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Abstract: Fruits such as apples are a dietary source of polyphenols and have health benefits. We
studied the benefits of apple polyphenols in reducing intestinal infections. We explored the poten-
tial roles of apple polyphenols in combating Clostridioides difficile-induced intestinal infections by
modulating the intestinal microbiota and metabolism in our study. Mice fed with apple polyphenols
exhibited higher survival rates and improved diarrhea symptoms in a C. difficile infection mouse
model given once-daily apple polyphenol extract (200 or 400 mg/kg bw) or phosphate-buffered saline.
Feeding polyphenols enhanced anti-inflammatory effects and colon barrier integrity. In addition,
apple polyphenols mitigated intestinal microbiota disorders in C. difficile infection, modulating the
intestinal microbiota and increasing the abundance of beneficial microbiota. Apple polyphenols also
improved fecal metabolic alterations in C. difficile-infected mice and modulated the expression of
pathways related to intestinal inflammation. Our results suggest that apple polyphenol extract is
a potential prebiotic agent that affects the intestinal microbiota and metabolism, thereby positively
influencing intestinal infections.
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1. Introduction

A stable gut microbial community protects against Clostridioides difficile [1], but broad-
spectrum antibiotics destroy the natural microbiota, allowing pathogens to multiply and
causing C. difficile infection (CDI) [2]. The infection is associated with dysbiosis of the
intestinal microbiota with antibiotic use [3], and there is a loss of multiple short-chain fatty
acid (SCFA) producing bacteria in C. difficile patients [4].

Diet can affect the composition and function of the gut microbiota and greatly influ-
ences the formation of the microbial structure. Prebiotics are indigestible food components
that stimulate the growth of beneficial intestinal bacteria, including Bifidobacteria and
Lactobacilli, and thus benefit host health [5]. Prebiotics can influence the composition of
the host’s intestinal microbiota and improve inflaimmation and associated metabolic disor-
ders in the organism. In recent years, with the expansion of relevant research, scientists
have discovered that some plant actives can act as prebiotics; they can regulate the host’s
intestinal metabolism and microbiota. Phenolic substances and phytochemicals are con-
sidered prebiotics with the proposed definition [6]. Dietary polyphenols are secondary
metabolites found in foods, such as fruits, vegetables, and tea [7]. They are currently
widely studied due to their antioxidant and anti-inflammatory characteristics [8] and are
beneficial to commensal bacteria while inhibiting potential pathogens, such as C. difficile [9].
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Dietary polyphenols can provide indirect protection of its immunomodulatory and anti-
inflammatory role by activating endogenous defense systems, such as NF-«B activation
and PI3K/ Akt pathways [10].

Apple polyphenols are compounds with a variety of health-promoting properties
and attracted widespread interest for the health benefits. As a dietary supplement, apple
polyphenol extract (APE) has various beneficial effects on humans. Although the compo-
sition of the gut microbiota would influence the metabolism of apple polyphenols, apple
polyphenols and its metabolites can also alter the diversity and composition of the micro-
biota. It can protect ulcerative colitis [11] and hepatic steatosis by gut microbiota [12]. The
main active constituents of apple polyphenols include phloretin and chlorogenic acid [13].
Apple polyphenols can reduce the oxidative stress and attenuate the inflammatory response
by reducing the level of cytokines [14]. APE is safe and has little toxicity at the dietary
level [15]. The specific composition and immunomodulatory activity of apple polyphenols
are still being studied.

The objective of this study was to explore the interaction mechanism of apple polyphe-
nols and gut microbiota to affect C. difficile-induced intestinal infection. In this work, the
role and mechanism of APE were assessed using a CDI mouse model. We analyzed the
protective effect of different doses of APE against CDI and its effects on the regulation of
the inflammatory response, intestinal barrier, transcriptome, and metabolism; in addition,
the gut metabolic structure was also assessed by SCFAs.

2. Materials and Methods
2.1. Animal Experiments

APE (purity > 80%) was purchased from JF-Natural (Tianjin, China) [16]. Female
C57BL/6 mice were randomly divided: the NC group (N = 8), control uninfected mice;
the CDI group (N = 12), infected mice that received pretreatment with antibiotics and
C. difficile attack on day 0; the LAP group (N = 10), infected mice managed with APE at
200 mg/kg/day; and the HAP group (N = 10) with APE at 400 mg/kg/day. The CDI
and NC groups were accordingly administered with phosphate-buffered saline (PBS).
As the infection model previously described [17], the five-day antibiotics of kanamycin,
gentamicin, colistin, metronidazole, and vancomycin were mixed in daily water (Figure 1A).
It was switched to normal water for 2 days and received clindamycin (10 mg/kg body
weight, ip) for 1 day. Further infection with 10% colony-forming units of the C. difficile strain
VPI 10463 (ATCC 43255) was then administered by oral feeding. The body weight and
clinical symptoms of mice after infection were detected.

2.2. Histopathological Analysis

Colon tissue was fixed in formalin. Sections were stained with hematoxylin and eosin
(H&E). The neutrophil and macrophage of the colon tissue were observed using Ly6G and
F4/80 immunostaining. The intestinal barrier of the colonic tissue was observed by ZO-1
immunofluorescence staining [18].

2.3. Hematological Assays
The serum concentrations of several cytokines were measured using a Bio-Plex Cy-

tokine Panel (Bio-Rad, Hercules, CA, USA). Lipopolysaccharide (LPS) binding protein
(LBP) ELISA kit (Abcam, Cambridge, UK) were used to assess serum inflammation [19].

