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Abstract

Cyclophosphamide (CTX) is an antitumor drug commonly used to treat various cancer
types. Unfortunately, its toxic side effects, including gastrointestinal (Gl) toxicity, affect
treatment compliance and patients’ prognosis. Thus, there is a critical need of
evaluating strategies that may improve the associated Gl toxicity induced by CTX. In
this work, we evaluated the capacity of Epigallocatechin-3-gallate (EGCG), a major
constituent of green tea, to improve the recovery of gut injury induced by CTX in mice.
Treatment with CTX for 5 days severely damaged the intestine structure, increased
immune-related cytokines (TNFa, IL-10 and IL-21), reduced the expression levels of
tight junctions proteins (ZO-1, Occludin, Claudin-1), induced reactive oxygen species,
altered the composition of gut microbiota, and reduced short chain fatty acids levels.
EGCG treatment, starting one day after the last CTX dose, significantly improved the
intestine structure, ameliorated gut permeability, and restored ZO-1, Occludin and
Claudin-1 levels. Moreover, EGCG reduced TNFa, IL-10 and IL-21 levels, and
decreased oxidative stress via regulating the activity of the antioxidant enzymes
catalase, superoxide dismutase and glutathione peroxidase. Finally, EGCG treatment
restored the composition of gut microbiota and the levels of the short chain fatty acids.
In conclusion, these findings indicate that EGCG may function as an effective bioactive

to minimize CTX-induced Gl tract toxicity.

Keywords: EGCG, gastrointestinal tract, cyclophosphamide, intestinal inflammation,

tight junctions, dysbiosis
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1. Introduction

The alkylating agent cyclophosphamide (CTX) is an anticancer agent with more
than 40 years of clinical use'. To date, CTX remains a mainstay in cancer therapy and
many immune-related diseases. However, a main concern for patients taking CTX at
higher doses or for long time periods is its side effects, which include haemorrhagic
cystitis?, nephrotoxicity® and cardiotoxicity*. Moreover, many patients also suffer from
severe gut injury, including intestinal inflammation, disrupted intestinal barrier and gut
dysbiosis® 6. Therefore, it is critical to find novel agents to alleviate the toxicity induced
by CTX.

The normal function of the gastrointestinal (Gl) tract is pivotal for proper
absorption of nutrients, whereas alterations of the Gl tract result in severe defects in
intestinal barrier and potentially to Gl diseases’-8. The intestinal epithelial cells, which
represent a physical barrier, are closely connected by tight junctions (TJs), which
regulate the paracellular transport of molecules. The complex interactions among TJ
proteins preserve the integrity of intestinal barrier and prevent gut permeability®.
Interestingly, a “leaky” gut can robustly activate immune cells to secrete inflammatory
cytokines, which in turn will further increase the gut permeability’®. Gut
hyperpermeability can promote pathogens or toxins to diffuse into the systemic
circulation and have been shown to correlate with various non-intestinal diseases,
such as diabetes, obesity, Alzheimer's disease and allergies'!-'4. Furthermore,
commensal microorganisms cohabiting in the Gl tract can also compromise the gut
barrier function via promoting mucosal inflammatory responses and disassembling
TJs' 16, |t is reported that the intestinal microbial homeostasis is highly influenced by
various environmental stressors, such as diets, antibiotics, inflammatory stimuli, and
certain drugs'’. Thus, keeping the balance of luminal microflora is critical to maintain
the gut barrier integrity.

Epigallocatechin-3-gallate (EGCG) is the most biologically active and abundant
component of tea polyphenols. Extensive evidence has documented that EGCG

exhibits diverse beneficial functions, including anti-oxidant, anti-tumor, anti-aging, and
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anti-inflammation'®-20, Furthermore, EGCG has also been reported to alleviate the gut
injury through multiple mechanisms, such as alleviating the inflammation response?’,
maintaining Th1/Th2 balance?? and activating Nrf2 signal pathway?3. However, the
protective effect of EGCG to improve CTX-induced Gl damage remains unknown. In
this study, we evaluated whether EGCG could mitigate the intestinal adverse effects
induced by CTX, by assessing intestinal morphology, barrier function, pro-

inflammatory cytokine secretion, and flora compositions in CTX-treated mice.

2. Materials and Methods:

2.1 Materials and Chemicals

EGCG (purity=298%) was purchased from Solarbio (Beijing, China). CTX (purity=98%)
was purchased from Aladdin (Shanghai, China). The Elisa kits for IL-10, IL-21, TNFa
were purchased from Multisciences Biotech (Hangzhou, China). The ReverTra Ace
gPCR RT master mix and the SYBR Green Realtime PCR master mix were purchased
from TOYOBO (Shanghai, China). The designed oligo nucleotide primers were
generated by Sangon Biotech (Shanghai, China). The RIPA lysis buffer, Halt protease
inhibitor cocktail, 5xSDS-PAGE sample loading buffer, BSA, Bradford protein assay
kit and ECL Plus Ultra Sensitive kit were purchased from Phygene (Haixi, China). The
PVDF membranes and the fluorescein isothiocyanate-dextran (FITC-Dextran) were
purchased from MilliporeSigma (Burlington, MA, USA). The prestained protein ladder
and TRIzol™ Reagent were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). The Occludin (Cat#13409), Claudin-1 (Cat#13050), ZO-1 (Cat#21773) and
GAPDH (Cat#60004) antibodies were purchased from Proteintech™ (Wuhan, China).
The total antioxidant capacity (T-AOC) assay kit, malondialdehyde (MDA) colorimetric
assay kit, catalase (CAT) colorimetric assay kit, superoxide dismutase (SOD)
colorimetric assay kit and glutathione peroxidase (GSH-PX) colorimetric assay kit were
purchased from JianCheng Bioengineering Institute (Nanjing, China). The acetic,
propionic, isobutyric, butyric, isovaleric, and valeric acids standards were purchased

