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Calf diarrhea induced by enteroaggregative E. coli (EAEC) spreads fast among
young ruminants, causing continuous hazard to dairy industry. Antimicrobial drug
abuse aggravates the incidence rate of multi-drug resistant (MDR) extended-spectrum
B-lactamase-producing E. coli (ESBL-EC). However, knowledge of detection and
significance of disease-related biomarkers in neonatal female calves are still limited.
Gallic acid (GA), a natural secondary metabolite mostly derived from plants, has
attracted increasing attention for its excellent anti-inflammatory and anti-oxidative
properties. However, it is vague how GA engenders amelioration effects on clinical
symptoms and colitis induced by ESBL-EAEC infection in neonatal animals. Here,
differentiated gut microbiome and fecal metabolome discerned from neonatal calves
were analyzed to ascertain biomarkers in their early lives. Commensal Collinsella and
Coriobacterium acted as key microbial markers mediating colonization resistance. In
addition, there exists a strongly positive relation between GA, short-chain fatty acid
(SCFA) or other prebiotics, and those commensals using random forest machine
learning algorithm and Spearman correlation analyses. The protective effect of GA
pretreatment on bacterial growth, cell adherence, and ESBL-EAEC-lipopolysaccharide
(LPS)-treated Caco-2 cells were first assessed, and results revealed direct antibacterial
effects and diminished colonic cell inflammation. Then, oral GA mediated colitis
attenuation and recovery of colonic short-chain fatty acid (SCFA) productions
on neonatal mice peritonitis sepsis or oral infection model. To corroborate this
phenomenon, fecal microbiota transplantation (FMT) method was adopted to remedy
the bacterial infection. Of note, FMT from GA-treated neonatal mice achieved
profound remission of clinical symptoms and colitis over the other groups as
demonstrated by antibacterial capability and prominent anti-inflammatory abilities,
revealing improved hindgut microbiota structure with enriched Clostridia_UCG-014,
Lachnospiraceae, Oscillospiraceae, and Enterococcaceae, and upregulation of SCFA
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He et al. Protective Effects of GA Against ESBL-EAEC

FIGURE 2 | The alterations of fecal metabolome profiles of neonatal calves post ESBL-EAEC infection. (A) Partial Least Squares Discriminant Analysis (PLS-DA) was
used here to cluster the fecal metabolome profiles of calves. Metabolome profile for the H_1, H_2, D_1, or D_2 groups was shown in the same color, respectively.
Data were mean + SEM. P-values were acquired using the nonparametric Kruskal-Wallis test. (B) Unweighted paired group method with arithmetic mean (UPGMA)
dendrogram was used to cluster the relative abundance of metabolites and results were shown using heatmap analysis. The color indicated the relative abundance of
the metabolite in the group of samples, and the corresponding relationship between the color gradient and the value were shown in the gradient color block. The
metabolite variation was demonstrated using Z-Score. Gallic acid (GA) was labeled red. The concentrations of fecal GA (C), 4-hydroxybenzoic acid (D), vanillic acid
(E), and phthalic acid (F) were displayed as box and dot plots. Data were mean + SEM. p-values were determined using the nonparametric Kruskal-Wallis test. *o <
0.05, *p < 0.01, **p < 0.001.

prominently blocked the increased IxBa phosphorylation level — expression level of cell tight-junction related protein occludin
induced by LPS (Figures4L]). Interestingly, cell integrity — (Figures4I,K). Thus, these results demonstrated that the
analysis showed that GA pretreatment countered the decreased  antibacterial effects of GA administration were mainly mediated
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FIGURE 3 | The Spearman correlation between differential gut microbial taxa and their derived metabolites in H_1 vs D_1 (A) and H_2 vs D_2 (B). Red squares
indicated positive correlation and blue squares indicate negative correlation. The intensity of the color was proportional to the strength of Spearman correlation. *p <

x |xx| x

by blockage of bacterial growth and cell adherence in vitro. GA
exposure significantly mitigated NF-kB signaling activation, thus
regulating inflammatory cytokines expressions.

GA Exposure Alleviated
ESBL-EAEC-Induced Colitis in Neonatal

Mice Peritonitis Sepsis Model

To further study the alleviated effects of GA on ESBL-
EAEC infection in vivo, 2-day-old mice received daily oral
administration of GA for 2 weeks, accompanied by a challenge
via intraperitoneal injection (Figure5A). Over that period,
clinical symptoms of mice were measured daily. Herein, ESBL-
EAEC infection resulted in body weight loss (Figure 5B), high
morbidity (Figure 5C), colitis (Figure 5D), reduction in the
colonic length (Figure 5E), and histological damage including
destruction of glandular structure, deep ulceration of mucosal
muscularis, and inflammatory infiltrate (Figure 5F). Notably,
GA intervention improved the body weight loss significantly
in comparison with Placebo group. The remarkably lower
DAI, comprehensive evaluation score of body weight loss,

rectal bleeding, stool consistency, and relieved colonic growth
inhibition were also displayed. Moreover, GA markedly reversed
ESBL-EAEC-induced colonic inflammation and epithelial
damage in the blind histological assessment, consisting with
largely cut of overall clinical score in both 3 days and 7 days post
infection (Figures 5G,H).