2.4. Quantitative Real-Time PCR (RT-qPCR)

Total RNA extraction was carried out using an RNeasy Plus Mini Kit (Qiagen, Valen-
cia, CA, USA). RT-qPCR was detected on a VIIA7 RT-PCR system (Applied Biosystems,
Waltham, MA, USA). The mRNA level was normalized to 3-actin. The primer information
is listed in Supplemental Table S1 [20].
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Figure 1. Effects of APE on C. difficile-infected mice. (A) Experimental design. (B) Body weight
change. (C) Survival curve. (D) Appearance of colon. (E) H&E staining images of colonic tissues of
mice in each group. PBS, phosphate-buffered saline.

2.5. Microbial Community Analysis

Microbiota analysis was performed on fecal samples collected prior to execution at
day 6. DNA was extracted from feces using a DNA Kit (Qiagen, Valencia, CA, USA). A
universal primer (Supplementary Table S1) was used to amplify the V3-V4 of the 16S
rRNA gene. An [llumina NovaSeq platform (Illumina, San Diego, CA, USA) was used for
PCR amplification, library preparation, and DNA sequencing [21]. Raw sequences were
trimmed, filtered, and then merged. QIIME 2 software was used for amplicon sequence
variant assignment, clustering, etc., and subsequent microbial diversity and differential
enrichment [22]. The sequencing data were uploaded to the SRA database (PRJNA868051).

2.6. Metabolic Analysis

Gas chromatography—mass spectrometry (GC-MS) was used for the metabolic analysis
of cecum contents. The processed samples were prepared as previously mentioned [23]
and then analyzed using an Agilent 7890B-5977B GC-MS system (Agilent, Santa Clara, CA,
USA). Metabolites were identified by NIST and further analyzed.

For the quantitative analysis of SCFAs in cecum contents, the samples were mixed
with water, vortexed, centrifuged, and mixed with ethyl acetate. After centrifugation, the
supernatant was incubated and then transferred to sample tubes for further analysis [20].

2.7. Transcriptome Analysis

Colon RNA quantification, library creation, and sequencing were performed as previ-
ously described [21]. The differential expression of genes between groups was analyzed
by the R package DESeq2 [24]. The statistical enrichment of Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways was performed based on the differentially expressed
genes [25]. The data of RNA sequencing are available at the SRA database (PRJNA868109).



Metabolites 2022, 12, 1042

4 of 14

2.8. Statistical Analysis

Data are expressed as mean & SEM. Statistical analyses were performed using ANOVA
or Student’s ¢ test with SPSS (version 20.0; SPSS, Chicago, IL, USA). Statistical significance
was defined by p value < 0.05.

3. Results
3.1. APE Reduces Colitis in C. difficile Infection

To explore the benefits of APE in vivo, we constructed a mouse model (Figure 1A) and
treated it with 200 mg/kg and 400 mg/kg bw of APE daily. The results showed that APE
significantly protected against C. difficile-induced colitis in mice (Figure 1D). Compared
with the NC group, mice after C. difficile attack exhibited significant symptoms of infection,
including weight loss, arching of the back, and wet tail. In contrast, APE attenuated
the clinical signs in infected mice, which could be ameliorated by changes induced by
colitis, including weight loss (Figure 1B), diarrhea, morbidity, and mortality (Figure 1C).
Meanwhile, the HAP group showed less mortality than the LAP group. Histopathological
examination was consistent with these findings, with reduced colonic crypt cells, thinning
of the lamina propria, and unhealthy villi in the CDI group. The results of the H&E analysis
of colon sections after APE intervention showed a significant reduction in tissue damage
and inflammation, with more intact villi and less structural damage after polyphenol
treatment (Figure 1E). H&E staining showed that APE prevented intestinal inflammation
and that colon pathology scores were alleviated after APE treatment compared with the
CDI group (Figure 1E, Supplementary Figure S1).

3.2. Effects of APE on Microbiota Community Composition

16S rRNA sequencing of the intestinal microbiota was carried out to analyze the
bacterial community composition and to analyze the changes in intestinal microbiota
associated with C. difficile-induced infection and the effects of APE on intestinal microbiota.
To assess alpha diversity, lower microbiota richness (Chaol) was observed in the CDI group
with respect to the healthy mice (Figure 2A). These results suggest that infection reduced
the microbiota richness. After APE treatment, comparing the HAP and LAP groups with
the CDI group, the Chaol index of the HAP group increased (x-diversity), which showed
that the HAP group increased richness. Weighted UniFrac and unweighted UniFrac were
used to assess the overall microbiome composition (Figure 2B). The principal component
analysis (PCoA) plot results showed that the microbial communities after APE treatment
were significantly different from those in the NC and CDI groups.

To further explore the key bacteria associated with C. difficile infection and APE
treatment, we performed linear discriminant analysis effect size (LEfSe) analysis. The
CDI group was enriched in Enterobacteriaceae, Peptostreptococcaceae, and Enterococcaceae
compared with the NC group (Figure 2C). In addition, infection reduced the abundance
of Muribaculaceae, Lactobacillaceae, and Prevotellaceae. However, after the intervention with
APE, the reduction in Bacteroidota and the increase in Proteobacteria were partially reversed
(Figure 2D, Supplementary Figure 52). At the same time, APE increased the levels of
Lactobacillaceae. Lactobacillaceae was associated with improved intestinal inflammation.
Figure S3 showed the comparison of the taxonomic abundance (phylum, family, and genus).
Similar to the LEfSe results, the APE treatment regulates the abundance of beneficial and
harmful intestinal microbiota. The results suggest that intervention with apple polyphenols
can mitigate the microflora disorder caused by C. difficile infection.
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Figure 2. APE intervention changed the structure of intestinal microbiota. (A) Chaol index. (B) PCoA
plots based on weighted UniFrac (left) and unweighted UniFrac (right). (C) LEfSe branching plot

between NC and CDI groups. (D) LEfSe branching plot between CDI and HAP groups. Data are
expressed as mean + SEM.
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3.3. APE Protects the Integrity and Function of the Intestinal Barrier

