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ABSTRACT

The prevalence of Campylobacter jejuni infections is increasing worldwide and responsible for sig-
nificant morbidities and socioeconomic expenses. The rise in antimicrobial resistance of C. jejuni
underscores the urge for evaluating antibiotics-independent compounds as therapeutic and preven-
tive treatment options of human campylobacteriosis. Given its well-known anti-microbial and
immune-modulatory properties we here surveyed the disease-modifying effects of trans-cinna-
maldehyde pretreatment in experimental campylobacteriosis. Therefore, secondary abiotic IL-107/~
mice were orally challenged with trans-cinnamaldehyde starting 7 days prior C. jejuni infection.
Whereas gastrointestinal colonization properties of the enteropathogens remained unaffected,
trans-cinnamaldehyde pretreatment did not only improve clinical signs in infected mice, but also
alleviated colonic epithelial cell apoptosis on day 6 post-infection. Furthermore, trans-cinnamalde-
hyde application resulted in less pronounced T cell responses in the colon that were accompanied
by dampened proinflammatory mediator secretion in distinct intestinal compartments. Notably,
the immune-modulatory effects of trans-cinnamaldehyde were not restricted to the intestinal tract
but could also be observed in extra-intestinal organs such as the liver and kidneys. In conclusion,
our preclinical placebo-controlled intervention study provides first evidence that due to its immune-
modulatory effects, trans-cinnamaldehyde constitutes a promising prophylactic option to alleviate
campylobacteriosis.
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INTRODUCTION

Campylobacter jejuni are highly motile rod-shaped bacteria and can be commonly found as
commensal residents in the intestinal tract of warm-blooded vertebrates, including livestock
such as poultry, that usually do not develop C. jejuni induced clinical signs [1, 2]. Humans,
however, can become infected by C. jejuni upon ingestion of contaminated meat products or
surface water and develop campylobacteriosis after an incubation period of 2-5 days [3]. The
clinical course of the disease and the severity of symptoms depend on the arsenal of virulence
factors expressed by the enteropathogen on one side, and by the immunological fitness of the
infected host on the other [4]. Campylobacteriosis patients can present with general malaise,
nausea and vomiting, abdominal pain, fever, and watery to bloody diarrhea with mucous
discharge, for instance [3, 5]. Whereas symptomatic measures such as non-steroidal analgesic
and antipyretic medications, rehydration and electrolyte substitution are indicated in
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immune-competent individuals, antibiotics such as macro-
lides and fluoroquinolones might be prescribed in severe and
invasive disease affecting multimorbid immune-compro-
mised patients with bacteremia [6]. C. jejuni infected
individuals usually fully recover from enteritis within two
weeks post-infection (p.i.) [3, 7]. In rare cases, however,
post-infectious autoimmune diseases such as the Guillain-
Barré syndrome (GBS), reactive arthritis (RA), irritable
bowel syndrome (IBS), and chronic inflammatory bowel
diseases (IBD) can occur with a latency of weeks to months
following the initial enteritis [8-12]. Notably, the risk for the
development of such post-infectious collateral damages of
C. jejuni induced disease directly correlates with the severity
of the initial enteritis event [13]. The C. jejuni cell wall
constituent lipo-oligosaccharide (LOS) could be identified as
the main immunopathological factor determining the
severity of campylobacteriosis with distinct sialylated LOS
variants being responsible for particularly severe and inva-
sive diseases [13]. It would be therefore highly appreciable to
develop alternative antibiotics-independent treatment op-
tions for human campylobacteriosis. Patients would not only
benefit from direct disease-alleviating effects but also, in
consequence, from a reduced risk for the development of
post-infectious sequelae later-on.

Cinnamaldehyde constitutes a biologically active con-
stituent of cinnamon being part of the Lauraceae family with
approximately 250 Cinnamomum species [14] that is iso-
lated from the bark essential oil of the ancient tropic plant
and gives cinnamon its odor and flavor [15, 16]. For long,
cinnamaldehyde has been used not only as culinary spice,
but also as phytomedical compound in traditional medicine
given its various health-promoting and disease-alleviating
properties. For instance, cinnamaldehyde is known to exert
anti-oxidant [17] and anti-inflammatory [18], but also anti-
diabetic and lipid-lowering [19] and even anti-tumor [20]
effects. Furthermore, cinnamaldehyde was shown to act
neuro-protective in Parkinson’s and Alzheimer’s diseases
[21]. Previous studies reported that cinnamaldehyde could
exert anti-bacterial effects in vitro [22], that were also
directed against food-borne pathogens such as Escherichia
coli 0157:H7, Listeria monocytogenes, Salmonella enterica,
and C. jejuni, for instance [23, 24]. Regarding the molecular
mechanisms underlying the anti-bacterial effects of cinna-
maldehyde directed against E. coli a previous study revealed
that cinnamaldehyde-derived metabolites interacted with
distinct bacterial cell membrane components inducing
oxidative stress and ultimately cell death upon diffusion into
the cell [25]. Furthermore, cinnamaldehyde was shown to
modify the lipid profile of the bacterial membrane and to
inhibit cell division [26].