Intestinal inflammatory status was closely linked to ESBL-
EAEC pathogenesis. We thus detected the pro-inflammatory
and anti-inflammatory cytokines production levels in serum and
colon tissues. Here, increased serum concentrations of IL-1§
were blocked by GA (Supplementary Figures 6A,B). In contrast,
reduced IL-10 was recovered to normal status in GA-treated
mice (Supplementary Figures 6C,D). Similarly, E. coli 1587
infection dramatically stimulated the upregulation of IL-18, IL-6,
IL-10, and TNF-o mRNA transcription levels in mice colons
3 days post infection (Supplementary Figures 6E,G,I,M), but
this phenomenon mostly diminished by 7 days post infection
except for IL-6 (Supplementary Figures 6EH,],N). IL-18 and
TNF-o upregulations were significantly reduced by oral GA
(Supplementary Figures 6E,M), accompanied by elevated
TGF-fp mRNA expression level (Supplementary Figure 6L).
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FIGURE 4 | Antibacterial effects of GA on E. coli 1587 and suppression of specific LPS-induced inflammation in Caco-2 cells. (A) Diarrheagenic Escherichia coli (DEC)
growth kinetics over a 24 h culture period. Data were shown as means + SEM from triplicate experiments. Statistical significance was determined using two-way
ANOVA. *p < 0.05, **p < 0.01 relative to control group. (B) Blockage of GA administration on Caco-2 cell adherence of E. coli 1587 and E. coli K12. (C) Cell
morphology transformations of Caco-2 post treatment using lipopolysaccharide (LPS) component extracted from E. coli 1587. The relative mRNA expression levels of
five representative inflammatory cytokines, IL-18 (D), IL-6 (E), TNF-a (F), IL-10 (G), TGF-B (H) in those cells. (I) Western blot analyses of the activation of NF-kB
pathway and cell tight junction. The relative fold changes of p-IkBa (J) and occludin (K) were presented as means + SEM. Statistical significance was analyzed using
unpaired t-test. *p < 0.05, **p < 0.01. All experimental data were representative of three independent experiments with similar results.
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FIGURE 5 | Oral GA improved clinic symptoms and colitis induced by ESBL-EAEC in neonatal mice peritonitis sepsis model. (A) Diagram of the mice infection model.
Oral sterile water and GA were indicated. The arrow represented infection time point and the circle represented the harvest time. (B) Daily body weight changes of
mice in this trial. Data were shown as means+SEM (n = 12 per group). Statistical significance was determined using two-way ANOVA. *p < 0.05, ***p < 0.001 relative
to Placebo group. The survival rate (C), kinetics of daily activity index (DAI) scores (D), and colonic lengths (E) of each group in this trial. Survival rate was analyzed
using Log-rank (Mantel-Cox) test. H&E-stained colon tissues (F), histological scores of harvested mice colons in 3 dpi (G), 7 dpi (H), and (I) Western blot analysis of

NF-kB signaling pathway and cell tight junction. The relative fold changes of p-lkBa (J) and occludin (K) were shown as means + SEM. Statistical significance was
analyzed using unpaired t-test. *p < 0.05, ***p < 0.001.
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FIGURE 6 | Colonic short-chain fatty acid (SCFA) levels of neonatal mice post oral GA therapy. Concentrations of acetate (A,D), propionate (B,E), and butyrate (C,F)
upon oral therapy (n = 4-6 per group). Data were presented as means=SEM. Statistical significance was analyzed using unpaired t-test. ‘o < 0.05, “p < 0.01,
“'p <0.001.

In addition, oral GA markedly blocked the raised level of
IkBa phosphorylation induced by ESBL-EAEC infection
(Figures 5I,]), and the suppression of occludin protein
expression level was significantly blocked by GA pretreatment
(Figures 5LK).

Colon physiology can be mostly affected by active SCFA-
producing commensal microorganisms (28). We further
evaluated the impact of oral GA on SCFA (acetate, propionate,
and butyrate) production in colonic contents using a Gas
Chromatography System. Compared with CON group, both
acetate and butyrate productions were reduced a lot in the
Placebo group except for propionate, but dampened acetate and
butyrate recovered to baseline by oral GA in 3 days or 7 days post
infection (Figures 6A-C). Importantly, oral GA dramatically
suppressed E. coli 1587 colonization over the time period
(Supplementary Figure 8A). Taken together, mice symptoms
and colitis were alleviated by oral GA. Specifically, restored SCFA
productions in ESBL-EAEC-infected mice in response to oral
GA suggested the reconstruction of hindgut microbial patterns
and the beneficial effects were mediated by some commensals in
relieving clinic symptoms.