C. difficile infection disrupts the intestinal barrier [26] and increases intestinal perme-
ability, so we further evaluated the benefits of APE on the intestine. We detected the colon
mRNA expression (ZO-1 and occludin) to assess the intestinal barrier function. The barrier
of the infected intestine was damaged, as evidenced by the reduced expression of ZO-1
and occludin (Figure 3A,B). This was improved by APE intervention, which showed an
increase in ZO-1 and occludin. Meanwhile, we further analyzed the ZO-1 expression by
immunofluorescence analysis (Figure 3D), and the results were consistent with the trend
of mRNA levels. LBP is a marker of LPS [27], so we also measured the serum LBP level.
The results showed that the LBP level after apple polyphenol intervention was reduced
(Figure 3C), and APE may improve the upregulation of LPS levels induced by C. difficile
infection. Therefore, the damage to the intestinal barrier caused by the C. difficile toxin was
protected by APE intervention.
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Figure 3. APE protects intestinal barrier function. (A,B) Relative mRNA expression of ZO-1 and
occludin in colon tissue. (C) Serum LBP levels. (D) Representative immunofluorescence staining of
ZO-1 in the colon. Data are expressed as mean + SEM. ** p < 0.01, *** p < 0.001.

3.4. APE Attenuates C. difficile-Induced Systemic and Local Inflammatory Responses

The C. difficile toxin induces an inflammatory response in the organism, leading to
cytokine expression [28]. Our results showed that serum concentrations of inflammatory
cytokines (Figure 4A-F), such as IL-6, IL-1a, TNF-«, IL-10, G-CSEF, and MCP-1, were
upregulated in the CDI group with respect to the NC group. After APE intervention, the
levels of cytokines in the LAP and HAP groups declined, whereas the high-dose APE
group showed better efficacy than the low-dose group. Cytokines are closely related to
inflammatory cells, and toxins lead to the aggregation of macrophages and neutrophils in
the colon [29]. Furthermore, we evaluated macrophages (F4/80+) and neutrophils (Ly6G+)
in colon tissue (Figure 4G), and immunohistochemistry displayed that the CDI group was
infiltrated with macrophages and neutrophils, which was ameliorated by APE.
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Figure 4. APE attenuated C. difficile-induced inflammatory. (A-F) Expression of cytokines (IL-6, IL-1«,
TNF-«, IL-10, G-CSE, and MCP-1) in serum. (G) Immunohistochemical staining of colonic tissues for
F4/80 and Ly6G indices. Data are expressed as mean £ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.5. Effects of APE on C. difficile-Induced Metabolic Disorders

To determine the effects of APE on the intestinal metabolome, we analyzed cecum
contents using GC-MS. A partial least squares—discriminant analysis (PLS-DA) plot showed
that the LAP, HAP, CDI, and NC groups were significantly separated in metabolism
(Figure 5A), presenting the metabolic differences. An orthogonal PLS-DA (OPLS-DA) plot
presented the different profiles between groups (Figure 5B and Supplementary Figure S4).
Based on the metrics, variable importance in the projection (VIP), fold changes, and p values,
we screened for differential metabolites between the CDI and HAP groups (Figure 5C,
Supplementary Figure S5), which showed that 81 metabolites were significantly upregu-
lated and 19 metabolites were downregulated in the HAP group compared with the CDI
group. The heatmap (Figure 5C) shows the differential metabolites involved in pathways
including lipid, amino acid, and carbohydrate metabolism. Moreover, Figure S6 shows
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the heatmap of metabolites among the four groups. KEGG pathway enrichment analysis
screened the CDI and HAP groups for major metabolic pathways (Figure 5D), including
tyrosine metabolism, arginine biosynthesis, phenylalanine, tyrosine and tryptophan biosyn-
thesis, protein digestion and absorption, and the mTOR signaling pathway. L-arginine, a
metabolite related to arginine metabolism, was significantly increased in the HAP group.
L-tryptophan and phenylacetic acid were decreased in the HAP group.
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Figure 5. APE attenuated C. difficile-induced metabolic disorders. (A) PLS-DA shows metabolic
structures of different groups. (B) OPLS-DA plot comparing groups. (C) Heatmap of differential
metabolites between HAP and CDI groups. (D) KEGG pathway enrichment map. Circle size shows
the number of enriched metabolites, and color scale represents p value.

We also quantified the SCFA levels in the cecum of mice (Supplementary Figure S5).
As shown in Figure S7, the concentrations of SCFAs in the NC and CDI groups were
significantly different between acetic acid, butyric acid, propionic acid, and valeric acid.
Oral administration of APE significantly increased the levels of SCFAs compared with the
CDI group.