Given this plethora of health-promoting properties, we
tested trams-cinnamaldehyde for its disease-alleviating
including anti-bacterial and immune-modulatory (ie., anti-
inflammatory) effects in secondary abiotic IL-10~'~ mice as
valid C. jejuni infection and inflammation in vivo model
[27, 28]. The preceding murine gut microbiota depletion upon
antibiotic treatment helped to overcome the physiological
colonization resistance and hence, enabled the enteropathogens

to stably colonize the gastrointestinal tract of the secondary
abiotic IL-10~'~ mice [27-29]. Notably, conventional wildtype
mice are approximately 10,000-times more resistant to Toll-like
receptor-4 (TLR-4) ligands such as lipo-polysaccharide (LPS)
and LOS preventing them from severe C. jejuni induced
intestinal inflammation [30]. The il10 gene deficiency, however,
rendered the orally challenged mice susceptible to the
enteropathogenic LOS. In consequence, C. jejuni infection of
IL-10/~ mice has been shown to result in pronounced
proinflammatory immune responses not only in the intestinal
tract but also in extra-intestinal and even systemic compart-
ments and to mount in severe enteritis with bloody diarrhea
and wasting symptoms within less than a week p.i. [27, 28].
Our previous studies addressing the disease-alleviating effects
of urolithin-A [31], of activated charcoal [32], of the iron-
chelating compound deferoxamine [33], of essential oils
derived from garlic [34], cardamom [35], cumin [36], clove
[37], coriander, and lemon [38], of phenolic compounds such
as carvacrol [39], resveratrol [40], and curcumin [41], of
organic acids including butyrate, benzoate, caprylate, and sor-
bate [42, 43], and furthermore, of the vitamins ascorbate [44]
and vitamin D [45] have underlined the suitability of the here
applied secondary abiotic IL-10~/~ mice as preclinical setting
to test antibiotics-independent therapeutic and preventive
measures in the combat of campylobacteriosis. In the present
placebo-controlled intervention trail we therefore surveyed the
disease-alleviating effects of prophylactic oral trans-cinna-
maldehyde application in secondary abiotic IL-10~"~ mice
starting a week prior oral C. jejuni infection. At the end of the
experiment on day 6 p.i., we assessed i) the gastrointestinal
pathogen loads, ii.) the clinical outcome, and iii.) the intestinal
as well as iv.) the extra-intestinal proinflammatory immune
responses in diseased mice.

MATERIAL AND METHODS

Secondary abiotic IL-10~/~ mice

IL-107~ mice (C57BL/6j background) were bred and
maintained in the Forschungsinstitute fiir Experimentelle
Medizin, Charité - Universititsmedizin Berlin, Germany.
Mice were housed in cages including filter tops within an
experimental semi-barrier under standard conditions (i.e.,
22-24°C room temperature, 55 + 15% humidity, 12 h light/
12 h dark cycle) and had free access to autoclaved water (ad
libitum) and standard chow (food pellets: ssniff R/M-H,
V1534-300, Sniff, Soest, Germany). To eradicate the
commensal gut microbiota, 3-week-old female and male
mice were transferred to sterile cages (maximum of 3-4
animals per cage) immediately after weaning and received
an antibiotic treatment with ampicillin plus sulbactam
(2g L7 plus 1g L', respectively; Dr. Friedrich Eberth
Arzneimittel, Ursensollen, Germany) added to the drinking
water (ad libitum) as reported recently [28]. The antibiotic
solution was replaced by autoclaved tap water immediately
before start of the cinnamaldehyde prophylaxis (i.e., on
day —7). Mice were kept and handled under sterile condi-
tions throughout the experiment.
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Cinnamaldehyde pre-treatment and C. jejuni infection