GA Exposure Alleviated
ESBL-EAEC-Induced Colitis in Neonatal

Mice Oral Infection Model

Considering that infection route was responsible for the virulence
and invasion of clinical isolates (29), effects of prophylactic
GA supplementation were further explored in neonatal mice
oral infection test. As before, 2-day-old mice received daily
oral delivery of GA, accompanied by challenge via oral
gavage of E. coli 1587 (Figure 7A). Over that period, detailed
records of body weight and disease symptoms of mice were
obtained. As a result, ESBL-EAEC infection induced body weight
loss (Figure 7B), colitis (Figure 7C), reduced colonic length
(Figure 7D), and histological damage consisting of inflammatory
cell infiltration, colonic edema, and mucosa damage (Figure 7E).
Notably, GA intervention significantly mitigated the body weight
loss post infection in comparison with the other groups. The
reduced DAI and relieved colonic growth inhibition were
also shown. Moreover, oral GA dramatically reversed ESBL-
EAEC-induced colonic inflammation and epithelial damage
in comparison with 1,587 group, consisting with largely cut
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FIGURE 7 | Oral GA alleviated clinic symptoms and colitis induced by ESBL-EAEC in neonatal mice oral infection model. (A) Diagram of the mice infection model
employed in this study. The arrow represented the time point of infection, and the circle indicated the harvest time. (B) Daily body weight changes post treatment.
Data were presented as means+SEM (n = 6 per group). Statistical significance was determined using two-way ANOVA. *p < 0.05, **p < 0.01, **p < 0.001 relative to
1587+GA group. (C) Kinetics of DAI scores of this trial. (D) The colonic lengths of each group. H&E-stained colon tissues (E) and histological scores of colons (F). (G)
Western blot analysis of NF-kB signaling pathway and cell tight junction. The relative fold changes of p-IkBa (H) and occludin (I) were presented as means+SEM.
Statistical significance was analyzed using unpaired t-test. *p < 0.05, **p < 0.01, **p < 0.001.

overall clinical scores at 7 days post infection (Figure7F). upregulation of IL-10 (Supplementary Figure 7B). Similarly,
Of note, oral GA mediated the downregulation of IL-18  ESBL-EAEC infection elevated transcription levels of IL-1p
expression level in serum (Supplementary Figure 7A) and the  (Supplementary Figure 7C), IL-6 (Supplementary Figure 7D)
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FIGURE 8 | Fecal microbiota transplantation (FMT) of GA-treated mice ameliorated colitis induced by ESBL-EAEC infection. (A) Diagram illustrating the neonatal mice
model employed in this trial. GA-FMT, CON-FMT, and Placebo-FMT were indicated. The arrow represented infection time point and the circle represented harvest
time. Daily body weight changes post infection (B) and kinetics of DAl scores in this trial (C). Data were presented as means + SEM (n = 6 per group). Statistical
significance was determined using two-way ANOVA. **p < 0.01, **p < 0.001 relative to Placebo-FMT group. (D) Colonic lengths of each group. H&E-stained colon
tissues (E) and histological scores of colons (F). (G) Fecal bacterial family’s relative abundance represented by 99.5% of the community. (H) Analysis of differences in
enriched microbiota taxa shown by linear discriminant analysis (LDA) coupled with effect size measurements (LEfSe) upon FMT.
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and TNF-o (Supplementary Figure 7E) in colonic tissues, but
recovered after GA administration with an obvious decline of
IL-10 and TGF-B (Supplementary Figures 7E,G). As before, the
raised level of IxBa phosphorylation post ESBL-EAEC infection
was markedly blocked by GA intervention (Figures7G,H),
with marked upregulation of occludin protein expression level
(Figures 7G,I).

Importantly, GA intervention rescued the SCFA
concentrations of colonic contents. Results showed that
only the concentration of butyrate decreased in the 1,587
group relative to the CON or GA group, but recovered post
pretreatment with GA (Figure 6F). In fact, both oral 1,587
infection and GA addition could not affect fecal acetate and
propionate productions (Figures 6D,E). As before, oral GA
dramatically suppressed 1,587 colonization in colonic tissues
(Supplementary Figure 8B).

In summary, the data demonstrated that oral GA could
also effectively ameliorate clinic symptoms, colitis, and bacterial
colonization inside hindgut of neonatal mice oral infection
model. Notably, the enriched butyrate production of ESBL-
EAEC-infected mice in response to oral GA administration
suggested the improvement of gut microbiota dysbiosis and
upregulatory effects of oral GA on SCFAs productions in the
hindgut of neonatal animals.