3.6. APE Protects against Changes in Colon Transcriptional Regulation

Furthermore, the gut microbiome regulates host immune defenses in addition to
colonization resistance. Transcriptome sequencing (RNA-seq) analysis was performed
on colon tissue to determine which networks may be associated with the benefits of
polyphenols. Deep sequencing was applied to determine the overall expression differences
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between the control and treated groups (NC = 3, CDI = 3, HAP = 3). Using the criteria
of Ilog2 (fold change) I>1and P ,4; < 0.05, we analyzed genes that significantly differed
both between the NC and CDI groups and between the CDI and HAP groups to analyze
the genes in the colon tissue that were altered by C. difficile infection but mitigated by APE
(Figure 6A). First, apple polyphenols attenuated the C. difficile-induced upregulation of
94 gene transcripts in the colon tissue, including chemokines for neutrophil and monocyte
recruitment (Cxcl5, Cxcl1, Cxcl13), inflammation-related genes (Ly6a, Ly6c1, Lbp, Lcn2), im-
munomodulation (Ighv1-54, Cd14), and oxidative stress (Hifla, Hif3a, Hspal2a). Second, the
downregulation of C. difficile-induced transcription of 157 genes was also attenuated with
apple polyphenols, including lipid metabolism (Apol7c, Hsd3b2, Hsd3b3), intestinal barrier
function (Muc2, Muc3a, Ms4a7), and immune response (Ccl5, Cd3g, Cd74, Ighv10-3, Ighv1-20,
Ighv5-6, Igkv4-57, Igkv5-39, Igkv8-19). The results of the pathway enrichment analysis of
differentially expressed genes using KEGG revealed differential pathways between the
CDI and NC groups, including extracellular matrix (ECM)-receptor interaction, protein
digestion and absorption, calcium signaling pathway, glycosaminoglycan biosynthesis-
keratan sulfate, and arginine and proline metabolism (Figure 6B). Differential pathways
between the HAP and CDI groups included focal adhesion and ECM-receptor interaction
(Figure 6C).
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Figure 6. Partial reversal of transcriptional regulatory changes by apple polyphenol treatment.
(A) Heatmap of differentially expressed genes among the 3 groups. (B) KEGG map of differentially
expressed genes between CDI and NC groups. (C) KEGG map of differentially expressed genes
between CDI and HAP groups. Circle size shows number of genes enriched in the pathway, and
color scale represents p value.
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4. Discussion

The concept of health promotion and disease prevention is important. C. difficile
infection threatens the human health, and intestinal microbiota disorders are associated
with the occurrence of CDI [30]. Through the gastrointestinal tract, unmodified polyphe-
nols (90-95%) accumulate at high concentrations in the colon and are then degraded by
the intestinal microbiota into numerous lower molecular compounds [31]. It is therefore
worthwhile to investigate how dietary polyphenols can modulate the intestinal microbiota
and metabolism to prevent and treat disease. In our study, gut microbiota and metabolism
exert the beneficial effects of APE. Furthermore, APE treatment increased intestinal mi-
crobiota abundance in CDI mice, with a significant increase in the relative abundance
of Lactobacillaceae and a lower relative abundance of Enterococcus and Enterobacteriaceae.
The mechanism by which APE ameliorates infection is associated with the regulation of
immune, infection, and metabolic pathways.

Our study showed that APE can restore the dysbiosis of intestinal microbiota caused
by C. difficile. Polyphenols can be biotransformed into metabolites in the intestine and
promote the number of beneficial bacteria and relatively reduce the growth of pathogenic
bacteria [32]. Therefore, based on the improvement of intestinal inflammation by APE,
it is reasonable to speculate that APE exerts its metabolic functions mainly through the
regulation of intestinal microbiota and their metabolites. C. difficile infection led to a decline
in microbial diversity, and APE increased the richness. In general, the ratio of Proteobacteria
to Bacteroidota reflects the gut microbiota balance and its relationship to inflammation [33].
APE significantly reduced the increase in the ratio of Proteobacteria to Bacteroidota caused by
CD], suggesting that APE may suppress inflammation by maintaining intestinal microbiota
homeostasis. In addition, Bacteroidota could provide most of the acetate and propionate.

In addition, previous pieces of evidence support the role of SCFAs as key molecules
mediating the interaction between microbial and host metabolism, and SCFA-producing
bacteria (such as Muribaculaceae and Lactobacillaceae) have attracted the attention of re-
searchers [34,35]. Our study showed that some of the bacteria causing microbiome changes
were Lactobacillaceae, which were substantially reduced after antibiotic treatment, suggest-
ing the ability of strong suppressors for C. difficile [36]. Various intestinal microorganisms
promote the metabolism transformation of the indigestible carbohydrates into different SC-
FAs. The chemical properties of SCFAs are well-documented, and their health effects have
been widely demonstrated [37]. These substances can act through a variety of metabolic
pathways in the intestine and distant sites, such as the muscle, liver, and brain [38]. In
addition, butyrate also improves the intestinal barrier through hypoxia-inducible factor 1
(HIF-1), whose overexpression improves the barrier function and reduces inflammation
in intestine, thus providing protection against C. difficile [39]. In particular, Lactobacillaceae
are a major bacterial family in many mammalian gut microbial communities, and the
host receives benefits from many members of this family [40]. Members of this family are
also resistant to colonization by C. difficile [41], which is an inhibitor of C. difficile growth.
Thus, Lactobacillaceae appear to fight C. difficile through independent mechanisms, including
resource competition and inhibitory SCFA and secondary bile acid production [42]. In
our study, infection resulted in an increase in oligopeptides and free amino acids associ-
ated with C. difficile germination in the canal lumen and, when combined with the loss of
Lactobacillaceae, had a selective advantage over C. difficile.

The microbiota and its metabolites exist close to the intestinal epithelium, which
separates the host from the outside. The epithelial barrier is formed by tight junctions,
such as claudins, ZO-1, and occludin [43]. Our results show that APE ameliorates colonic
pathological damage, protects the intestinal barrier, and suppresses the intense cytokine
inflammatory response in infected mice. In addition to blocking inflammation, intestinal
permeability is prevented by certain microbial metabolites that enhance the barrier function.
It would be advantageous to treat CDI with such microbial metabolites. Therefore, the
consumption of a polyphenol-rich diet is necessary but not sufficient for their health
effects; microorganisms that convert polyphenols into beneficial metabolites must also be
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present. Physiological processes are largely unknown to the targets or pathways of these
microbial metabolites.

Disturbances in intestinal metabolism are closely associated with the progression of
C. difficile infection. For example, various amino acids and primary bile acids promote
spore germination, but secondary bile acids inhibit spore germination [44]; fermentation
of amino acids or carbohydrates affects growth [45]. Metabolites produced by the gut
microbiota can make close communication with the organism as well [46]. Our results
showed that disordered metabolites such as L-arginine were improved by APE intervention,
and pathway enrichment showed improvement in metabolic pathways such as arginine
biosynthesis. Another study showed that the expression of arginine and ornithine metabolic
pathways is increased in mice resistant to C. difficile infection [47]. Cecum contents also
indicated a positive modulatory effect of APE on C. difficile infection.