from CNW Technologies (Duesseldorf, Germany).
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2.2 Animal Studies

The animal studies were approved by the Laboratory Animal Center of Zhejiang
Agricultural and Forestry University. Four-week old ICR male mice were purchased
from the Shanghai SLAC Laboratory Animal Company (Shanghai, China) and
maintained under semi-specific pathogen-free (SPF) conditions, housed under a 12 h
light cycle and fed with autoclaved chow diet. Briefly, after 2 weeks adaptation, mice
were divided randomly into 2 groups: CTX-treated group (n=18) and vehicle-treated
group (n=12). Mice in CTX group were injected intraperitoneally with 50 mg/kg/d CTX
for 5 days, while the vehicle-treated group were injected with PBS. On the 6™ day,
CTX-treated mice were further randomized into 3 groups (n=6/group), and orally
gavaged daily with water (CTX group), low dose (20 mg/kg/d) EGCG [CTX+E(L)], or a
high dose (40 mg/kg/d) EGCG [CTX+E(L)] for additional 25 days (Figure 1A).
Moreover, on day 6, the non-treated mice were separated randomly into the control
group (Ctrl) and high dose (40 mg/kg/d) EGCG group [E(H)] (n=6/group). The body
weight was measured every 5 days. Fresh feces were collected on the 29 day and
stored in -80°C until gut microbial and the short chain fatty acids (SCFAs) analysis. On
the 30t day, mice were fasted 4 h for the gut permeability analysis. After blood
collecting, mice were euthanized and small intestine was carefully dissected, washed
with PBS and then, half was immersed in 4% (w/v) paraformaldehyde for
histochemistry analysis, and the other were stored in -80°C freezer. The spleen and

thymus were also collected and weighed.

2.3 Histological analysis

Following euthanasia, the intestine tissues (n=6/group) were fixed in 4% (w/v)
paraformaldehyde paraffin embedded, sectioned and stained with hematoxylin and
eosin (H&E). Images at x20 and x100 magnification were taken by light microscopy
(Olympus BX-41, Tokyo, Japan). Image J software was used to measure the villi height

and crypt depth.

2.4 Mouse gut permeability analysis
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On the last day, mice (n=6/group) were fasted for 4h. Then, mice were orally gavaged
with fluorescein isothiocyanate conjugated dextran (50 mg per 100 g body weight).
After 2 h, blood was collected and serum was separated?*. The fluorescence intensity
(excitation, 490nm; emission, 520nm) was measured using the Synergy H1 microplate

reader (Biotek, VT, USA).

2.5 Western blot

Frozen small intestine tissue samples (n=6/group) were thawed, homogenized and
lysed with RIPA lysis buffer over ice, and the protein content was measured by the
Bradford protein assay kit. Aliquots of total fractions containing 20-40 ug protein were
separated using 10% (w/v) polyacrylamide gel electrophoresis and were electroblotted
to PVDF membranes. The membranes were blocked and probed overnight with
primary antibodies (1:1000 dilution): ZO-1, Occludin and Claudin-1. GAPDH was used
as the loading control. After incubation in the presence of the secondary antibody
(HRP-conjugated; 1:5000 dilution) for 1 h at room temperature, the immunoblots were
developed and visualized using the MiniChemi™ System (SageCreation, Beijing,

China).

2.6 ELISA

Frozen small intestinal tissue samples (n=6/group) were thawed, homogenized over
ice in PBS, centrifuged and the supernatant was obtained. The levels of IL-10, IL-21
and TNFa in the supernatant were measured by Elisa kits, following the manufacturer’s
instructions (Multisciences Biotech, Hangzhou, China). The optical density was

measured using the Synergy H1 microplate reader (Biotek, VT, USA).

2.7 RNA extraction and gRT-PCR analysis

Total RNA of the homogenized small intestine tissue samples (n=6/group) were
extracted using the TRIzol™ Reagent on ice and purity and quantity were determined
by the Nanodrop™ One spectrophotometer (Thermo Fisher Scientific, MA, USA).

cDNA was obtained using the ReverTra Ace qPCR RT master mix with the Veriti
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thermal cycler (Thermo Fisher Scientific, MA, USA). Afterwards, the qPCR was
performed by using the SYBR Green Realtime PCR master mix and were monitored
by using the StepOne Realtime PCR system (Thermo Fisher Scientific, MA, USA).