Starting 7 days prior C. jejuni infection, secondary abiotic
mice were pre-treated with trans-cinnamaldehyde (pur-
chased from Sigma-Aldrich, Munich, Germany) added to
the autoclaved drinking water (final concentration of 1,500
mg L™ ad libitum). Given a mean murine body weight of
25 g and an approximal daily drinking volume of 5 mL, mice
were subjected to the daily trans-cinnamaldehyde dose of
30 mg kg ' body weight. Mice from the placebo cohort
received autoclaved tap water instead. For enteropathogenic
infection, C. jejuni strain 81-176 was thawed from frozen
stocks and grown on karmali agar plates (Oxoid, Wesel,
Germany) under microaerophilic conditions at 37 °C for at
least 48 h as described earlier [46]. Age- and sex-matched
mice (3-month-old littermates) were infected with 10° col-
ony forming units (CFU) of the pathogen on days 0 and 1 by
oral gavage (total volume of 0.3 mL).

Gastrointestinal C. jejuni cell numbers

After C. jejuni infection, the pathogen loads were determined
in fecal samples daily, and upon necropsy on day 6 p.i. in
luminal samples from the stomach, duodenum, ileum, and
colon by culture as described previously [46]. In brief, intra-
luminal gastrointestinal samples were homogenized in sterile
phosphate-buffered saline (PBS, Thermo Fisher Scientific,
Waltham, MA, USA) with a sterile pestle and serial dilutions
plated onto karmali agar (Oxoid, Wesel, Germany) and
incubated under microaerophilic conditions in a jar at 37 °C
for at least 48 h (CampyGas Packs; Oxoid, Wesel, Germany).
The detection limit of viable pathogens was 100 CFU per g.

Clinical conditions

Immediately before and after infection, we quantitatively
surveyed the daily clinical outcome of mice by using a cu-
mulative clinical score (maximum 12 points), addressing the
abundance of blood in feces (0: no blood; 2: microscopic
detection of blood by the Guajac method using Haemoccult,
Beckman Coulter/PCD, Krefeld, Germany; 4: macroscopic
blood visible), the stool consistency (0: formed feces; 2: pasty
feces; 4: liquid feces) and the clinical aspect (i.e., wasting
symptoms; 0: normal; 1: ruffled fur; 2: less locomotion; 3:
isolation; 4: severely compromised locomotion, pre-final
aspect) as described earlier [47].

Sampling procedures

On day 6 p.i., mice were sacrificed by CO, asphyxiation. Ex
vivo biopsies from mesenteric lymph nodes (MLN), the colon,
ileum, liver, kidneys, and spleen as well as luminal samples
from stomach, duodenum, ileum, and colon were derived
under aseptic conditions. From each mouse colonic samples
were collected in parallel for subsequent microbiological,
immunohistopathological, and immunological analyses.

Histopathology

Histopathological analyses were performed in colonic ex
vivo biopsies that had been immediately fixed in 5%

formalin and embedded in paraffin. Sections (5 pm) were
stained with hematoxylin and eosin (H&E), examined by
light microscopy (100-times magnification), and histopath-
ological changes in the large intestines quantitatively
assessed with histopathological scores [48]: Score 0, intact
epithelium, no inflammatory cell infiltrates. Score 1, mini-
mal inflammatory cell infiltrates in the mucosa with intact
epithelium. Score 2, mild inflammatory cell infiltrates in the
mucosa and submucosa with mild hyperplasia and mild
goblet cell loss. Score 3, moderate inflammatory cell in-
filtrates in the mucosa and submucosa with 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.

In situ immunohistochemistry

Quantitative in situ immunohistochemical analyses were
performed in colonic ex vivo biopsies following immediate
fixation in 5% formalin and embedding in paraffin as re-
ported previously [49, 50]. In brief, to detect apoptotic
epithelial cells, macrophages and monocytes, neutrophils,
T lymphocytes, regulatory T cells, and B lymphocytes,
colonic paraffin sections (5 pm) were stained with primary
antibodies against cleaved caspase-3 (Aspl75, Cell
Signaling, Beverly, MA, USA; 1:200), F4/80 (no. 14-4801,
clone BM8, eBioscience, San Diego, CA, USA; 1:50), MPO7?
(No. A0398, Dako, Glostrup, Denmark, 1:500), CD3 (no.
N1580, Dako, Glostrup, Denmark; 1:10), FOXP3 (clone
FJK-165, no. 14-5773, eBioscience, San Diego, CA, USA;
1:100), and B220 (no. 14-0452-81, eBioscience, San Diego,
CA, USA; 1:200), respectively. Positively stained cells were
quantitated by a blinded independent investigator applying
light microscopy. The average number of respective posi-
tively stained cells in each sample was determined within at
least six high power fields (HPF, 0.287 mm®, 400-times
magnification).

