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Green tea EGCG effectively alleviates experimental colitis
in middle-aged male mice by attenuating multiple aspects
of oxi-inflammatory stress and cell cycle deregulation
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Abstract Age-dependent increased risk of inflam-
matory bowel diseases such as ulcerative colitis is
being increasingly realized, and yet therapies target-
ing this disorder within the purview of aging are lim-
ited. The present study attempted to assess the effi-
cacy of green tea epigallocatechin gallate (EGCG)
consumption in preventing the severity and progres-
sion of dextran sulphate sodium (DSS)-induced ulcer-
ative colitis in 18 months old middle-aged male mice.
Acute colitis was induced in animals using DSS and
protective effects of EGCG consumption were exam-
ined. Different parameters related to disease progres-
sion and molecular markers related to oxi-inflamma-
tory stress, localized and systemic cytokine response,
epithelial barrier integrity, and cell cycle progression
profile were evaluated. DSS treatment induced rapid
and severe symptoms of colitis such as consistently
increased DAI score, shortened and inflamed colon
accompanied by increased levels of inflammatory
proteins (TNFo/IL-6/IL-1B) in both the colon tis-
sue and cultured splenocytes indicating exaggerated
Thl immune response. Markers of oxidative stress
increased while antioxidant defences and the expres-
sion of tight junction genes in the colonic cells were
attenuated. Dysregulation in the expression of cell
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cycle inhibitory genes (p53/p21WAFl/p16"mK48) indi-
cated possible induction of colitis-induced dyspla-
sia. On the other hand, EGCG consumption strongly
attenuated all the measured ostensible as well as
molecular markers of the disease progression as evi-
denced by improved DAI score, cellular antioxidant
capacity, attenuated Thl cytokine response both in
the colon and cultured splenocytes, enhanced expres-
sion of tight junction genes, and cell cycle inhibi-
tors thereby suggesting systemic effects of EGCG.
Together, these observations suggest that drinking
EGCG-rich green tea can be a significant way of
managing the severity of colitis during aging.
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Introduction

Ulcerative colitis (UC) is a relatively common
inflammatory bowel disease (IBD) that causes
non-specific inflammatory damage and ulcers in
the colonic mucosa and submucosa. Incidences of
UC are increasing globally and the disease is clini-
cally characterized by bloody diarrhoea, abdominal
pain, frailty, and tenesmus. Although the cellular
and molecular basis of UC are not yet fully under-
stood; however, intestinal epithelial cell injury,
chronic oxi-inflammatory stress mediated by differ-
ent types of cytokines and reactive oxygen species,
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and compromised gut mucosal barrier integrity have
been associated with the pathogenesis of UC (Kaur
and Goggolidou 2020). In addition, extra-intestinal
manifestations of UC including unwarranted changes
in systemic immunological activity (Miao et al. 2013;
Rabe et al. 2019), as well as dermatological and mus-
culoskeletal effects have also been reported (Levine
and Burakoff 2011). UC presents with an increased
frequency of relapses (Liverani et al. 2016) and if not
treated properly, the disease can exacerbate the risk
of colon cancer and mortality (Munkholm 2003). As
such, there is no specific treatment for UC, and the
disease is best managed through therapies aimed at
the augmentation of redox and inflammatory balance
in the intestinal mucosa (Bourgonje et al. 2020).