Microorganisms and the host immune system actively interact in the intestine, and the
gut microbiota plays a key role in establishing immune homeostasis [48]. We explored the
mechanism of APE protection against C. difficile infection by transcriptomics. In contrast to
our serologic and pathologic results showing improvement in inflammation and immune
damage after APE treatment, the transcriptomic results showed that polyphenols modu-
lated inflammation-related genes in the organism after intervention. C. difficile infection
caused alterations in pathways such as immune system pathways and cellular signal trans-
duction pathways [49]. The improvement of these pathways after APE treatment suggests
that immunomodulatory mechanisms of APE influence alterant metabolites, immunity,
and maintenance of physiological activities in infected mice.

Our experiment has some shortcomings. We did not collect feces before the antibiotic
treatment and analyze the microbiota structure before and after modeling, which will be
remedied in later experiments.

5. Conclusions

Our study examined the therapeutic effects and mechanisms of APE on CDI. A positive
therapeutic effect of APE on CDI was demonstrated in our study, and CDI mice treated
with APE exhibited delayed disease progression and a significant reduction in disease
severity. In addition, APE treatment significantly improved the structural and metabolic
changes in the disordered intestinal microbiota. The data indicate that APE is effective
in reducing CDI clinical signs, inhibiting proinflammatory cytokines, and increasing anti-
inflammatory cytokines by altering the intestinal microbiota. More efforts are needed to
develop a theoretical framework for the exploitation of apple resources in-depth based on
our findings.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /metabo12111042/s1, Figure S1: H&E scores of colonic tissues
of mice in each group, Figure S2: Linear discriminant analysis (LDA) effect size (LEfSe) analysis
among LAP and CDI groups, Figure S3: Relative abundance of abundant taxa at phylum, family,
and genus level, Figure S4: OPLS-DA plot showing metabolic profiles of CDI and LAP groups,
Figure S5: Heatmap of differential metabolites between HAP and CDI groups, Figure S6: Heatmap
of differential metabolites between groups, Figure S7: Levels of SCFAs between different groups;
Table S1: PCR primers.

Author Contributions: L.L. (Lanjuan Li): conceptualization and writing—review and editing; Z.W.:
writing—original draft; Q.X.: data curation; A.L.: formal analysis; L.L. (Longxian Lv): methodology.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (82000491,
81790631); National Key Research and Development Program of China (2018YFC2000500); and
Research Project of Jinan Microecological Biomedicine Shandong Laboratory (JNL-2022001A).

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Experimental Ethical Inspection of The First Affiliated Hospital, Zhejiang University (Zhejiang,
China) (2022-1123).


https://www.mdpi.com/article/10.3390/metabo12111042/s1
https://www.mdpi.com/article/10.3390/metabo12111042/s1

Metabolites 2022, 12, 1042 12 of 14

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

Britton, R.A.; Young, V.B. Role of the intestinal microbiota in resistance to colonization by Clostridium difficile. Gastroenterology
2014, 146, 1547-1553. [CrossRef] [PubMed]

Theriot, C.M.; Koenigsknecht, M.].; Carlson, PE., Jr.; Hatton, G.E.; Nelson, A.M,; Li, B.; Huffnagle, G.B.; Li, J.Z.; Young, V.B.
Antibiotic-induced shifts in the mouse gut microbiome and metabolome increase susceptibility to Clostridium difficile infection.
Nat. Commun. 2014, 5, 3114. [CrossRef] [PubMed]

Buffie, C.G.; Bucci, V.; Stein, R.R.; McKenney, P.T,; Ling, L.; Gobourne, A.; No, D.; Liu, H.; Kinnebrew, M.; Viale, A.; et al. Precision
microbiome reconstitution restores bile acid mediated resistance to Clostridium difficile. Nature 2015, 517, 205-208. [CrossRef]
[PubMed]

Gu, S; Chen, Y,; Zhang, X.; Lu, H.; Lv, T,; Shen, P; Lv, L.; Zheng, B.; Jiang, X.; Li, L. Identification of key taxa that favor intestinal
colonization of Clostridium difficile in an adult Chinese population. Microbes Infect. 2016, 18, 30-38. [CrossRef]

Gibson, G.R.; Roberfroid, M.B. Dietary modulation of the human colonic microbiota: Introducing the concept of prebiotics.
J. Nutr. 1995, 125, 1401-1412. [CrossRef]

Gibson, G.R.; Hutkins, R.; Sanders, M.E.; Prescott, S.L.; Reimer, R.A.; Salminen, S.J.; Scott, K.; Stanton, C.; Swanson, K.S.;
Cani, PD.; et al. Expert consensus document: The International Scientific Association for Probiotics and Prebiotics (ISAPP)
consensus statement on the definition and scope of prebiotics. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 491-502. [CrossRef]
Ozdal, T; Sela, D.A.; Xiao, ].; Boyacioglu, D.; Chen, F.; Capanoglu, E. The Reciprocal Interactions between Polyphenols and Gut
Microbiota and Effects on Bioaccessibility. Nutrients 2016, 8, 78. [CrossRef]

Cory, H.; Passarelli, S.; Szeto, ].; Tamez, M.; Mattei, ]. The Role of Polyphenols in Human Health and Food Systems: A Mini-Review.
Front. Nutr. 2018, 5, 87. [CrossRef]

Duda-Chodak, A.; Tarko, T.; Satora, P.; Sroka, P. Interaction of dietary compounds, especially polyphenols, with the intestinal
microbiota: A review. Eur. |. Nutr. 2015, 54, 325-341. [CrossRef]