Proinflammatory mediator secretion

Intestinal ex vivo biopsies collected from MLN (3 nodes) as
well as from the colon and ileum (longitudinally cut strips of
approximately 1cm?), the liver (approximately 1cm”), the
kidney (one half after the longitudinal cut), and the spleen
(one third) were washed in sterile PBS (Thermo Fisher
Scientific, Waltham, MA, USA) and transferred to 24-flat-
bottom well culture plates (Thermo Fisher Scientific, Wal-
tham, MA, USA) containing 500 pL serum-free RPMI 1640
medium (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with penicillin (100 pg mL™") and strepto-
mycin (100 pg mL "% Biochrom, Berlin, Germany). After an
18-h incubation period at 37 °C, respective culture super-
natants and serum samples were tested for interleukin-6
(IL-6), interferon-gamma (IFN-y), and tumor necrosis fac-
tor-alpha (TNF-a) by the Mouse Inflammation Cytometric
Bead Assay (CBA; BD Biosciences, Heidelberg, Germany) in
a BD FACSCanto II flow cytometer (BD Biosciences, Hei-
delberg, Germany). Nitric oxide concentrations were deter-
mined by the Griess reaction as stated earlier [51].
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Statistical analyses

Medians and significance levels were calculated using
GraphPad Prism (version 8; San Diego, CA, USA).
Normalization of data was assessed by the Anderson-
Darling test. The Mann-Whitney test was applied for pair-
wise comparisons of not normally distributed data. For
multiple comparisons, the one-way ANOVA with Tukey
post-correction (for normally distributed data) and the
Kruskal-Wallis test with Dunn’s post-correction (for not
normally distributed data) were performed. Definite outliers
were identified by the Grubb’s and the Rout tests (@ =
0.001). Two-sided probability (p) values <0.05 were
considered significant. Data were pooled from four inde-
pendent experiments.

Ethics statement

All animal experiments were carried out according to the
European animal welfare guidelines (2010/63/EU) following
approval by the commission for animal experiments
(“Landesamt fir Gesundheit und Soziales”, LaGeSo, Berlin;
registration number G0104/19). The clinical conditions of
mice were monitored daily.

RESULTS

Gastrointestinal C. jejuni cell numbers following
cinnamaldehyde pretreatment of infected secondary
abiotic IL-10~/~ mice

We first addressed whether peroral cinnamaldehyde pre-
treatment of C. jejuni infected secondary abiotic IL-10"""
mice affected gastrointestinal colonization properties of
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the enteropathogen. Whereas from day 2 until day 5 p.i.,
C. jejuni numbers were comparable in feces of cinna-
maldehyde and placebo treated mice (not significant
(n.s.); Fig. 1), this was also the case when analyzing the
bacterial loads luminal samples collected from the stom-
ach, the duodenum, the ileum, and the colon of both
cohorts (n.s; Fig. 2) indicating that cinnamaldehyde
pretreatment did not interfere with C. jejuni colonization
alongside the murine gastrointestinal tract.

Macroscopic and microscopic inflammatory outcomes
following cinnamaldehyde pretreatment of C. jejuni
infected mice

We next surveyed the clinical outcome of C. jejuni infected
mice upon cinnamaldehyde pretreatment. Therefore, the
clinical signs were quantitated in mice by applying a clinical
scoring system that addressed key features of acute campy-
lobacteriosis such as wasting symptoms and bloody diarrhea.
On day 6 p.i., when placebo control mice were suffering
from acute C. jejuni induced disease, the clinical signs were
milder in cinnamaldehyde treated mice as indicated by lower
clinical scores in the latter versus the former (P < 0.01;
Fig. 3A). We further quantitatively assessed microscopic
inflammatory sequelae of C. jejuni infection. When applying
histopathological scores for inflammatory changes in H&E-
stained colonic paraffin sections we found severe histo-
pathological sequelae of infection in mice from both cohorts
as indicated by maximum median scores of 4 (P < 0.001
versus naive; Fig. 3B). Since apoptosis is considered a reliable
parameter for intestinal inflammatory grading [46], we
assessed apoptotic colonic epithelia cell numbers by quan-
titative in situ immunohistochemistry. C. jejuni infection
resulted in marked increases in cleaved caspase-3" colonic
epithelial cells (P < 0.01-0.001), which were, however,