Data were analyzed by 222t method. Primer used are shown in Table125-29,

2.8 Redox status analysis

Small intestine samples (n=6/group) were homogenized over ice with PBS and then
centrifuged at 12,000 rpm at 4°C for 15 min. Supernatants were obtained and the levels
of T-AOC, MDA, and enzymatic activity of CAT, GSH-PX, SOD were tested according
to the manufacturer's guidelines. Protein content were determined using the Bradford

protein assay Kkit.

2.9 Gut microbe 16S rRNA sequencing

Total DNA was isolated from mouse feces (n=4/group) using E.Z.N.A.® Soil DNA Kit
(Omega Bio-tek, GA, USA). The V3-V4 regions of bacterial 16S rRNA gene was
amplified by ABI GeneAmp® PCR (Thermo Fisher Scientific, MA, USA), with universal
primers 338 F (5-ACTCCTACGGGAGGCAGCAG-3) and 806R (5-
GGACTACHVGGGTWTCTAAT-3'). Subsequently, duplicate PCR products were
excised from a 2 % (w/v) agarose gel and purified by AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, CA, USA) and quantified using QuantiFluor™-ST (Promega, WI,
USA) according to the manufacturer’s protocol. Sequencing library was built up using
TruSeq™ DNA Sample Prep Kit and then sequenced by an lllumina MiSeq platform
(Numina, SD, USA).

2.10 Bioinformatic analysis

Raw fastq files were quality-filtered by Trimmomatic and merged by FLASH. Then the
high-quality sequences were clustered into operational taxonomic units (OTUs)
according to a 97 % similarity cutoff using the USEARCH (version 7.1
http://drive5.com/uparse/) with a novel ‘greedy’ algorithm that performs chimera

filtering and OTU clustering simultaneously. The taxonomy of each 16S rRNA gene
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sequence was analyzed by RDP Classifier algorithm (http:/rdp.cme.msu.edu/). For a-
diversity, Chao, Ace and Shannon, Simpson were performed respectively to analyze
community richness and diversity. Variation in community composition (B-diversity)
was measured by calculating the principal component analysis (PCA). Partial Least
Squares Discriminant analysis (PLS-DA) was performed to analyze the differences
within groups. The linear discriminant analysis (LDA) and LDA effect size (LEfSe)
methods were applied to compare and visualize different taxa microbes among groups
based on Galaxy Online Analysis Platform (http://huttenhower.

sph.harvard.edu/galaxy/).

2.11 Short chain fatty acids levels

Fecal short chain fatty acids (SCFAs) content was analyzed as previously described?°.
Briefly, fecal samples (n=6/group) were mixed with phosphoric acid (0.5% v/v) solution,
homogenized, vortexed and ultrasonicated for 10 min. After centrifuged at 12,000 rpm,
4°C for 10 min, supernatants were collected. Then, supernatants were mixed with 2-
methylvaleric (the internal standard), vortexed, ultrasonicated and filtered for analysis.
Agilent 7890B gas chromatograph coupled to a 7000D mass spectrometer with a DB-
FFAP column (30 m length x 0.25 mm diameter x 0.25 pym film thickness, J&W
Scientific, USA) was employed for GC-MS/MS analysis of SCFAs. The initial oven
temperature was set at 90°C and then increased to 200°C. Helium was used as carrier
gas, at a flow rate of 1.2 mL/min. Standard acetic acid, propionic acid, butyric acid,
isobutyric acid, valeric acid and isovaleric acid were used to establish the standard

plots.

2.12 Statistical analysis

All results are expressed as Mean + SD. One-way analysis of variance (ANOVA) and
Turkey post hoc tests were performed to evaluate the differences among groups
(SPSS 20.0 software, Chicago, IL). p < 0.05 was regarded as being statistically

significant.
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3. Results:
3.1EGCG accelerates recovery of body weight loss induced by
cyclophosphamide.

To evaluate the capacity of EGCG to attenuate the gut injury induced by CTX
in mice, we first treated mice with CTX for 5 days to induce gut injury, and then we
administered EGCG, at two doses, for an additional 25 days (Figure 1A). Treatment
with CTX for 5 days led to a significant weight loss that was evident starting on day 10
following the start of the treatment. Daily administration of EGCG, at both low
(20mg/kg/d) and high (40mg/kg/d) doses, which started on day 6, after the last dose
of CTX, enhanced the recovery of body weight loss induced by CTX to some extent,
which was significant at day 30 (Figure 1B). Of note, the body weights in the Ctrl and
EGCG [E(H)] alone groups (both not receiving CTX) were comparable throughout the

experimental period (Figure 1B).