It is important to note that until recently, IBDs such
as UC and Crohn’s disease were predominantly con-
sidered diseases of the younger population. However,
due to factors such as lack of a specific cure, intermit-
tent relapses, and comorbidities associated with aging;
incidences of IBDs are now increasing at an alarming
rate in the elderly population and it is projected that the
elderly patients of IBD may account for over one-third
of total cases worldwide in the present decade (Cow-
ard et al. 2019; Faye and Colombel 2022). More sig-
nificantly, it is also emerging that the development and
progression of UC during aging may be more severe
and detrimental as compared to the younger popula-
tion which could be attributed to known predisposition
to inflammatory disorders (inflamm-aging), increased
senescent cell burden, and presence of senescence-
associated secretory phenotype (SASP) in the elderly
(Riegler et al. 2000; Bauer et al. 2010; Risques et al.
2011; Liu et al. 2020). Therefore, the elderly are at a
greater risk of developing severe colitis and colitis-
induced cancer which is being argued as a novel chal-
lenge in the management of IBDs (Faye and Colom-
bel 2022). The matter is further exacerbated by the
fact that elderly patients are often underrepresented in
clinical drug trials of UC (Hruz et al. 2020), and thus,
a necessity for specific therapeutic considerations and
the needs of the elderly in treating IBDs have recently
been warranted (Butter et al. 2018; Hruz et al. 2020).
Given the foregoing discussion, the present study
attempted to test the protective effects of green tea epi-
gallocatechin gallate (EGCG) supplementation against
dextran sulphate sodium (DSS)-induced acute UC in
middle-aged male mice. We have previously observed
that EGCG confers multiple anti-aging effects such as
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the attenuation of immunosenescence (Sharma et al. ,
2017, 2019), suppression of several markers related
to cellular senescence and gut dysbiosis (Kumar et al.
2019; Sharma et al. 2022), and prevention of premature
senescence in aging murine peritoneal macrophages
(Kumar et al. 2020). The present study further explores
whether the anti-aging effects of EGCG could also be
translated into an in vivo disease model of aging. This
is also significant since there is a growing interest in
developing phytochemicals-based natural therapies for
mitigating IBDs due to safety, efficacy, and economi-
cal considerations (Somani et al. 2015; Hossen et al.
2020). In particular, popular bioactive dietary poly-
phenols such as quercetin (Dong et al. 2020), resvera-
trol (Samsami-Kor et al. 2015), kaempferol (Park et al.
2012), as well as EGCG (Briickner et al 2012; Dryden
et al. 2013; Oz et al. 2013; Xu et al. 2015; Bitzer et al.
2016; Du et al. 2019) have been demonstrated to influ-
ence multiple aspects of colitis in experimental ani-
mals as well as clinical subjects. However, to the best
of our knowledge, there are no reports that have tested
the therapeutic effects of bioactive phytochemicals,
such as EGCG, against colitis progression specifically
during aging. As the significance of understanding the
pathogenesis and effects of UC during aging is gradu-
ally emerging (Faye and Colombel 2022); it is only pru-
dent to assess and identify therapeutic options against
IBDs specifically during aging which is addressed in
the present study. As such, we hypothesized in the cur-
rent study that EGCG supplementation in middle-aged
animals would protect against the severity and progres-
sion of DSS-induced acute colitis by maintenance of
oxi-inflammatory homeostasis through the modulation
of key cellular defence pathways. Our findings indicate
that a severe form of acute colitis is induced by DSS
in middle-aged animals which is robustly countered by
EGCG consumption as evidenced through the protec-
tion of intestinal mucosa from inflammatory aggrava-
tion, cellular damage, and probable dysplasia mediated
by enhanced antioxidant defences and maintenance of
immunological homeostasis.

Materials and methods

Animal care and experimental design

Eighteen months old male Swiss albino mice weigh-
ing approximately 40-50 g were procured from the
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animal house facility of CSIR-IHBT, Palampur. Ani-
mals were subsequently housed in the experimental
animal facility of Shoolini University, Solan under
standard experimental conditions (12:12 h reversed
light/dark cycle; relative humidity at 50-60%, tem-
perature of 22 +2 °C, and adequate ventilation). This
particular species and age of animals were chosen
based on our previous experience wherein these ani-
mals display characteristic markers of immunosenes-
cence as well as cellular senescence beginning at age
12 months with an average lifespan of ~24 months in
our facility (Sharma et al. 2014b, 2017, 2019, 2022).
Moreover, mice aged 18-24 months are considered
representatives of human old age as they correspond
to humans aged 56-69 years (Flurkey et al 2007). We
specifically chose male mice in the present investi-
gation based on our previous observations (Sharma
et al. 2019, 2022) as well as the fact that females are
generally more resistant to DSS-induced experimen-
tal colitis owing to potent anti-inflammatory action of
the estrogen hormones (Babickova et al. 2015; Good-
man et al. 2017). Animals were divided into three
groups of five animals each, i.e., the control group,
DSS group, and EGCG treated group. Animals of a
particular group were housed together and were care-
fully selected for experiments ensuring that no weak
or bullying animal is present in a particular group that
may cause imbalanced feed/water consumption in the
group. We chose to specifically test a single dose of
EGCQG in the present work since our previous in vivo
studies have identified a working concentration of
EGCG (100 mg/kg/animal/day) which is sufficient to
confer anti-aging attributes against multiple aspects
of immunosenescence and cellular senescence
(Sharma et al. 2017, 2019, 2022). All animal experi-
ments were conducted as per guidelines and approval
of the institutional animal ethics committee of Shoo-
lini University, Solan (Approval no. IAEC/SU/21/10
dated 10.09.2021).