Yahfoufi, N.; Alsadi, N.; Jambi, M.; Matar, C. The Inmunomodulatory and Anti-Inflammatory Role of Polyphenols. Nutrients
2018, 10, 1618. [CrossRef]

Liu, F; Wang, X.; Li, D.; Cui, Y,; Li, X. Apple polyphenols extract alleviated dextran sulfate sodium-induced ulcerative colitis in
C57BL/6 male mice by restoring bile acid metabolism disorder and gut microbiota dysbiosis. Phytother. Res. 2021, 35, 1468-1485.
[CrossRef] [PubMed]

Yin, Y.;; Li, D; Liu, F; Wang, X.; Cui, Y; Li, S.; Li, X. The Ameliorating Effects of Apple Polyphenol Extract on High-Fat-Diet-
Induced Hepatic Steatosis Are SIRT1-Dependent: Evidence from Hepatic-Specific SIRT1 Heterozygous Mutant C57BL/6 Mice.
J. Agric. Food Chem. 2022, 70, 5579-5594. [CrossRef] [PubMed]

Boyer, J.; Liu, R.H. Apple phytochemicals and their health benefits. Nutr. J. 2004, 3, 5. [CrossRef] [PubMed]

Xu, Z.-R.; Li, J.-Y,; Dong, X.-W.; Tan, Z.-].; Wu, W.-Z,; Xie, Q.-M.; Yang, Y.-M. Apple Polyphenols Decrease Atherosclerosis and
Hepatic Steatosis in ApoE-/- Mice through the ROS/MAPK/NF-kappaB Pathway. Nutrients 2015, 7, 7085-7105. [CrossRef]
[PubMed]

Shoji, T.; Akazome, Y.; Kanda, T.; Ikeda, M. The toxicology and safety of apple polyphenol extract. Food Chem. Toxicol. 2004,
42,959-967. [CrossRef]

Liu, F; Wang, X,; Cui, Y,; Yin, Y;; Qiu, D.; Li, S.; Li, X. Apple Polyphenols Extract (APE) Alleviated Dextran Sulfate Sodium
Induced Acute Ulcerative Colitis and Accompanying Neuroinflammation via Inhibition of Apoptosis and Pyroptosis. Foods 2021,
10, 2711. [CrossRef]

Chen, X.; Katchar, K.; Goldsmith, J.D.; Nanthakumar, N.; Cheknis, A.; Gerding, D.N.; Kelly, C.P. A mouse model of Clostridium
difficile-associated disease. Gastroenterology 2008, 135, 1984-1992. [CrossRef]

Yang, L.; Bian, X.; Wu, W,; Lv, L,; Li, Y,; Ye, J; Jiang, X.; Wang, Q.; Shi, D.; Fang, D.; et al. Protective effect of Lactobacillus
salivarius Li01 on thioacetamide-induced acute liver injury and hyperammonaemia. Microb. Biotechnol. 2020, 13, 1860-1876.
[CrossRef]

Wang, Q.; Li, Y.;; Lv, L,; Jiang, H.; Yan, R.; Wang, S.; Lu, Y.; Wu, Z; Shen, |.; Jiang, S.; et al. Identification of a protective Bacteroides
strain of alcoholic liver disease and its synergistic effect with pectin. Appl. Microbiol. Biotechnol. 2022, 106, 3735-3749. [CrossRef]
Bian, X.; Yang, L.; Wu, W,; Ly, L,; Jiang, X.; Wang, Q.; Wu, J.; Li, Y,; Ye, J.; Fang, D.; et al. Pediococcus pentosaceus LI05 alleviates
DSS-induced colitis by modulating immunological profiles, the gut microbiota and short-chain fatty acid levels in a mouse model.
Microb. Biotechnol. 2020, 13, 1228-1244. [CrossRef]

Lv, L.; Yao, C;; Yan, R;; Jiang, H.; Wang, Q.; Wang, K.; Ren, S,; Jiang, S.; Xia, J.; Li, S.; et al. Lactobacillus acidophilus LA14
Alleviates Liver Injury. Msystems 2021, 6, e€0038421. [CrossRef] [PubMed]

Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019,
37, 852-857. [CrossRef] [PubMed]


http://doi.org/10.1053/j.gastro.2014.01.059
http://www.ncbi.nlm.nih.gov/pubmed/24503131
http://doi.org/10.1038/ncomms4114
http://www.ncbi.nlm.nih.gov/pubmed/24445449
http://doi.org/10.1038/nature13828
http://www.ncbi.nlm.nih.gov/pubmed/25337874
http://doi.org/10.1016/j.micinf.2015.09.008
http://doi.org/10.1093/jn/125.6.1401
http://doi.org/10.1038/nrgastro.2017.75
http://doi.org/10.3390/nu8020078
http://doi.org/10.3389/fnut.2018.00087
http://doi.org/10.1007/s00394-015-0852-y
http://doi.org/10.3390/nu10111618
http://doi.org/10.1002/ptr.6910
http://www.ncbi.nlm.nih.gov/pubmed/33215776
http://doi.org/10.1021/acs.jafc.2c01461
http://www.ncbi.nlm.nih.gov/pubmed/35485931
http://doi.org/10.1186/1475-2891-3-5
http://www.ncbi.nlm.nih.gov/pubmed/15140261
http://doi.org/10.3390/nu7085324
http://www.ncbi.nlm.nih.gov/pubmed/26305254
http://doi.org/10.1016/j.fct.2004.02.008
http://doi.org/10.3390/foods10112711
http://doi.org/10.1053/j.gastro.2008.09.002
http://doi.org/10.1111/1751-7915.13629
http://doi.org/10.1007/s00253-022-11946-7
http://doi.org/10.1111/1751-7915.13583
http://doi.org/10.1128/mSystems.00384-21
http://www.ncbi.nlm.nih.gov/pubmed/34128694
http://doi.org/10.1038/s41587-019-0209-9
http://www.ncbi.nlm.nih.gov/pubmed/31341288