3.2 EGCG protects intestine structure in cyclophosphamide treated mice

To evaluate whether EGCG presented a beneficial role on the gut barrier
integrity in CTX-treated mice, we investigated intestine morphology by H&E staining.
As shown in Figure 1C, the intestine tissue of vehicle control and EGCG groups were
well-structured, with tight and orderly arranged villi and short crypts. In contrast, the
intestine mucosa of CTX-treated mice appeared ulcerated, and the intestine structure
was seriously damaged. Villi were out of shape and bigger space were observed
between the adjacent ones. EGCG treatment improved intestinal morphology with both
the villi and crypt structures returning to its normal appearance. These observations
were evaluated by analyzing the villi height and crypt depth as well as calculating the
villus/crypt ratio. While CTX significantly shortened the villi height to 270.5+21.1 ym (p
<0.01) and deepened the crypt to 139.1£15.8 um (p <0.05), largely decreased the
villus/crypt ratio to 1.94 (p<0.01), treatment of EGCG 40 mg/kg/d (p <0.05) restored
villi height and crypt depth to values comparable to those observed in control mice

(Figure 1C).
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3.3 EGCG improves intestine permeability damaged by cyclophosphamide

We next evaluated the effect of EGCG on CTX-induced intestinal
permeabilization, by measuring the intestinal transport of FITC-dextran after 30 days
in the various experimental groups. CTX treatment increased the intestine permeability
by 4.94 fold compared to the control group (p<0.01). CTX mice treated with EGCG 40
mg/kg/d showed a robust reduction in intestinal permeabilization (2.44 fold versus
control), being significant different to that of CTX group (Figure 2A).

Mechanically, we explored whether EGCG could affect the expression of tight
junction proteins, which play a key role in keeping intestine barrier intactness. As
shown in Figure 2B, administration of CTX reduced ZO-1, Occludin and Claudin-1
protein expression (p<0.01, p<0.05, and p<0.05, respectively), whereas treatment
with EGCG after CTX administration (CTXE group) improved the expression of ZO-1,
Occludin and Claudin-1, restoring the levels to those observed in the Ctrl or EGCG

alone groups (Figure 2B).

3.4EGCG reduces the levels of inflammatory cytokines enhanced by
cyclophosphamide

Given that inflammatory cytokines can affect the intestinal mucosal immunity,
we examined the effect of EGCG on the secretion of inflammatory cytokines in CTX-
treated mice. Treatment with CTX significantly upregulated the levels of IL-10, IL-21
and TNFa (p<0.01, p<0.01, and p<0.05, respectively), which were ameliorated by
EGCG at both low and high doses (Figure 3). For instance, IL-21 levels in CTX group
were around 102.6+8.5 pg/ml, and were reduced to 80.7+10.2 pg/ml and 75.916.3
pg/ml, after treatment with of low and high dose of EGCG, respectively. Similar findings
were observed by determining the mRNA levels of these cytokines. For example, CTX
group displayed higher IL-10, IL-21 and TNFa mRNA levels (p <0.01), compared to
the Ctrl group, whereas these levels decreased markedly after treatment with EGCG.
Of note, compared with the CTX group (2.5+0.4 fold over Ctrl), EGCG intervention, at

both low and high doses, significantly reduced the IL-21 mRNA levels to 1.6+0.2 and
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1.320.3 fold over Ctrl, respectively (Figure 3).

Because CTX is well-known for its immunosuppressive effects3!, we
determined the spleen and thymus index, by assessing their weights at euthanasia, to
explore the effect of EGCG on the immunity system organs in the CTX-treated mice.
Compared to the Ctrl group, CTX reduced the spleen index to 0.21% (Figure 4).
Treatment with EGCG, high dose in particular, improved the spleen index to 0.32%,
significantly higher than that of the CTX-treated mice (p < 0.05). Meanwhile, the
thymus index was reduced to 0.13% in the CTX group, and it was restored to the
normal level with the supplementation of EGCG. For instance, the thymus index of
high dose EGCG [CTX + E(H)] group was 0.16%, higher than the ones of CTX group
(Figure 4).

3.5 EGCG mitigates the increase in reactive oxygen species induced by
cyclophosphamide

We next evaluated the effect of EGCG on CTX-induced increase in reactive
oxygen species, by measuring the malondialdehyde (MDA) levels, as a marker of lipid
peroxidation, and the total antioxidant capacity (T-AOC) in the intestine tissue.
Compared with the control group, CTX induced oxidative stress in the intestine tissue,
as evidenced by a decreased T-AOC and an increased MDA levels (p<0.01; Figure
5A). Supplementation with high dose EGCG increased the T-AOC (p < 0.05), and
reduced MDA levels (p <0.01). Moreover, CTX treatment decreased the enzymatic
activity and mRNA expression levels of the key antioxidant enzymes CAT, SOD and
GSH-PX (p<0.01; Figure 5B). On the other hand, compared to the CTX group, EGCG
restored the activity and and mRNA expression levels of CAT, SOD and GSH-PX to
those observed in the control group. For example, CTX reduced CAT activity to 38.6+
1.6 U/g prot, which was increased by EGCG high dose to 76.2+ 4.7 U/g prot (p<0.01),
to comparable activity levels observed in control group (92.6+ 6.4 U/g prot). These

results suggest that EGCG mitigates the oxidative stress induced by CTX.

3.6 EGCG modulates the taxonomic composition in cyclophosphamide treated
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mice

Given that the microbiota is a key factor closely associated with the intestinal
mucosal immunity, we then performed 16S rRNA sequencing to evaluate the
microflora overall structure among the various experimental groups. To examine
whether CTX could affect the richness and diversity of the microbial community, we
initially assessed the a-diversity among groups. As shown by the Shannon and
Simpson diversity indices, treatment with CTX increased a-diversity compared with
Ctrl group (Figure 6). CTX mice treated with EGCG had no major effect on a-diversity
compared to those only treated with CTX. Moreover, no major changes in the Ace and
Chao1 indices were observed, which suggest that the community richness was kept
relatively stable among all groups.