Induction of DSS-induced colitis

A DSS-based ulcerative colitis model was used for
testing the effects of EGCG consumption based on
our previous observations (Sharma et al. 2020). In the
DSS group, animals were orally administered DSS
(36-50 kDa, MP Biomedicals, Ontario, USA) at 3.5%
(w/v) in drinking water (~6 ml/animal/day/cage)
for seven consecutive days followed by a two-day

recovery period and subsequent sacrifice (Fig. 1A).
DSS was freshly prepared after every two days dur-
ing the entire course of treatment and animals were
daily monitored for signs of disease induction such
as weight loss, diarrhea, occult and rectal blood, and
general frailty. In the EGCG group, treatment with
EGCQG (at 100 mg/kg/animal/day) was started 30 days
before the administration of DSS and was also con-
tinued throughout the DSS administration regimen till
animal sacrifice (Fig. 1A). EGCG was prepared daily
and orally administered in drinking water to the ani-
mals in the morning hours (~9:00 AM IST). No fur-
ther drinking water was provided to animals until next
day that enabled them to actively consume EGCG as
and when supplied. Feed and water intake of all ani-
mals were regulated (5 g feed/day/animal and 6 ml
water/day/animal) and monitored daily. Control group
animals were also maintained on rationed water and
animal feed similar to other groups but without any
DSS treatment. To further ensure appropriate sensiti-
zation, all animals were maintained on rationed feed
and water for two weeks before initiating the EGCG
consumption protocol based on our prior experi-
ences and observations in aging studies (Sharma
et al. 2022). At the end of the study, mice in different
groups were euthanized following which the colon
tissue and spleen were collected. Colon tissue length
was immediately measured and then processed for
downstream analyses of various molecular, biochemi-
cal, and immunological parameters as detailed in
subsequent sections. Splenocytes were isolated, enu-
merated, and cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FBS in
a CO, incubator at 37 °C for 48 h following which
the culture supernatant was collected, aliquoted, and
stored at — 80 °C till further analyses (Sharma et al.
2014c).

Disease activity index (DAI)

The DAI was calculated by daily recording the
parameters of stool consistency, rectal bleeding, and
loss of body weight as described previously (Sharma
et al. 2020). To assess DAI, scores were assigned
as follows: for weight loss: 0, no loss; 1, 1-5%; 2,
5-10%; 3, 10-20%; and 4,>20%; for stool consist-
ency: 0, normal; 1 and 2, loose stool; 3 and 4, diar-
rhea; and for rectal bleeding 0, normal; 1 and 2 mild
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Fig. 1 EGCG treatment A
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effects of DSS-induced
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occult blood; 3 and 4, gross bleeding (Sharma et al.
2020).

Estimation of interleukins

A portion of the colon tissue from each animal
was homogenized in 1XPBS (pH 7.4) containing
a protease inhibitor cocktail (HiMedia, India, Cat.
#MLO051). The homogenized samples were cen-
trifuged at 10,000xg for 15 min at 4 °C and their
supernatants were collected, aliquoted, and stored at
— 80 °C till further analyses. Sandwich ELISA was
performed in the colon tissue homogenates as well
as in splenocytes culture supernatant for the estima-
tion of IL-6, TNF-a, IL-1f, and IL-10 levels using
commercially available ELISA MAX™ Deluxe
set kits (BioLegend, San Diego, U.S.A) as per the
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manufacturer’s protocol. Total proteins in the samples
were determined by Bradford assay and results are
expressed relative to total protein concentration.

Measurement of total antioxidant activity

Total antioxidant activity was determined in the colon
tissue homogenates using Cayman’s antioxidant assay
kit (Cat. #709001). The assay relies on the ability
of antioxidants present in the sample to inhibit the
oxidation of ABTS by metmyoglobin which is then
compared with the Trolox standard. Briefly, a por-
tion of the colon tissue from each animal was washed
with ice-cold PBS containing protease inhibitor and
homogenized followed by centrifugation at 10,000xg
for 15 min at 4 °C. The supernatant was collected, ali-
quoted, and stored at — 80 °C until further analysis
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as per the manufacturer’s protocol. The total antioxi-
dant capacity in the sample is quantified as millimolar
Trolox equivalent.