Metabolites 2022, 12, 1042 13 of 14

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Yan, R.; Wang, K.; Wang, Q.; Jiang, H.; Lu, Y.; Chen, X.; Zhang, H.; Su, X,; Du, Y.; Chen, L.; et al. Probiotic Lactobacillus casei
Shirota prevents acute liver injury by reshaping the gut microbiota to alleviate excessive inflammation and metabolic disorders.
Microb. Biotechnol. 2022, 15, 247-261. [CrossRef] [PubMed]

Love, ML.I; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27-30. [CrossRef]

Jose, S.; Mukherjee, A.; Horrigan, O.; Setchell, K.D.R.; Zhang, W.; Moreno-Fernandez, M.E.; Andersen, H.; Sharma, D.;
Haslam, D.B.; Divanovic, S.; et al. Obeticholic acid ameliorates severity of Clostridioides difficile infection in high fat diet-
induced obese mice. Mucosal Immunol. 2021, 14, 500-510. [CrossRef]

Ryu, ] K,; Kim, S.J.; Rah, S.H.; Kang, ].I; Jung, H.E; Lee, D.; Lee, HK; Lee, ].O.; Park, B.S.; Yoon, T.Y.; et al. Reconstruction of LPS
Transfer Cascade Reveals Structural Determinants within LBP, CD14, and TLR4-MD2 for Efficient LPS Recognition and Transfer.
Immunity 2017, 46, 38-50. [CrossRef]

Huang, J.; Kelly, C.P.,; Bakirtzi, K.; Villafuerte Galvez, ].A.; Lyras, D.; Mileto, S.J.; Larcombe, S.; Xu, H.; Yang, X.; Shields, K.S.; et al.
Clostridium difficile toxins induce VEGF-A and vascular permeability to promote disease pathogenesis. Nat. Microbiol. 2019,
4,269-279. [CrossRef]

Mills, K.H.G. IL-17 and IL-17-producing cells in protection versus pathology. Nat. Rev. Immunol. 2022, 1-17. [CrossRef]

Cook, L.; Rees, W.D.; Wong, M.Q.; Peters, H.; Levings, M.K.; Steiner, T.S. Fecal Microbiota Transplantation for Recurrent
Clostridioides difficile Infection Enhances Adaptive Immunity to C difficile Toxin B. Gastroenterology 2021, 160, 2155-2158.e4.
[CrossRef]

Zanotti, I; Dall’Asta, M.; Mena, P.; Mele, L.; Bruni, R.; Ray, S.; Del Rio, D. Atheroprotective effects of (poly)phenols: A focus on
cell cholesterol metabolism. Food Funct. 2015, 6, 13-31. [CrossRef] [PubMed]

Barnett, M.P.G.; Young, W.; Armstrong, K.; Brewster, D.; Cooney, ].M.; Ellett, S.; Espley, R.V.; Laing, W.; Maclean, P; McGhie, T.;
et al. A Polyphenol Enriched Variety of Apple Alters Circulating Immune Cell Gene Expression and Faecal Microbiota Composi-
tion in Healthy Adults: A Randomized Controlled Trial. Nutrients 2021, 13, 1092. [CrossRef] [PubMed]

Do, M.H.; Lee, H.B.; Oh, M.].; Jhun, H.; Ha, S.K,; Park, H.Y. Consumption of salt leads to ameliorate symptoms of metabolic
disorder and change of gut microbiota. Eur. J. Nutr. 2020, 59, 3779-3790. [CrossRef] [PubMed]

Yamada, T.; Hino, S,; Iijima, H.; Genda, T.; Aoki, R.; Nagata, R.; Han, K.H.; Hirota, M.; Kinashi, Y.; Oguchi, H.; et al. Mucin
O-glycans facilitate symbiosynthesis to maintain gut immune homeostasis. EBioMedicine 2019, 48, 513-525. [CrossRef] [PubMed]
Serino, M. SCFAs—The thin microbial metabolic line between good and bad. Nat. Rev. Endocrinol. 2019, 15, 318-319. [CrossRef]
Neis, E.P.,; Dejong, C.H.; Rensen, S.S. The role of microbial amino acid metabolism in host metabolism. Nutrients 2015, 7, 2930-2946.
[CrossRef]

Cani, PD.; Jordan, B.F. Gut microbiota-mediated inflammation in obesity: A link with gastrointestinal cancer. Nat. Rev.
Gastroenterol. Hepatol. 2018, 15, 671-682. [CrossRef]

Frost, G.; Sleeth, M.L.; Sahuri-Arisoylu, M.; Lizarbe, B.; Cerdan, S.; Brody, L.; Anastasovska, J.; Ghourab, S.; Hankir, M.; Zhang, S.;
et al. The short-chain fatty acid acetate reduces appetite via a central homeostatic mechanism. Nat. Commun. 2014, 5, 3611.
[CrossRef]

Fachi, J.L.; Felipe, J.S.; Pral, L.P; da Silva, B.K.; Correa, R.O.; de Andrade, M.C.P,; da Fonseca, D.M.; Basso, PJ.; Camara,
N.O.S,; de Sales, E.S.E.L.; et al. Butyrate Protects Mice from Clostridium difficile-Induced Colitis through an HIF-1-Dependent
Mechanism. Cell Rep. 2019, 27, 750-761.€7. [CrossRef]

Suissa, R.; Oved, R.; Jankelowitz, G.; Turjeman, S.; Koren, O.; Kolodkin-Gal, I. Molecular genetics for probiotic engineering:
Dissecting lactic acid bacteria. Trends Microbiol. 2022, 30, 293-306. [CrossRef]