We next compared the spatial diversity of the bacterial genus among groups,
represented in a Venn diagram (Figure 7A). The spatial diversity revealed that 392
operational taxonomic units (OTUs) out of the total OTUs were overlapped among all
the groups. Furthermore, there were 7, 15, 6 and 4 OTUs out of the total that were
unique to the Ctrl, CTX, CTXE, E groups, respectively.

To confirm the specific changes of the microbial community, we analyzed the
taxonomic components for the various groups at the phylum and family levels. At
phylum level (Figure 7B), Firmicutes and Bacteroidetes, two major phyla present in the
intestine, were the two predominant phyla of all groups, accounting for about 90% of
the total bacteria. Compared with the control group, CTX treatment increased the
abundance levels of Firmicutes, whereas reducing the levels of Bacteroidetes. This
change was clearly observed by calculating the Firmicutes/Bacteroidetes ratio (Figure
7C). The Firmicutes/Bacteroidetes ratio reached to 7.4 in CTX group, about 3 times
higher than that of the control group (p < 0.05). Notably, EGCG itself had no major
effect on the fecal bacteria abundance. However, EGCG intervention reduced, to some
degree, the Firmicutes/Bacteroidetes ratio affected by CTX (CTXE group), by
increasing the levels of Bacteroidetes (Figure 7B). Desulfobacterota and
Patescibacteria constituted the next predominant phylum and were higher in the CTX

group, and EGCG intervention decreased the abundance of these two phyla.
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At the family level, CTX induced the upregulation of the relative abundance of
Lactobacillaceae, Lachnospiraceae, Desulfovibrionaceae and Saccharimonadaceae,
as well as decreased the content of Muribaculaceae and Erysipelotrichaceae (Figure
7D). CTX mice treated with EGCG presented similar levels of the above-mentioned
bacteria families to the mice in the control group. Thus, CTX treatments disturbs the
balance of the gut microflora, while EGCG appears to, in part, restore the intestinal

microbiota dysbiosis induced by CTX.

3.7EGCG regulates the specific phylotypes of the gut microbiome in
cyclophosphamide treated mice

Based on the differences in microbial community composition among groups,
we next performed a principal component analysis (PCA) to define the similarity of
species diversity among groups on operational taxonomic unit (OTU) level (Figure 8A).
Most samples of control, EGCG and CTXE groups shared relatively close similarity,
while CTX samples induced significant microbial community changes. Similar
observations were obtained using the partial least squares discriminant analysis (PLS-
DA). As shown in Figure 8B, microbial samples clustered by each treatment group and
apparent separation existed between CTX and other groups.

Finally, we aimed to identify some key species of gut microbiota that are
different among groups by performing the LEfSe analysis (Figure 8C). LDA results
showed 11 discriminative features in the control group (LDA > 2, p <0.05), and the
major microbiotas including s_uncultured_bacterium_g_norank_f Muribaculaceae,
s_Ralstonia_picketti and f _Burkholderiaceae. In CTX group, 14 primary
microorganisms were remarkable different, such as
s__unclassified_g_Candidatus_Soleaferrea and g__Candidatus_Soleaferrea, etc
(Figure 8C). Besides, 9 prominent different features were observed in the EGCG group,
such as p__ Bacteroidota, c__Bacteroidia, and o__Bacteroidales etc. Finally, though
only s_unclassified_f_Eggerthellaceae and g__unclassified_f _Eggerthellaceae were
substantially different in the CTXE group, it is still possible that EGCG could alter the

key phylotypes of the gut microbiome modified by CTX to a large extent.
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3.8EGCG increased the level of SCFAs in the feces reduced by
cyclophosphamide

Given that SCFAs are main end products produced by gut microbiota, we
determined the effect of EGCG on SCFAs in fecal samples of CTX-treated mice. As
presented in Figure 9, CTX treatment reduced the levels of acetic, propionic, isobutyric,
butyric, isovaleric and valeric acids, compared with the control group. Following
administration with EGCG, the level of these SCFAs increased, although in varying
degrees. Compared with the CTX group, EGCG increased the levels of acetic and
butyric acids (p <0.01, p<0.05 and p <0.01, respectively). However, no significant
differences were observed in propionic, isobutyric, isovaleric and valeric acids between

the CTX group and the CTXE group (Figure 9).

4. Discussion:

Even though CTX is one of the oldest anticancer drugs, dating back to 1959, it
is still commonly used in treating various tumor-types’. Besides its anticancer use, CTX
is also administered as an immunosuppressant, to treat autoimmune and immune-
mediated diseases, such as lupus nephritis, rheumatoid arthritis, and multiple
sclerosis®2. Unfortunately, the chronic use of CTX presents some adverse effects,
including haemorrhagic cystitis?, hepatic damage?®3, cardio toxicity* and Gl
impairments®. In this study, we evaluated the beneficial effect of EGCG to recover from
CTX-induced Gl toxicity. While CTX-treated mice showed intestine damage,
inflammation and immune organ atrophy, these symptoms were favorably alleviated

by EGCG.