FMT From GA-Treated Donor Mice
Ameliorated Colitis Induced by
ESBL-EAEC Infection in Neonatal Mice

It has been well studied that gut microbial community patterns
contributed a lot to intestinal normal state (30, 31). FMT
assays were thus performed in neonatal mice, which were
then modeled to colitis by ESBL-EAEC oral infection. Fresh
feces were sterilely collected and used for FMT courses, thus
allowing for a quantifiable effect of GA-modulated microbiota
on protection against syndromes (Figure 8A). As a result, GA-
FMT group significantly increased body weight (Figure 8B),
attenuated daily DAI (Figure 8C), and lead to recovery of colonic
growth inhibition (Figure 8D). Unlike Placebo-FMT group,
GA-FMT inoculation dramatically induced recovery of colonic
inflammation and epithelial damage (Figure 8E), and largely cut
of overall clinical scores (Figure 8F).

A fecal microbiota community was further detected post
FMT using 16S rRNA sequencing analysis. As a result, FMT
significantly enhanced fecal bacterial community richness of
recipients in contrast to their corresponding donor mice. In
addition, the a-diversity of GA-FMT markedly raised, as reflected
by chaol or shannon index (Supplementary Figures 9A,B).
Specifically, phylogenetic analysis indicated differentiated
microbial communities between donor and recipient mice.
Phylum-based distinct microbiota profiles were shown by
reduced Firmicutes, Actinobacteria, and richer Bacteroidetes in
all FMT-treating groups (Supplementary Figure 9C). Diverse
microbial compositions were also detected among groups
in the family level. A tendency of lower Lactobacillaceae,
enriched Bacteroidaceae, and Muribaculaceae were observed
in the GA-FMT group compared with Pacebo-FMT or

CON-FMT, while obvious increases of Enterobacteriaceae
were observed in both Placebo and Placebo-FMT groups
(Figure 8G). PCoA differentiated the microbiota of those
groups based on OTU-level Bray-Curtis dissimilarity matrix,
revealing a dispersed data points on plots of donor groups
(R? 0.6840, p 0.001) and among recipient groups
(R? 0.1402, p 0.296) (Supplementary Figures 9D,E).
Notably, the LEfse analysis indicated that oral GA induced
enriched Oscillospiraceae, Enterococcaceae, Lachnospiraceae,
and Clostridia_UCG-014 and induced abundant Lactobacillus
in the Placebo or Placebo-FMT group, which were similar
to the microbial profiles of healthy calves (Figure 8H). The
dominance of various specific members of Clostridia correlated
with SCFA metabolism among commensal intestinal bacteria
(32). Thus, fecal SCFA concentrations of donor and recipient
mice were investigated. Unlike propionate, the productions
of acetate and butyrate were prominently reduced by E.
coli 1,587 infection and were then recovered by oral GA
(Supplementary Figures 10A-C).  Interestingly, =~ GA-FMT
markedly upregulated the acetate, propionate, and butyrate
productions compared to CON-FMT or Placebo-FMT group
(Supplementary Figures 10D-F).

Spearman correlation
performed to interpret
differentially enriched bacteria and SCFA productions.
g norank_f__norank_o__Clostridia_UCG-014  exhibited a
strong positive correlation with propionic acid (R > 0.68, p =
0.0015), butyric acid (R > 0.63, p = 0.0050), g__Enterococcus
correlated with enriched propionic acid (R > 0.51, p = 0.029),
abundant acetic acid correlated with g Aerococcus (R > 0.74,
p = 0.00037), and g Bacteroides (R > 0.61, p = 0.00648)
(Supplementary Figure 11). In addition, genus Lachnospiraceae
was associated with increased butyric acid. The data proved
the LEfSe results of FMT, an indication of the beneficial effect
of GA on SCFA productions of commensal microbes. Not
be overlooked was the strong negative correlation between
g Lactobacillus and acetic acid (R < —0.59, p = 0.0091),
propionic acid (R < —0.54, p = 0.020), and butyric acid (R <
—0.55, p = 0.017), which might bring about by enriched lactic
acid. This phenomenon was similar to abundant lactic acid and
Lactobacillus of diarrheal calves in our previous study.

Taken together, clinical symptoms and colitis remission
induced by FMT from GA-treated mice could be partly
ascribed to hindgut microbial reconstruction of recipients
with more abundant Clostridia_UCG-014, Lachnospiraceae,
Oscillospiraceae, and Enterococcaceae, and the recovery of SCFA
production, indicating the direct alleviation effects of improved
commensal microbiota structure from GA-dosed mice on clinical
symptoms and colitis, apart from the direct antibacterial effects
on ESBL-EAEC invasion process.

analysis was further
the relevance between

DISCUSSION

The high prevalence of diarrheagenic Escherichia coli (DEC)
causes an aggravation of sporadic clinical diarrhea cases, resulting
in gastroenteritis outbreak around the world (33). They can
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be categorized into six pathotypes: enteropathogenic E. coli
(EPEC), enterohaemorrhagic (Shiga-toxin producing) E. coli
(EHEC/STEC), enterotoxigenic E. coli (ETEC), enteroaggregative
E. coli (EAEC), enteroinvasive E. coli (EIEC), and diffusely
adherent E. coli (DAEC) (34). Even worse, the pathogenesis of
ESBL-EAEC remains unclear, and antibiotic abuse accelerates the
rapid spread of MDR, posing a severe threat to public health (35).