Measurement of protein carbonyl content

Protein carbonyl content in samples was assessed
using Cayman’s protein carbonyl kit (Cat.
#10005020). In this assay, protein carbonyls in the
tissue homogenate are measured by the amount of
protein-hydrozone produced when 2,4-dinitrophe-
nylhydrazine (DNPH) reacts with protein carbonyl
which is then quantified by measuring absorbance at
370 nm. Briefly, a small section of colon tissue was
homogenized in cold PBS containing EDTA followed
by centrifugation at 10,000Xg for 15 min at 4 °C. The
supernatant was collected, aliquoted, and stored at
— 80 °C until further analysis as per the manufactur-
er’s protocol. The total protein carbonyl present in the
sample was measured in nanomoles.

Measurement of lipid peroxidation by TBARS

Thiobarbituric acid reactive substance (TBARS)
assay determines the lipid peroxidation status and was
quantified using Cayman’s TBARS assay kit (Cat.
#10009055) as per the manufacturer’s protocol. In
this method, malondialdehyde (MDA), an oxidative
stress marker, is measured in the reaction of malondi-
aldehyde-thiobarbituric acid (MDA-TBA) under high
temperature which produces a colored complex that
is detected spectrophotometrically. Briefly, the colon
tissue was homogenized in RIPA lysis buffer (Mil-
lipore, CA, USA, Cat. #20-188) containing protease
inhibitor cocktail (HiMedia, India, Cat. #ML051)
followed by centrifugation at 1600xg for 10 min at
4 °C. The supernatant was collected, aliquoted, and
stored at — 80 °C until further analysis as per the
manufacturer’s protocol. The total lipid peroxidation
in the colon sample is quantified as micromolar MDA
equivalent.

RNA isolation and qRT-PCR

Samples of colon tissue were stored in RNAlater™
stabilization solution (Thermo Fisher, USA, Cat.
#AM7020) till RNA isolation. Total RNA from tissue
samples was isolated using the TRI-reagent (Sigma-
Aldrich, USA, Cat. #T9424). Briefly, 70-80 mg of

colon tissue from each animal was homogenized in
TRI-reagent and total RNA was isolated as per the
manufacturer’s protocol. The quality and quantity of
the isolated RNA were determined and the RNA was
aliquoted and stored at — 80 °C until further analy-
sis. qRT-PCR was performed using CFX96 Touch
Real-Time PCR Detection System (BioRad Inc.).
In brief, 50 ng of RNA template was used per reac-
tion using the Thermo Scientific Verso SYBR Green
1-Step qRT-PCR Low ROX Kit (Cat. #AB-4106/C)
as per the manufacturer’s protocol. The list of primer
sequences used is presented in Table 1. Glycer-
aldehyde-3-phosphate  dehydrogenase = (GAPDH)
expression was utilized as a housekeeping control to
quantify relative mRNA expression using the AACt
method as previously described (Sharma et al. 2017).

Statistical analyses

Data are expressed as mean + S.D. Significant differ-
ences among means of various groups were assessed
by using one-way ANOVA followed by a Tukey’s
post-hoc test. A value of p<0.05 was considered sta-
tistically significant.

Results

EGCG improves the general health of mice during
colitis

It was observed that DSS treatment induced severe
symptoms of colitis in aged animals. DSS group ani-
mals showed a continuous decline in body weight as
compared to the control animals starting from the
second day of DSS administration and an average
weight loss of 33.31% was observed at the end of the
experiment (Fig. 1B). Animals also appeared frail
and sedentary accompanied by evidence of occult
and rectal blood along with decreased feed and water
intake although no mortality was observed (Fig. 1C,
D). However, once the DSS treatment regimen ended,
animals were able to maintain a steady body weight
state although no recovery could be established. In
addition, the DAI score also registered a significant
increase from the third day onwards and continued
until the end of the experiment suggesting rapid and
severe induction of colitis (Fig. 1E). On the other
hand, EGCG-treated animals registered an average
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Table 1 List of primer sequences used for qRT-PCR