Day 4 Day 5

(o]

W =3¢ Sy o

PLC CIN PLC CIN
(27) (18) (27) (18)

PLC CIN PLC CIN
(27) (18) (27) (18)

Fig. 1. Fecal C. jejuni loads over time following C. jejuni infection of secondary abiotic IL-10~'~ mice that had been pretreated
with cinnamaldehyde. Secondary abiotic IL-10~'~ mice were perorally infected with C. jejuni strain 81-176 on days 0 and 1. Starting
7 days prior infection, mice received either placebo (PLC, black circles) or trans-cinnamaldehyde (CIN; white circles) via the drinking

water. C. jejuni cell numbers were assessed in fecal samples at defined time points post-infection (as indicated) by culture and expressed
as colony-forming units per gram (CFU/g). Medians (black bar) and the total numbers of analyzed animals (in parentheses) are given.
Data were pooled from four independent experiments
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Fig. 2. Gastrointestinal C. jejuni cell numbers following cinnamaldehyde pretreatment of infected secondary abiotic IL-10~/~ mice.

Secondary abiotic IL-10~'~ mice were perorally infected with C. jejuni strain 81-176 on days 0 and 1. Starting 7 days prior infection,
mice received either placebo (PLC, black circles) or trans-cinnamaldehyde (CIN; white circles) via the drinking water. On day 6
post-infection, the C. jejuni cell numbers were assessed in luminal samples taken from distinct gastrointestinal compartments (as indicated)
by culture and expressed as colony-forming units per gram (CFU/g). Medians (black bar) and the total numbers of analyzed animals
(in parentheses) are given. Data were pooled from four independent experiments
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Fig. 3. Macroscopic and microscopic inflammatory outcomes following cinnamaldehyde pretreatment of C. jejuni infected secondary
abiotic IL-10~'~ mice. Secondary abiotic IL-10"~ mice were perorally infected with C. jejuni strain 81-176 on days 0 and 1. Starting
7 days prior infection, mice received either placebo (PLC, black circles) or trans-cinnamaldehyde (CIN; white circles) via the drinking water.
On day 6 post-infection, (A) the overall clinical conditions of mice were quantitatively determined by using a cumulative clinical scoring
system (see methods). To assess microscopic inflammatory signs of disease, (B) histopathological changes were quantified in hematoxylin
and eosin (H&E) stained colonic paraffin sections by using histopathological scores (see methods). In addition, (C) the average numbers of
apoptotic colonic epithelial cells were assessed microscopically from six high power fields (HPF, 400-times magnification) per animal in
paraffin sections positive for cleaved caspase-3 (Casp3™). Naive mice (open diamonds) served as untreated and uninfected control animals.
Medians (black bar), significance levels (P values) as determined by the Kruskal-Wallis test and Dunn’s post-correction, and the total
number of analyzed mice (in parentheses) are given. Data were pooled from four independent experiments

less pronounced upon cinnamaldehyde as compared to
placebo treatment (P < 0.05; Fig. 3C). Hence, cinnamalde-
hyde pretreatment did not only improve clinical signs in
C. jejuni infected mice, but also alleviated colonic epithelial
apoptosis.

Large intestinal immune cell responses following
cinnamaldehyde pretreatment of C. jejuni infected mice

We then asked whether cinnamaldehyde treatment damp-
ened C. jejuni induced innate and adaptive immune responses
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in the colon of infected mice. Therefore, colonic paraffin
sections were subjected to in situ immunohistochemistry.
Whereas C. jejuni infection was accompanied by pronounced
increases in F4/80" macrophages and monocytes, in MPO7™"
neutrophils, in CD3" T lymphocytes, in FOXP3™ regulatory
T cells, and in B220" B lymphocytes in the colonic mucosa
and lamina propria (P < 0.01-0.001; Fig. 4), cinnamaldehyde
treated mice displayed lower large intestinal T lymphocyte
numbers as compared to placebo counterparts on day 6 p.i.
(P < 0.01; Fig. 4B). Hence, cinnamaldehyde pretreatment
resulted in less pronounced pathogen-induced T cell
responses in the colon of C. jejuni infected mice.