Multi-drug resistant ESBL-EAEC infection correlates with
extensive clinical diarrheal cases among animals and humans,
especially the rising occurrence of extended-spectrum beta
lactamase (ESBL)-producing isolates (36). Here, we aimed
to attenuate the suffering post ESBL-EAEC infection among
neonatal calves by investigating specific antibiotic alternative
or synergist with the aim of blocking further resistance
dissemination. Thus, we directly isolated clinical ESBL-EAEC
from neonatal calves in conventional pasture, which had been
proved to harbor MDR genes and enterotoxin EAST1. Of note,
ESBL-EAEC strains with highly-expressed EAST1 have been
proved to result in diarrhea principally in humans, and then
set up bacterial rapid adaption and propagation among calves,
piglets, and the other animals (37). For the most part, ESBL-
EAEC infections are asymptomatic carriage and self-limiting
among host, but some external factors, such as colostrum,
diets, and environmental microorganism community, correlate
closely to the development and progression of calf diarrhea (1).
Currently, we only separated EAEC strains due to geographical
restrictions and limited large ranch opening permissions. So,
the data could only reveal the antibacterial effects of GA
on ESBL-EAEC.

We will surely proceed the further investigations of the effects
of GA on the pathogenesis of other DEC strains thoroughly
in our subsequent clinical research, along with the isolations
of these stains from calves of other conventional pastures
in the other parts of China. This is to systematically clarify
whether GA provided superiorly antibiotic alternative for early
intervention of improving young ruminant healthcare with
reduced DEC transmission.

Diet composition correlates the alterations of gut microbial
diversity in those young ruminants (38). Herein, neonatal calves
of this trial were only fed milk replacer (same intake of the
same age), and neonatal mice were fed with breast milk of
littermate female mice, thus detecting the specific host regulators
that affected the occurrence and progression of ESBL-EAEC
infection. To illustrate how did ESBL-EAEC affect gut microbiota
accurately, the bacterial compositions among H_1, H 2, D_1,
and D_2 groups were compared by time periods. Of interest,
diarrhea cases mostly occurred in newborn calves between 4 to
11 days of age during our 3-week time-period study. Although
the relative abundance of total bacterial genus showed no obvious
difference among groups, and the shannon or simpson index
was similar in both H_1 vs H_2 and D_1 vs D_2 phases, but
distinct gut microbiome structures were detected. Importantly,
gut commensal bacteria are closely linked to host nutrient
acquisition, immune recognition, and pathogen exclusion, thus
acting as a ligament between endogenous and exogenous factors
(39, 40). Here, our observations demonstrated that ESBL-
EAEC infection promoted the diarrhetic process by altering the

compositions of gut microbiota, including a severe reduction
in the abundance of Coriobacteriaceae and Ruminococcaceae,
which could be deemed the indicator phylotypes of active
intestinal tract as revealed by LEfse analysis of H_1 vs D_1
and H_2 vs D_2 groups. Consistently, similar change in gut
microbiota has been validated in inflammatory bowel diseases
(IBD) patients (41). Meanwhile, diarrheal calves were associated
with dominant Streptococcus and Halomonas in D_1 and D_2
respectively. Notably, the hindgut microbial was dominated by
lactic acid bacteria, including Lactobacillus, Streptococcus, and
Bifidobacterium, as indicated by abundant lactic acid in diarrheal
groups, which were attributed to the prominent position of
hindgut fermentation in metabolizable energy supply during the
1 weeks after birth (42).

Plunged commensal bacteria Collinsella and Coriobacterium
strongly correlated with the reduced GA over the whole
time period. However, the inherent influential mechanisms
of these two bacteria on GA production remained elusive.
Importantly, our results revealed higher prevalence of SCFA-
producing bacteria belonging to Ruminococcaceae (containing
Faecalibacterium and Butyricicoccus) in healthy calves (43-
46), with higher concentrations of acetic acid, propionate acid,
butyric acid, isobutyric acid, valeric acid, and isovaleric acid in
healthy groups. Thus, the beneficial effects of SCFA on the gut
mucosal immune responses also provided adjunctive effects on
the fight against ESBL-EAEC infection (47, 48). Future studies
are warranted to reveal the specific microbiological mechanism
behind GA metabolisms, and synergism of GA and SCFA
regeneration in anti-bacterial effects.