The Gl tract is a main organ system affected by CTX’s toxicity. Specifically, the
intestine injury caused by CTX is usually manifested as impaired intestinal structure,
disrupted intestinal mucosal immunity, reduced expression level of tight junction
proteins, increased oxidative stress and altered gut microbiota composition among the

most significant & 34 35 Anatomically, the Gl tract is composed by the lumen, mucus
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layer and epithelial cells that form a dynamic, permeable barrier®. It is responsible for
the selective absorption of nutrients, while restricting the entrance of pathogens and
other toxins. We observed that even after 25 days following CTX challenge, CTX-
treated mice presented damaged mucosal layer, deformed villi and irregular crypt®.
Moreover, CTX substantially increased the gut permeability when compared with the
vehicle-treated mice. Consistent with our findings, multiple studies revealed that CTX
affects the Gl tract, causes leakage of the gut barrier, induces inflammatory stress and
gut dysbiosis3® 39, Therefore, there is urgent need to evaluate agents that can

ameliorate CTX’s adverse effects.

EGCG is a tea-derived polyphenol with multiple health benefits*®: 41, like
protecting the Gl tract?'-23, In this study, we document that treatment with EGCG
accelerates the recovery of the intestinal barrier damage triggered by CTX. The
beneficial effects of EGCG were associated with its ability to alleviate the inflammation
response, strengthen the tight junctions and regulate the gut microbial structure.
Consistent with our findings, EGCG has been shown to inhibit bacterial translocation
and enhance the intestinal barrier function by stimulating the secretion of antimicrobial
peptides, porcine B-defensins 1 and 2 (pBD-1 and 2) in porcine jejunal epithelial cell
line IPEC-J242. EGCG could also protect against the intestinal permeability alterations

induced by indomethacin in Caco-2 cells*3.

As is the case with many polyphenols, the systemic bioavailability of EGCG is
low**. It is known that EGCG is extensively metabolized after oral administration, and
it can be absorbed in the intestine and metabolized by intestinal gut microbiota.
Regarding its metabolism, EGCG is hydrolyzed to EGC and gallic acid, with EGC being
then converted to 5-(3,5-dihydroxyphenyl)-4-hydroxyvaleric acid*®. Although its
systemic levels are low, EGCG can accumulate in the intestinal mucosa in sufficient
amounts to exert a biological action*¢. A limitation of our study is that we have not
assessed the levels of EGCG metabolites. It is likely that metabolites of EGCG may
also contribute to the observed protective effect against CTX-induced intestinal

damage.
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At the cellular level, the intestinal barrier is controlled by the TJs located
between the epithelial cells, which limit the paracellular transport of bacteria and
bacterial products. Multiple proteins are involved in the assembly of these TJs, like
Occludin and Claudin-1, two of the membrane spanning proteins. These proteins bind
with ZO-1, and connect to the actin microfilaments intracellularly*’. Treatment with
EGCG increased the expression levels of ZO-1, Occludin and Claudin-1, which were
largely reduced by CTX. These results suggest that EGCG could repair the damaged

gut barrier in CTX-induced mice, in part, by modulating TJ proteins.

The dysfunction of the intestinal barrier is also the causal or complicating factor
in the pathology of intestinal inflammation#8. Certain interleukins and tumor necrosis
factor are primary pro-inflammatory cytokines, mainly secreted by the immune cells,
such as B cells, T cells and NK cells*®. CTX stimulated the release of IL-21 and TNFaq,
two of the important pro-inflammatory cytokines, to a similar degree of what was shown
in other studies® & 37. Meanwhile, it is worth noting that the levels of IL-10, which is
regarded as an anti-inflammatory cytokine, was also significantly increased with CTX
treatment. Interestingly, IL-10 has been shown to also exert pro-inflammatory
properties, and this dual function is still poorly understood®®-52, EGCG reduced the
levels of these cytokines, suggesting that EGCG is able to mitigate against the
inflammatory stress induced by CTX. Consistent to our findings, EGCG has been
documented to down-regulate the levels of inflammatory cytokines in the Gl tract in
mouse models of colitis as well as in lipopolysaccharide-stimulated human intestinal
epithelial cells 53 %4, suggesting that the anti-inflammatory effect of EGCG may account

for the beneficial effect of EGCG improving intestinal damage induced by CTX.

The aberrant generation of reactive oxygen species is a primary inflammatory
stimulus and plays a critical role in initiating intestinal injury®>-57. Interestingly, CTX is
known to induce reactive oxygen species in vivo®-%0, In agreement, we observed that
CTX induced reactive oxygen species at the intestine level. The increase in reactive
oxygen species was mitigated by treatment with EGCG, mainly through the regulation

of the activity and expression levels of the major endogenous enzymatic antioxidants,
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such as CAT, SOD and GSH-PX. Consistent with our findings, EGCG was shown to
prevent the gut oxidative injury of heat-stressed broilers through increasing the

activities of GSH-PX, SOD and CAT, and reducing the MDA level?'.