Proinflammatory mediator secretion in distinct
intestinal compartments following cinnamaldehyde
pretreatment of C. jejuni infected mice

We next tested whether cinnamaldehyde pretreatment
dampened C. jejuni induced proinflammatory mediator

secretion in distinct intestinal compartments. On day 6
following infection of mice from both cohorts, increased
nitric oxide concentrations were measured in MLN
draining the infected intestines (P < 0.001; Fig. 5A). In case
of IL-6 and IFN-y, however, C. jejuni induced increases
could only be detected in the MLN of placebo (P < 0.001
and P < 0.01, respectively), but not cinnamaldehyde treated
mice (Fig. 5B and C). In the colon of mice from either
treatment cohort, comparably increased nitric oxide, IL-6,
and IFN-y concentrations could be assessed on day 6 p.i.
(P < 0.001 versus naive; Fig. 5D-F), whereas this also held
true for the latter two cytokines measured in ileal ex vivo
biopsies (P < 0.05-0.001 versus naive; Fig. 5H and I). Of
note, nitric oxide concentrations were exclusively elevated
in the ileum of mice from the placebo control group on day
6 pi. (P < 0.01 versus naive; Fig. 5G). Hence, cinna-
maldehyde pretreatment dampened C. jejuni induced
proinflammatory mediator secretion in distinct parts of the
intestinal tract.

A Macrophages/Monocytes - COLON B Neutrophils - COLON
p<0.001 p<0.001
p<0.001 p<0.001
100- .
. ... 80
L]
tH w .
& 751 09 o 60-
% 238 B g g o X
2 Qoo 31 @ oo &
g 50+ o O.. o g 8 40 g
s o Ce 8 IS
-2 IS ET S I S * .
w B -4
ko iz gl o800
8 ) °’§'§'§'°
0 T T T O-M r .
Naive PLC CIN Naive PLC CIN
(18 @n (18) (16) @n (18)
C. jejuni C. jejuni
C T Lymphocytes - COLON D  Regulatory T Cells - COLON E B Lymphocytes - COLON
p<0.001 p<0.001 p<0.01
p<0.001 p<0.01 p<0.001 p<0.001
160+ 301 : 301
° : ° ‘
'S °o
o o °
& 1207 °ge T o & .
T ° o0 5 201 ee”e o T 20 % o
P o—!—!—o—' 090 = !. oo 2
T 80 oo aogeo o 'H —28o— 3 ®e0 0©
% Se° ©88 Iy ° T ® ° 5 oo o y
a 3 S 100 o 3s3 8o, S 10 !—3-—. - 000
O 404 23 Q 8 e, 8 @ ° H 83 -§'9'§'U—
> g g 3 g g § g ° §88§ o8o
3 ¢ $ g 8
Naive PLC CIN Naive PLC CIN Naive PLC CIN
(1) @n (1) (18 @n (18) (1) @ (1)
C. jejuni C. jejuni C. jejuni

Fig. 4. Large intestinal immune cell responses following cinnamaldehyde pretreatment of C. jejuni infected secondary abiotic IL-10~"~

mice. Secondary abiotic IL-10™'~ mice were perorally infected with C. jejuni strain 81-176 on days 0 and 1. Starting 7 days prior infection,
mice received either placebo (PLC, black circles) or trans-cinnamaldehyde (CIN; white circles) via the drinking water. On day 6 post-
infection, the average numbers of (A) macrophages and monocytes (F4/80™), (B) neutrophils (MPO7"), (C) T lymphocytes (CD3™),

(D) regulatory T cells (FOXP3™"), and (E) B lymphocytes (B220") per animal were determined in immunohistochemically stained colonic

paraffin sections from six high power fields (HPF, 400-times magnification). Naive mice (open diamonds) served as untreated and unin-

fected control animals. Medians (black bar), significance levels (P values) as determined by the one-sided ANOVA test with Tukey post-
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Fig. 5. Proinflammatory mediator secretion in distinct intestinal compartments following cinnamaldehyde pretreatment of C. jejuni
infected secondary abiotic IL-10~'~ mice. Secondary abiotic IL-10/~ mice were perorally infected with C. jejuni strain 81-176 on days
0 and 1. Starting 7 days prior infection, mice received either placebo (PLC, black circles) or trans-cinnamaldehyde (CIN; white circles) via
the drinking water. On day 6 post-infection, secretion of proinflammatory mediators such as (A,D,G) nitric oxide, (B,E,H) IL-6, and (C,F,I)
IFN-y were measured in distinct intestinal compartments including mesenteric lymph nodes (MLN; A-C), colon (D-F), and ileum (G-I).
Naive mice (open diamonds) served as untreated and uninfected control animals. Medians (black bar), significance levels (P values) as
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Proinflammatory mediator secretion in distinct
extra-intestinal compartments following cinnamaldehyde
pretreatment of C. jejuni infected mice