It is well-known that polyphenols are major sources of natural
health products which are conducive to human healthcare
(49, 50). As an active phenolic acid in dietary polyphenols,
GA (trihydroxybenzoic acid), is a widely distributed secondary
metabolite present in various vegetables, fruits, and herbal
medicines (6). In addition, GA, 4-hydroxybenzoic acid, vanillic
acid, protocatechuic acid, and syringic acid are hydroxybenzoic
derivatives. Unfortunately, just like the other polyphenol
components, GA and its derivatives can be quickly absorbed
in gut lumen, accompanied with rapid metabolism and a high
elimination rate in vivo, thus inducing poor oral bioactivity (51).
Thus, development of sustained or controlled-release oral dosage
form for GA is urgently needed. Over the past few years, limited
evidence indicated that GA markedly improved ulcerative colitis
(UC) via affecting gut microbiota composition and their derived
metabolites in mice (52). On the other hand, GA has been related
with worsen disease in colorectal cancer. GA administration
specifically impaired the ability of mutant p53 to suppress
hyperactivation of Wingless-type MMTYV integration site family
(WNT) pathway and continuous presence of GA was required
to prevent the tumor-suppressive property of mutant p53 in
jejunal organoids, which opened up possible preventive and
therapeutic options for cancer (53). However, the exact molecular
mechanism of how treatment with GA overrides the WNT-
blocking effect of mutant p53 remains unclear. Importantly, GA
has potent antimicrobial activities against Escherichia-Shigella,
Eumycetes, and influenza A virus infections (12, 54, 55). However,
there is no adequate evidence to confirm the effectiveness of
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GA in ESBL-EAEC infection. Here, GA intervention suppressed
ESBL-EAEC growth in a dose-dependent manner in vitro, which
was similar to previous publications. Fecal GA was significantly
enriched in the two stages of healthy calves, indicating its
lasting protective effect on the occurrence and progression of
those infection cases in their early lives. Actually, GA synthesis
process is a typical enzymatic reaction, mediated by various
gut microbes. Tannase is a key microbial enzyme involved
in GA synthesis from gallotannins. Likewise, microbial gallate
decarboxylase induces the transformation from GA to pyrogallol
(56). Herein, according to our KEGG pathway analyses following
16S rRNA sequencing, we detected a relative higher abundance
of bacteria mediating benzoate degradation in both D_1 (D_1
vs H_1, log;FC = —0.2414) and D_2 (D_2 vs H_2, log;FC =
—0.1585) groups (data not shown). Thus, we speculated that GA
to pyrogallol was probably involved in the benzoate degradation
process. Meanwhile, further transcriptome data were necessary
for detecting whether the genes (tannase/gallate decarboxylase)
harbored by some bacterial species were overrepresented or
underrepresented in this analysis. Of note, abundant phenolic
acids, including 4-hydroxybenzoic acid, vanillic acid, and
phthalic acid, had also been displayed in fecal metabolome of
healthy calves, attributing to the same origin of hydroxybenzoic
metabolism and their synergistic effects against infection.
Beyond that, some specific bile acids, SCFA, indoles, and
unabsorbed carbohydrates were also massed in healthy groups,
including ursodeoxycholic acid (UDCA), acetic acid, butyric
acid, rhamnose, and indole-3-propionic acid. Among them,
UDCA, a natural secondary bile acid derived from gut
microbiota, is discovered to possess an excellent effect of colonic
epithelial cell protection against oxidative damage and cell
apoptosis (57). Rhamnose, an important ingredient of suface-
associated exopolysaccharide (EPS) in many probiotics, can
mediate displacement of pathogenic organisms through the
competitive occupancy of adhesion sites and stimulation of the
immune system (58, 59). Indoles belong to gut microbiota-
derived trypotophan metabolites, which can effectively suppress
inflammatory responses (60). Indeed, apart from GA and
SCFA metabolisms, those aforementioned metabolites could
also display probiotic properties against ESBL-EAEC infection.
In other words, GA and gut microbiota have mutual effects:
gut microbiota can mediate GA metabolism, and GA induces
microbiota to a more favorable composition and activity,
including the production of SCFA in the colon. Thus, we will
carry on our study to detect whether enriched GA consequence
of the microbiota composition using feces (from healthy and
diarrheal calves) and gallotannins or benzoic acid in vitro.
Unfortunately, abundant linoleic acid and hippuric acid were
much concerned here. Linoleic acid, dietary polyunsaturated
fatty acids (PUFAs), can serve as key biomarkers for the
progression of UC and gut microbiota dysbiosis, and destroy the
cell membrane of some probiotics (61, 62), which is consistent
with enriched linoleic acid metabolism pathway in our KEGG
analysis. While, concentrated hippuric acid, a protein-bound
uremic toxin, had been closely linked to the upregulation of
pro-inflammatory cytokines and oxidative stress, which could
accelerate the deterioration of disease and indicated its utility

in calf feces as a plausible hallmark of frailty post ESBL-EAEC
infection among neonatal calves (63).