Boonma, P; Spinler, ] K.; Venable, S.F.,; Versalovic, J.; Tumwasorn, S. Lactobacillus rhamnosus L34 and Lactobacillus casei L39
suppress Clostridium difficile-induced IL-8 production by colonic epithelial cells. BMC Microbiol. 2014, 14, 177. [CrossRef]
[PubMed]

Ye, X.; Huang, D.; Dong, Z.; Wang, X.; Ning, M.; Xia, J.; Shen, S.; Wu, S.; Shi, Y.; Wang, ].; et al. FXR Signaling-Mediated Bile Acid
Metabolism Is Critical for Alleviation of Cholesterol Gallstones by Lactobacillus Strains. Microbiol. Spectr. 2022, 10, €0051822.
[CrossRef] [PubMed]

Schulzke, ].D.; Ploeger, S.; Amasheh, M.; Fromm, A; Zeissig, S.; Troeger, H.; Richter, ].; Bojarski, C.; Schumann, M.; Fromm, M.
Epithelial tight junctions in intestinal inflammation. Ann. N. Y. Acad. Sci. 2009, 1165, 294-300. [CrossRef] [PubMed]

Kochan, T.J.; Foley, M.H.; Shoshiev, M.S.; Somers, M.].; Carlson, P.E.; Hanna, P.C. Updates to Clostridium difficile Spore
Germination. . Bacteriol. 2018, 200, e00218-18. [CrossRef] [PubMed]

Battaglioli, E.J.; Hale, V.L.; Chen, J.; Jeraldo, P.; Ruiz-Mojica, C.; Schmidt, B.A.; Rekdal, V.M.; Till, L.M.; Hugq, L.; Smits, S.A.; et al.
Clostridioides difficile uses amino acids associated with gut microbial dysbiosis in a subset of patients with diarrhea. Sci. Transl.
Med. 2018, 10, eaam7019. [CrossRef]

Agus, A.; Clement, K.; Sokol, H. Gut microbiota-derived metabolites as central regulators in metabolic disorders. Gut 2021,
70,1174-1182. [CrossRef]

Pruss, KM.; Enam, F,; Battaglioli, E.; DeFeo, M.; Diaz, O.R.; Higginbottom, S.K.; Fischer, C.R.; Hryckowian, A.J.; Van Treuren, W,;
Dodd, D.; et al. Oxidative ornithine metabolism supports non-inflammatory C. difficile colonization. Nat. Metab. 2022, 4, 19-28.
[CrossRef]


http://doi.org/10.1111/1751-7915.13750
http://www.ncbi.nlm.nih.gov/pubmed/33492728
http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.1093/nar/28.1.27
http://doi.org/10.1038/s41385-020-00338-7
http://doi.org/10.1016/j.immuni.2016.11.007
http://doi.org/10.1038/s41564-018-0300-x
http://doi.org/10.1038/s41577-022-00746-9
http://doi.org/10.1053/j.gastro.2021.01.009
http://doi.org/10.1039/C4FO00670D
http://www.ncbi.nlm.nih.gov/pubmed/25367393
http://doi.org/10.3390/nu13041092
http://www.ncbi.nlm.nih.gov/pubmed/33801641
http://doi.org/10.1007/s00394-020-02209-0
http://www.ncbi.nlm.nih.gov/pubmed/32125529
http://doi.org/10.1016/j.ebiom.2019.09.008
http://www.ncbi.nlm.nih.gov/pubmed/31521614
http://doi.org/10.1038/s41574-019-0205-7
http://doi.org/10.3390/nu7042930
http://doi.org/10.1038/s41575-018-0025-6
http://doi.org/10.1038/ncomms4611
http://doi.org/10.1016/j.celrep.2019.03.054
http://doi.org/10.1016/j.tim.2021.07.007
http://doi.org/10.1186/1471-2180-14-177
http://www.ncbi.nlm.nih.gov/pubmed/24989059
http://doi.org/10.1128/spectrum.00518-22
http://www.ncbi.nlm.nih.gov/pubmed/36036629
http://doi.org/10.1111/j.1749-6632.2009.04062.x
http://www.ncbi.nlm.nih.gov/pubmed/19538319
http://doi.org/10.1128/JB.00218-18
http://www.ncbi.nlm.nih.gov/pubmed/29760211
http://doi.org/10.1126/scitranslmed.aam7019
http://doi.org/10.1136/gutjnl-2020-323071
http://doi.org/10.1038/s42255-021-00506-4

Metabolites 2022, 12, 1042 14 of 14

48. Schluter, ].; Peled, ].U.; Taylor, B.P.; Markey, K.A.; Smith, M.; Taur, Y.; Niehus, R.; Staffas, A.; Dai, A.; Fontana, E.; et al. The gut
microbiota is associated with immune cell dynamics in humans. Nature 2020, 588, 303-307. [CrossRef]

49. Kordus, S.L.; Thomas, A.K.; Lacy, D.B. Clostridioides difficile toxins: Mechanisms of action and antitoxin therapeutics. Nat. Rev.
Microbiol. 2022, 20, 285-298. [CrossRef]


http://doi.org/10.1038/s41586-020-2971-8
http://doi.org/10.1038/s41579-021-00660-2

	Introduction 
	Materials and Methods 
	Animal Experiments 
	Histopathological Analysis 
	Hematological Assays 
	Quantitative Real-Time PCR (RT-qPCR) 
	Microbial Community Analysis 
	Metabolic Analysis 
	Transcriptome Analysis 
	Statistical Analysis 

	Results 
	APE Reduces Colitis in C. difficile Infection 
	Effects of APE on Microbiota Community Composition 
	APE Protects the Integrity and Function of the Intestinal Barrier 
	APE Attenuates C. difficile-Induced Systemic and Local Inflammatory Responses 
	Effects of APE on C. difficile-Induced Metabolic Disorders 
	APE Protects against Changes in Colon Transcriptional Regulation 

	Discussion 
	Conclusions 
	References