We further tested whether cinnamaldehyde treatment
could dampen proinflammatory mediator secretion also
beyond the intestinal tract. In fact, C. jejuni infection
resulted in increased hepatic TNF-a and renal IL-6
concentrations in placebo as opposed to cinnamaldehyde
treated mice (P < 0.05 and 0.01, respectively; Fig. 6A and
B), whereas nitric oxide concentrations were comparably
elevated in the spleen of mice from both treatment groups
on day 6 p.i. (P < 0.001 versus naive; Fig. 6C). Hence,
cinnamaldehyde pretreatment dampened C. jejuni induced
proinflammatory mediator secretion in distinct organs
beyond the intestinal tract.

DISCUSSION

In our here presented preclinical placebo-controlled inter-
vention trial, the prophylactic oral application of synthetic
trans-cinnamaldehyde starting a week prior C. jejuni infec-
tion of secondary abiotic IL-10'~ mice i.) did not affect
gastrointestinal pathogen loads but resulted in ii.) alleviated
campylobacteriosis symptoms that was accompanied by iii.)
less pronounced apoptosis of colonic epithelial cells, iv.) less
distinct accumulation of T lymphocytes in the large intes-
tinal mucosa and lamina propria and furthermore,
v.) dampening of C. jejuni induced proinflammatory
mediator secretion in intestinal as well as extra-intestinal
compartments to basal levels.

The missing anti-Campylobacter effect of oral cinna-
maldehyde is somewhat surprising given that the concen-
tration of the applied cinnamaldehyde solution (i.e., 1,500
mg L") was exceeding the measured minimal inhibitory
concentration (MIC) of 256 mg L' by more than 5-times.
A possible explanation might be that the concentrations of
the biologically active cinnamaldehyde molecules within the
intestinal lumen were much lower due to dilution with
the secretory intestinal fluids. Nevertheless, the mice from
the verum cohort benefited from preventive cinnamaldehyde
application given an improved clinical outcome with alle-
viated enteritis symptoms and less pronounced colonic
apoptosis. In support, cinnamaldehyde has been shown to
prevent oxidative stress-induced apoptotic cell responses in
myoblasts [52], as well as in adrenal pheochromocytoma
cells in vitro [53], which also held true for anti-apoptotic and
in turn, neuro-protective effects observed in an in vitro
Parkinson’s disease model [54]. Given comparable intestinal
C. jejuni loads in the verum and placebo cohorts of our
study, the disease-alleviating effects of cinnamaldehyde were
rather the consequence of its immune-modulatory modes of
action. In fact, the C. jejuni induced increases in colonic T
lymphocytes were less pronounced upon cinnamaldehyde
prevention that was accompanied by attenuated proin-
flammatory mediator secretion in distinct compartment of
the intestinal tract. In the MLN of infected mice from the
cinnamaldehyde cohort, for instance, basal IL-6 and IFN-y
concentrations were measured which also held true for ileal
nitric oxide concentrations obtained from cinnamaldehyde
treated mice on day 6 p.. that did not differ from those in
naive (i.e., non-infected and untreated) counterparts. In
support, the anti-oxidant and anti-inflammatory effects of
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jejuni infected secondary abiotic IL-10~'~ mice. Secondary abiotic IL-10~'~ mice were perorally infected with C. jejuni strain 81-176 on
days 0 and 1. Starting 7 days prior infection, mice received either placebo (PLC, black circles) or trans-cinnamaldehyde (CIN; white circles)
via the drinking water. On day 6 post-infection, extra-intestinal proinflammatory mediator secretion such as (A) hepatic TNF-a, (B) renal
IL-6, and (C) splenic nitric oxide were assessed in respective ex vivo biopsies. Naive mice (open diamonds) served as untreated and un-
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correction, and the total number of analyzed mice (in parentheses) are given. Definite outliers were identified by the Grubb’s test. Data were
pooled from four independent experiments