To investigate the alleviated effects of GA on clinical
symptoms and colitis, GA was added to Caco-2 cell culture
directly. GA exposure maintained cell integrity and barrier
function, and suppressed the transcription levels of IL-1f,
with an upregulation of IL-10 and TGF-B expressions post
stimulation of ESBL-EAEC-LPS. Then, oral delivery of GA was
conducted in neonatal mice peritonitis sepsis or oral infection
model, and therapeutic administration of GA ameliorated clinic
symptoms, as shown by reduced mortality, DAI, body weight
loss, and histological damage of mice. Actually, one familiar
innate immune pathway involved in LPS-mediated activation
in intestinal epithelial cells belongs to the NF-«kB signaling
pathway, which induces the transcription of pro-inflammatory
cytokines, including TNF-a, IL-1B, and IL-6 (64). Similar
to previous report (14), GA pretreatment induced repression
of IxkBa phosphorylation and enhanced tight junction. More
importantly, GA reduced the nuclear accumulation of p-STAT3
and degradation of IkBa, as indicated by a significant reduction
in colonic pro-inflammatory cytokines in dextran sodium sulfate
(DSS)-exposed mice (14). Collectively, previous and our data
suggested that GA exerts potentially clinically useful anti-
inflammatory effects through the suppression of NF-kB pathway
and IL-6/p-STAT?3 activation.

Importantly, different animals have completely different
digest system, gut microbiome, number and profile of immune
cells following development or aging-process. Here, we just
detected the anti-ESBL-EAEC effects and colitis alleviation of GA
on neonatal mice. While, we will carry on this research using
neonatal calf infection model, thus detecting the exact molecular
mechanisms of GA on amelioration of hindgut bacterial
disturbance, long-term effect on gut microbes maturation, colitis
attenuation, T-cell maturation of lamina propria, and SCFAs
productions in digesta, thus accelerating the application of GA
in livestock industry.

As a highly effective therapy treating Clostridioides difficile
infection (CDI), inflammatory bowel disease (IBD), and irritable
bowel syndrome (IBS) (65, 66), FMT has been applied to both
monogastric animals (67, 68) and ruminants (69). Similarly,
to previous FMT trials, the beneficial effects of GA-FMT were
further detected in the neonatal mice. Interestingly, GA-FMT
ameliorated clinical symptoms and colitis, which was in
consistent with the prominent effects of oral GA. Importantly,
GA-FMT displayed better alleviated symptoms than CON-
FMT, suggesting that GA-mediated hindgut microbiome
alteration mattered a lot during ESBL-EAEC infection. Here,
GA administration had little impact on bacterial diversity, but
dramatically decreased the relative abundances of Bacteroidetes
and Actinobacteria in neonatal mice. Meanwhile, significant
increases of fecal acetate and butyrate productions post GA
treatment. This could be caused by GA-induced fecal metabolite
alterations, or changes in metabolites correlates to GA intake,
which was similar to a previous study of animal model on the
attenuation of DSS-induced rat UC by GA (52). Therefore, GA
could effectively promote the gut microbiota fermentation of
polysaccharides. Moreover, the nuclear magnetic resonance
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testing data also reveals that GA-induced upregulations of
bile acid metabolism and carbohydrate metabolism, and
significant decline in amino acid metabolism, which was in
consistent with our results (14). FMT had significant accelerative
effects on bacterial community richness. GA-FMT greatly
influenced the microbial structure compared with donors,
which could be attributed to two reasons: one was the existence
of undigested GA in fecal excretion of mice donors, thus
continuously affecting gut microbiota composition of recipients
and dramatically suppressing the growth of Enterobacteriaceae;
the other reason was the probiotic characteristics of fecal
bacteria and changed fecal metabolites, considering that
GA-FMT  dramatically upregulated  Clostridia_UCG-014,
Lachnospiraceae, Oscillospiraceae, and Enterococcaceae, with
enriched SCFA production. On the other hand, the transference
of some microbiota post FMT was apparent, including the
transplantations of Lactobacillaceae from Placebo to Placebo-
FMT groups, and Firmicutes from GA to GA-FMT groups
as revealed by LEfSe results. It could be due to more efficient
transplantations of those bacteria even in the presence of GA.
Remarkable increases of fecal acetate, propionate, and butyrate
productions post GA-FMT suggested the beneficial effects of
GA-FMT on the improvement of hindgut microbiota structure
and enrichment of SCFA-producing bacteria in hindgut. The
above results suggested that GA-FMT had similar effects as
GA itself, underlining the improved hindgut microbiota had
medicinal benefits during ESBL-EAEC infection state. FMT
therapy showed great potential among the most colibacillus
diarrhea therapeutics in the coming future. Based on above
empirical results, we concluded that the direct blockage of
E. coli growth and invasion, improvement of hindgut microbiota
structure, and SCFA generation recovery by GA intervention
were the key reasons accounting for the alleviated effects on gut
microbiota dysbiosis and colitis.

