for both, the prevention and treatment of human C. jejuni infection due
to its multi-facetted modes of action including binding and inactivation of viable pathogens,
of endotoxins, and of pro-inflammatory mediators.

Since the severity of C. jejuni induced enteritis is positively correlated to the risk of the
development of post-infectious autoimmune morbidities [19], it is tempting to speculate
that prophylactic oral AC application to humans with increased exposure to Campylobacter
species might not only mitigate acute enteritis, but also reduce the risk for post-infectious
collateral damages such as GBS.

Overall, AC constitutes an inexpensive over-the-counter treatment option with a
non-toxic, and relatively safe compound given if at all, rather negligible adverse effects
including interfering with absorption of vitamins and other medications, for instance [26].
Finally, AC might be considered for the prophylaxis and/or treatment of other food-borne
enteropathogenic diseases.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390 /biom14020141/s1, Figure S1. Activated charcoal prophylaxis and the intestinal
pathogen loads over time following C. jejuni infection of human gut microbiota-associated IL-10~/~ mice.
Figure S2. Activated charcoal prophylaxis and wasting symptoms in human gut microbiota-associated
IL-10~/~ mice over time following C. jejuni infection. Figure S3. Activated charcoal prophylaxis and
diarrheal symptoms in human gut microbiota-associated IL-10~/~ mice over time following C. jejuni
infection. Figure S4. Activated charcoal prophylaxis and fecal blood in human gut microbiota-associated
IL-10~/~ mice over time following C. jejuni infection.
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