The Gl tract hosts millions of commensal microorganisms, which closely
interact with the epithelial and immune cells®'. Under normal circumstances, intact
intestinal barrier will thwart the luminal bacteria or bacterial products access into the
systemic circulation. While when leaky gut occurred, the harmful microorganisms will
be directly into the systemic circulation, and is increasingly considered as a critical
determinant in the development of multiple diseases''-'4. Therefore, keeping microbial
balance is recognized as very important for overall health. By means of the a-diversity
analysis, we observed no significant differences in the community richness among
groups, with EGCG having no major changes in the community diversity compared to

CTX.

Given that the structural composition of the gut microbiota may change after
drug manipulation®?, we then compared the community abundance of the predominant
gut microbiota from high taxonomic levels. At the phylum level, Firmicutes and
Bacteroidetes were the two prevalent phyla in all groups, representing over 90% of the
community. CTX notably enhanced the Firmicutes/Bacteroidetes ratio, which is
consistent to what was observed in other studies where CTX enhanced the
proliferation of Proteobacteria and Firmicutes altering the composition of the microbial
community3® 83, Interestingly, an increase of Firmicutes/Bacteroidetes ratio is
frequently observed related to obesity and other diseases®, such as inflammatory
bowel disease (IBD), and ulcerative colitis (UC) 867, For instance, in a colitis model in
rats, an enhanced Firmicutes/Bacteroidetes ratio was observed, and the colonic injury
was reported to be negatively correlated with Firmicutes®®. In our study, EGCG
treatment increased the abundance of Bacteroidetes, one of the most important
SCFAs producers®, and reduced the Firmicutes/Bacteroidetes ratio in CTX-treated
mice. Consistent to our findings, EGCG was found to significantly reduce the

Firmicutes/Bacteroidetes ratio in mice fed a high-fat diet®.
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SCFAs are the major metabolites of gut microflora, and shape the gut
environment. Acetate, propionate and butyrate dominate about 90%-95% of the total
SCFAs contents. It is well-established that SCFAs play a vital role over mucosal
maintenance and integrity through facilitating the tight junction proteins assembly,
fueling the growth of the epithelial cells, and alleviating the gut inflammation”'. Tea
polyphenols are reported would promote SCFAs production 72 73. In agreement, our
results showed that EGCG is highly effective in generating SCFAs, in particular, acetic
and butyric acids, which may explain the thus attenuating the gut environment damage

induced by CTX.

At family level, CTX increased the relative abundance of Lactobacillaceae,
Lachnospiraceae, Desulfovibrionaceae and reduced the level of Muribaculaceae.
Lactobacillaceae and Lachnospiraceae are the members of phylum Firmucutes, which
are involved in the microbiota-immunity symbiotic loop, associated with several
diseases’ 5. Female mice with systemic lupus erythematosus-prone symptoms are
correlated with Lachnospiraceae abundance’®. Desulfovibrionaceae is one of the
endotoxin-producing opportunistic pathogens, involved in gut barrier disruption?”- 78, In
CTX-treated mice, EGCG reduced the levels of Lachnospiraceae and
Desulfovibrionaceae, while increased the level of Muribaculaceae, which is recognized
as a dominant bacterial taxonomic family within the Bacteroidota phylum of murine

microbiota’® €0,

Based on the diverse community composition among groups, the results of PCA
and PLS-DA further proved the community difference among groups. Using the LEfSe
analysis, we identified key phylotypes of gut microbiota among groups. It is interesting
to note that the dominant microorganism of CTXE group was the Eggerthellaceae,
which has been reported to metabolize secondary plant compounds®’, especially
polyphenols like ellagic acid®, daidzein®, and resveratrol®. Moreover,
Eggerthellaceae has been shown to cleave the heterocyclic C-ring of both (-)-
epicatechin and (+)-catechin, and transform catechins into 1-(3,4-dihydroxyphenyl)-3-

(2,4,6-trihydroxyphenyl)propan-2-ol18. In summary, EGCG can strongly modulate
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intestinal microbiome. Further investigation about the role of gut microorganisms on
EGCG and other metabolites as well as the interactions among EGCG, the gut
microbiotas, and the intestinal barrier function are warranted to deeply elucidate the

protective effect of EGCG on the Gl tract.

5. Conclusions

The present study indicates that EGCG alleviates the Gl tract damage induced
by CTX. EGCG’s beneficial actions are mediated, in part, via its effect mitigating
intestine mucosa inflammation, protecting the gut barrier, and maintaining gut
homeostasis. Moreover, EGCG restores the microflora homeostasis altered by CTX
via modulating the composition of the microbial community and restoring the SCFAs
production. In conclusion, EGCG may function as an effective bioactive to minimize

CTX-induced Gl tract toxicity.
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Table 1. Primer sequences for qRT-PCR analysis.