Collectively, multi-omics analyses of fecal samples of
growing neonatal calves revealed the differences of the hindgut
microbiota and fecal metabolites. ESBL-EAEC infection mainly
influenced the gut microbiota structure, particularly for the
collapsed commensal bacteria Collinsella and Coriobacterium,
accompanied by a sharp reduction of GA, reduced SCFA, and
some other critical prebiotics in fecal metabolome. GA exposure
was evidenced to block bacterial growth and invasion processes,
ameliorating hindgut microbiota dysbiosis, clinical symptoms,
and colonic inflammation induced by ESBL-EAEC infections in
neonatal animals. These changes were believed to be achieved by
reconstruction of commensal colonization and upregulation of
SCFA productions, mainly through aggregated Clostridia_UCG-
014, Lachnospiraceae, Oscillospiraceae, and Enterococcaceae.
These findings provided innovative insights into the GA-
mediated attenuation of ESBL-EAEC infections among young
ruminants and would facilitate the reduction of ESBL-EAEC
transmission and antimicrobial usage.
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Supplementary Figure 1 | Gut microbiota assembly of neonatal calves post
extended-spectrum B-lactamase-producing enteroaggregative E. coli
(ESBL-EAECQ) infection. The relative abundance of fecal bacterial phylum (A) and
family (B) represented by 99.5% of the community. The enriched gut microbiota
taxa were shown by linear discriminant analysis (LDA) coupled with effect size
measurements (LEfSe) of H_1 vs D_1 (C) and H_2 vs D_2 (D).

Supplementary Figure 2 | Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis of differentially expressed genes (DEGs) belonging to H_1 vs D_1 (A) and
H_2 vs D_2 (B). Respective name of each KEGG pathway was shown on the left,
and the pathway categories were indicated on the right.

Supplementary Figure 3 | Alterations of fecal metabolome profiles of neonatal
calves post ESBL-EAEC infection. (A) The classifications of total metabolome
compounds in H_1, H_2, D_1, and D_2 groups. The relative abundances of
metabolites in different groups and the corresponding significant changes were
shown. P values were determined using the nonparametric Kruskal-Wallis test.

*p < 0.05, *p < 0.01, **p < 0.001. (B) Three-dimensional Partial Least Squares
Discriminant Analysis (PLS-DA) was used here to cluster the fecal metabolome
profiles of calves. The metabolome profiles for the H_1, H_2, D_1, or D_2 group
was shown in the same color, respectively. (C) KEGG pathway enrichment analysis
associated with the dramatically changed metabolites. Respective name of KEGG
pathway was shown on the left, and the corresponding P value was shown on the
right with a gradient color. P values were acquired following two-side Fisher’s exact
tests with Benjamini-Hochberg correction for multiple testing. (D) Differentiated
metabolites were displayed using random forest supervised machine learning
algorithm among H_1, H_2, D_1, and D_2 groups. Respective name of metabolite
was shown on the left. Top 10 metabolites in fecal samples were shown with
different colors, and the rank values are shown as Mean Decrease Gini.
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Supplementary Figure 4 | Fecal samples cognate metabolomics analyses in
healthy and diarrheic calves. PLS-DA for neonatal calves in H_1 vs D_1 (A), H_2
vs D_2 (B), H_1vs H_2 (C), and D_1 vs D_2 (D). H, healthy calves; D, diarrheic
calves.

Supplementary Figure 5 | Differentiated fecal metabolomics analyses from
healthy and diarrheic calves representing by volcano maps. Enriched metabolites
were identified by analyses with Fold Change (FC) values >1 (Jlog2FC|>0) and P
values of <0.05. Significant upregulation and downregulation of metabolites were
shown separately in red and blue. Metabolites with no obvious changes (Noise)
were displayed in gray. The distinguished metabolites of H_1 vs D_1 (A), H_2 vs
D_2 (B), H_1 vs H_2 (C), and D_1 vs D_2 (D) were respectively shown. Each
counting numbers of upregulated or downregulated metabolites were shown on
the right.

Supplementary Figure 6 | Relative expression levels of inflammatory cytokines in
neonatal mice peritonitis sepsis model. Serum levels of IL-18 (A,B) and IL-10 (C,D)
assessed by ELISA. Colonic mRNA levels of five representative cytokines, namely,
IL-1B (E,F), IL-6 (G,H), IL-10 (1,J), TGF-B (K,L), and TNF-a (M,N), assessed by
gRT-PCR. Data were presented as means + SEM. Statistical significance was
analyzed using unpaired t-test. *p < 0.05, **p < 0.01, **p < 0.001.

Supplementary Figure 7 | Relative expression levels of inflammatory cytokines in
neonatal mice oral infection model. Serum levels of IL-18 (A) and IL-10 (B)
assessed by ELISA. Colonic mRNA expression levels of five representative
cytokines, namely, IL-18 (C), IL-6 (D), TNF-a (E), IL-10 (F), and TGF-B (G),
assessed by qRT-PCR. Data were presented as means + SEM. Statistical
significance was analyzed using unpaired t-test. *p < 0.05, **p < 0.01, **p <
0.001.

Supplementary Figure 8 | The suppressive effect of oral gallic acid (GA) on E.
coli 15687 colonization in neonatal mice sepsis (A) and oral infection (B) models.
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