S. No. Gene Forward primer Reverse primer

1 p53 TTCTGTAGCTTCAGTTCATTGG ATGGCAGTCATCCAGTCTTC

2 p21 TGCATCCGTTTCACCCAACC CTCATTTTTCCAAAGTGCTATTCAGG
3 plo CCCAACGCCCCGAACT GCAGAAGAGCTGCTACGTGAA

4 Nrf2 CTGAACTCCTGGACGGGACTA CGGTGGGTCTCCGTAAATGG

5 Z0-1 AGGACACCAAAGCATGTGAG GGCATTCCTGCTGGTTACA

6 Occludin AAGTCAACACCTCTGGTGCC TCATAGTGGTCAGGGTCCGT

7 Mucin-2 CGACACCAGGGATTTCGCTTAAT CACTTCCACCCTCCCGGCAAAC

8 GAPDH TCACTCAAGATTGTCAGCAATGC TCATGAGCCCTTCCACAATG

decline of 16.01% in body weight at the end of the
experiment while DAI score also significantly and
consistently decreased as compared to control ani-
mals beginning from the third day of DSS treatment
(Fig. 1B-E).

EGCG consumption preserves the colon length

The effects of colitis on the colon tissue were first
noticeable by signs of inflammation in the caecum
and drastic overall shortening of the colon length.
In DSS group animals, the colon length registered a
significant decrease of over 51% as compared to the
control group while EGCG treated animals recorded
a non-significant decline of 11.51% (Fig. 2A). Rep-
resentative images of colon tissue in various groups
are presented in Fig. 2B. The spleen of DSS-treated
animals also showed a 24% albeit non-significant
increase in size as compared to control group ani-
mals suggesting signs of possible systemic inflam-
mation while a reverse effect of EGCG treatment was
observed (Fig. 2C).

EGCQG treatment attenuates DSS-induced
inflammatory damage in the colon

In the DSS group animals, a strong and significant
general increase in various pro-inflammatory inter-
leukins in the colon tissue homogenates was recorded
as compared to the control group (Fig. 3A—C). While
IL-6 levels recorded a 54.5 folds significant increase,
TNF-a recorded a significant increase of 1570 folds,
and IL-1p registered a significant increase of 37.14
folds as compared to the control group (Fig. 3A-C).
Estimation of anti-inflammatory interleukin IL-10
also revealed an increase of 3.29 folds (Fig. 3D),
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although, the ratio of pro-inflammatory cytokines
to IL-10 clearly revealed a strong and significant
increase in the pro-inflammatory environment in the
colon tissue of DSS group animals as compared to the
control (Fig. 3E-G). On the other hand, EGCG treat-
ment appeared to strongly attenuate the pro-inflam-
matory damage and maintain inflammatory homeo-
stasis as evident by a robust and significant decline in
all tested interleukins as compared to the DSS group
animals (Fig. 3A-D). Moreover, in the case of TNF-a
and IL-10, the decline due to EGCG treatment was
at par with the control group (Fig. 3B, D). Similarly,
when analysed relative to IL-10, EGCG treatment
significantly improved the inflammatory environment
which was at par with the control groups in the case
of IL-6 and TNF-a (Fig. 3E, F).

EGCG treatment suppresses DSS-induced systemic
inflammatory activation

To assess whether DSS-induced colitis induced sys-
temic activation of immune cells, splenocytes culture
supernatants were assessed for markers of inflamma-
tory proteins. It was observed that similar to the colon
tissue, a strong and significant increase in the expres-
sion of IL-6, TNF-a, IL-1p, and IL-10 proteins was
apparent in animals of the DSS group although the
rate of change was much smaller than those observed
in the colon tissue homogenates (Fig. 4A-D). Anal-
yses of the pro-inflammatory to anti-inflammatory
protein (IL-10) ratio also revealed a pattern simi-
lar to the colon tissue homogenates except for IL-6
(Fig. 4E-G). However, except for IL-6, EGCG-treated
animals showed robust and significant suppression of
all tested cytokines which were also at par with con-
trol IL-1p and TNF-« levels (Fig. 4A-D). EGCG also
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Fig. 2 Effect of EGCG on A
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maintained inflammatory homeostasis as evidenced
by the ratio of pro-inflammatory to anti-inflammatory
cytokines which were at par with the control except
for IL-1P levels (Fig. 4E-G). Further, an enhanced
rate of proliferation of splenocytes was also evident
since a 4.94 folds increase in total splenocytes in the
DSS group as compared to the control group animals
was observed (Fig. 4H). However, no effect of EGCG
treatment on the numbers of total splenocytes could
be observed (Fig. 4H).