European Journal of Microbiology and Immunology 13 (2023) 2, 45-56 53

exogenous cinnamaldehyde have been previously shown to
be due to suppression of inducible nitric oxide synthase
(iNOS) expression [55] and of nuclear factor ‘kappa-light-
chain-enhancer’ of activated B-cells (NF-kB) activation [18].
Furthermore, the compound could effectively inhibit the
secretion of proinflammatory cytokines from LPS-stimu-
lated macrophages and monocytes [56]. In vivo, cinna-
maldehyde ameliorated chronic dextran sulfate sodium
(DSS) induced ulcerative colitis in mice [57], and reduced
IL-6 concentrations measured in activated macrophages
during DSS colitis [58]. Furthermore, cinnamaldehyde alle-
viated experimental necrotizing enterocolitis (i.e., Crono-
bacter sakazakii induced intestinal inflammation in newborn
mice) that was accompanied by suppressed apoptosis and
dampened intestinal secretion of the proinflammatory cy-
tokines TNF-a and IL-6 [59].

The disease-ameliorating effects of cinnamaldehyde were
not restricted to the intestinal tract but could also be
observed beyond given extra-intestinal mediator secretion
that did not exceed basal levels in C. jejuni infected mice
from the cinnamaldehyde cohort as opposed to the placebo
counterparts as shown for hepatic TNF-a and renal IL-6
concentrations. In support, recent studies revealed that
exogenous cinnamaldehyde protected from acetaminophen-
induced liver toxicity by alleviating oxidative stress
and hepatic proinflammatory cytokine secretion [60] and
reduced inflammatory including oxidative  stress
and apoptotic cell responses in the liver of Salmonella
Typhimurium infected mice [61]. In the kidneys,
cinnamaldehyde application alleviated renal inflammation
in mice by inhibition of the NLRP3 inflammasome and
related signaling pathways [62].

Since C. jejuni-LOS constitutes the main enteropatho-
genic molecule inducing enterocolitis upon oral infection
[63] it is tempting to speculate that an inhibitory effect of the
here applied cinnamaldehyde on the LOS induced TLR-4
mediated pathway was the most likely underlying mecha-
nism for the better clinical outcomes observed in treated
mice. This hypothesis is supported by both, in vitro and in
vivo studies showing that cinnamaldehyde suppressed TLR-
4 activation upon inhibition of receptor oligomerization [64]
and that the compound exerted potent systemic anti-in-
flammatory effects in endotoxin-induced inflammation in
mice [65]. Furthermore, Li and colleagues reported in a
recent study that oral application of cinnamon essential oil
enriched with cinnamaldehyde to mice with acute DSS co-
litis alleviated intestinal disease that was paralleled by down-
regulated TLR-4 mRNA expression in the colon and atten-
uated secretion of TNF-a and IL-6 in the serum [66],
underscoring our results obtained from dampened extra-
intestinal cytokines to basal levels in cinnamaldehyde treated
mice. Hence, there is increasing evidence that distinct
bioactive compounds including cinnamaldehyde modulate
TLR-4 mediated inflammation and thereby, open novel av-
enues for future therapeutic and preventive measures of
TLR-4 driven diseases including campylobacteriosis [67].

When considering safety aspects, both, the United States
Food and Drug Administration (FDA), and Flavour and

Extract Manufacturer’s Association (FEMA), have categorized
trans-cinnamaldehyde as “Generally Recognized as Safe”
(GRAS), whereas the Council of Europe has granted an
“A status” (i.e, it may be used in foodstuffs). On this basis,
trans-cinnamaldehyde can be viewed as a safe food and flavor
additive [68].

CONCLUSION

Our preclinical placebo-controlled intervention study pro-
vides first evidence that due to its immune-modulatory
effects, cinnamaldehyde constitutes a promising antibiotics-
independent prophylactic option to alleviate campylo-
bacteriosis in infected mice and men. Since the severity of
the initial enteritis event is known to correlate with the risk
for post-infectious sequelae in human campylobacteriosis
[13], the prevention and treatment of C. jejuni induced
inflammation by natural compounds such as cinnamalde-
hyde may protect from the development of subsequent se-
vere auto-immune diseases including GBS, RA, and IBD.
Further non-toxic natural compounds with known anti-in-
flammatory and/or even anti-pathogenic effects should be
therefore tested to alleviate or even prevent from food-borne
enteropathogenic diseases including campylobacteriosis.
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