Gene name Forward (5'-3") Reverse (5'-3')
IL-10 TACCTGGTAGAAGTGATGCC CATCATGTATGCTTCTATGC
IL-21 ATGCCCTTCCTGTGATTCGT CCCGGACACAACATGGAAGT
TNFa CCTCTCTCTAATCAGCCCTCTG GAGGACCTGGGAGTAGATGAG
CAT CAGCTCCGCAATCCTACACC CAGCGTTGATTACAGGTGATCC
SOD1 CAGGACCTCATTTTAATCCTCAC TGCCCAGGTCTCCAACAT
GSH-PX1 GGGACTACACCGAGATGAAC TCCGCAGGAAGGTAAAGA
B-actin ATGCTCTCCCTCACGCCATC GAGGAAGAGGATGCGGCAGT

Figure legends
Figure 1. Effects of EGCG on body weight and intestinal morphology in the
cyclophosphamide (CTX)-treated mice. (A) Scheme of the animal experimental
design. Mice were initially treated with CTX or vehicle once daily for 5 days. On the 61"

day, the non-treated mice were separated randomly into the vehicle-control group (Ctrl)
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or high dose (40 mg/kg/d) EGCG group [E(H)]. Moreover, CTX-treated mice were
further randomized into 3 groups, and orally gavaged daily with water (CTX group),
low dose (20 mg/kg/d) EGCG [CTX+E(L)], or a high dose (40 mg/kg/d) EGCG
[CTX+E(L)] for additional 25 days. (B) Body weight progression. Values are presented
as MeanzSD. *p<0.05, **p<0.01 vs. control. (C) Effects of EGCG (E) on the intestinal
morphology following cyclophosphamide (CTX) treatment. Pictures were taken at x20
and x100 magnification and representative images are shown. Villi height, crypt depth
and ratio of villi/crypt were measured and analyzed using the Image J software. Results

are shown as MeantSD. 'p<0.05, “p<0.01 vs. control.

Figure 2. EGCG ameliorates intestine barrier damage induced by
cyclophosphamide (CTX). (A) Intestinal permeability was evaluated by measuring
fluorescein isothiocyanate-dextran (FITC-Dextran) at the endpoint. Ctrl represents
control while CTX, E and CTXE serve as cyclophosphamide, EGCG (40mg/kg/d), and
cyclophosphamide plus EGCG (40mg/kg/d), respectively. Values are presented as fold
over control. 'p<0.05, "p<0.01 vs. control. (B) Effects of cyclophosphamide (CTX) and
EGCG (E) on the expression of the tight junction proteins. Immunoblots for ZO-1,
Occludin, and Claudin-1 are shown. Loading control: GAPDH. Bands were quantified

and results are presented as percentage of control. p<0.05, “p<0.01 vs. control.

Figure 3. EGCG mitigates IL-10, IL-21 and TNFa levels induced by
cyclophosphamide (CTX). Concentrations and relative mRNA expression levels of
IL-10, IL-21 and TNFa in the intestine were determined by ELISA (left) and gPCR (right)
as described in the Methods section. Values are presented as MeanzSD. p<0.05,

“p<0.01 vs. control.

Figure 4. Effects of EGCG treatment on cyclophosphamide (CTX) induced
immune-suppression. At the end of the experimental period, the spleen and thymus
in each group were weight, analyzed and the indices presented as percentage of body

weight. 'p<0.05, "p<0.01 vs. control.
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Figure 5. EGCG reduces the increase in reactive oxygen species induced by
cyclophosphamide (CTX). (A) Total antioxidant capacity (T-AOC), malondialdehyde
(MDA) content of the intestine tissue were measured. Values are presented as
MeantSD. *p<0.05, **p<0.01 vs. control. (B) Enzymatic activities and mRNA
expression levels of catalase (CAT), superoxide dismutase (SOD) and glutathione
peroxidase (GSH-PX) of each group. Values are presented as MeanzSD. *p<0.05,

**p<0.01 vs. control.

Figure 6. Cyclophosphamide (CTX) affects the gut microbiota a-diversity.
Shannon, Simpson and Ace, Chao 1 indexes were determined in Control (Ctrl), CTX,
E and CTXE groups to evaluate the gut microbiota community diversity and richness

among groups. p<0.05 vs. control.

Figure 7. EGCG administration regulates the microbial community distribution
in cyclophosphamide (CTX)-treated mice. (A) Venn diagram analysis highlighting
the spatial diversity of the bacterial genus among groups. (B) Stack column plot of
relative taxa abundance by phylum in each group. (C) Ratio between Firmicutes and
Bacteroidetes. p<0.05, “p<0.01 vs. control. (D) Stack column plot of relative

community abundance at the family level in each group.

Figure 8. EGCG partially restores community phylotype changes induced by
cyclophosphamide (CTX). (A) Principal component analysis (PCA). PC1 and PC2
represent the two most principal factors characterizing the bacterial profile and their
contribution rates (%) are shown on the axes. (B) Partial least squares discriminant
analysis (PLS-DA). COMP1 and the COMP2 are the two predicted dominating
components for the variance of microbial community composition. (C) Distribution
histogram of the LDA score determined by effect size (LEfSe). Bacterial taxa

specifically enriched in groups with an LDA score > 2 are shown in the histogram.
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Figure 9. Effect of EGCG on the fecal SCFAs levels of the mice treated with
cyclophosphamide (CTX). Levels of acetic, propionic, isobutyric, butyric, isovaleric,
valeric acids and total SCFAs of each group. Values are presented as MeanzSD.

*p<0.05, **p<0.01 vs. control.
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