EGCQG treatment augments cellular antioxidant
defences and attenuates oxidative damage

EGCG-treated animals demonstrated a robust and
significant 3.29- and 1.97-folds increase in total anti-
oxidant capacity of the colon tissues as compared
to the control and DSS group animals respectively
(Fig. 5A). Similarly, over 15 folds significant increase
in cellular NRF-2 mRNA expression was also
observed in EGCG-treated animals as compared to
control (Fig. 5B). On the other hand, analyses of cel-
lular oxidative damage through the estimation of lipid

DSS EGCG+DSS P

B Control DSS EGCG+DSS

ottt Bt BBl

Control DSS EGCG+DSS

peroxidation levels revealed a strong and significant
increase in DSS treated animals by a factor of 4.38
folds as compared to the control while lipid peroxi-
dation damage in EGCG treated animals was at par
with the control (Fig. 5C). Although protein carbonyl
levels also appeared to increase in the DSS-fed group;
however, no significant difference amongst any of the
tested groups could be observed (Fig. 5D).

Intestinal epithelial integrity and functions are
maintained in EGCG-treated animals

To assess whether DSS-induced structural and func-
tional damage could be ameliorated by EGCG treat-
ment, we analysed the expression of tight junction
proteins (ZO-1 and occludin) and mucous secreting
proteins (mucin-2). It was observed that the DSS
challenge strongly downregulated the expression of
Z0-1 and occludin in colon tissue by a factor of 4.34
folds and 1176.47 folds respectively as compared to
the control (Fig. 6A, B). Similarly, relative expression
of Mucin-2 mRNA in DSS group animals decreased
by over 3000 folds as compared to the control
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in the colon and augments Th1/Th2 immune balance as
assessed through the measurement of A IL-6, B TNF-a, C
IL-1p, D IL-10, E IL-6/IL-10 ratio, F TNF-a/IL-10 ratio, G

(Fig. 6C). On the other hand, a robust and signifi-
cant increase in ZO-1, occludin, and mucin-2 mRNA
expression was recorded in EGCG-treated animals as
compared to both the control and DSS-treated ani-
mals (Fig. 6A-C).

DSS-induced suppression of cell cycle inhibitors is
reversed by EGCG treatment

Downregulation of cell cycle inhibitors is associ-
ated with UC-associated colon carcinogenesis. In the
present study, we observed a general decline in the
mRNA expression of all tested cell cycle inhibitors
in the DSS group as compared to the control group
(Fig. 7A-C). Specifically, a 33.3 folds decrease in
p53 expression, 47.6 folds downregulation in p164
expression, and a 2.27 folds decline in p21WAF!
mRNA expression in the DSS group as compared to
the control group were recorded (Fig. 7A-C). Con-
versely, EGCG-treated animals demonstrated a gen-
eral increase in the expression of cell cycle inhibi-
tors as compared to the DSS group which was also
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cant difference amongst means presented as ****p<0.0001;
**%p <0.001; **p<0.01; *p<0.05

significantly higher than p53 and p21"AFlexpression
in the control group (Fig. 7A-C).

Discussion

The present study attempted to assess the protec-
tive effects of green tea EGCG consumption on the
progression and severity of DSS-induced colitis in
aged Swiss albino male mice. DSS is a widely used
agent for studying UC due to its rapid induction and
clinically relevant parameters (Eichele and Khar-
banda 2017). However, molecular understanding
of its pathogenesis is still incomplete and it appears
that aging augments the detrimental effects of UC
(Liu et al. 2019). This is not surprising since aging
is accompanied by a systemic increase in inflamma-
tion (inflamm-aging) and predisposition to inflamma-
tory disorders, remodelling of the intestinal epithe-
lial barrier as well as ‘leaky gut’ that can aggravate
the development and progression of UC (Tran and
Greenwood-Van Meerveld 2013; Ren et al. 2014). In
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Fig. 4 EGCG treatment suppresses inflammatory cytokines
in the splenocytes culture supernatant as assessed through the
measurement of A IL-6, B TNF-«, C IL-1, D IL-10, E IL-6/
IL-10 ratio, F TNF-o/IL-10 ratio, G IL-1p/IL-10 ratio, H Total

this regard, we have previously profiled age-depend-
ent immunological changes in Swiss albino mice
used in the present study that confirmed prevalent
systemic inflammation and Th1/Th2 immune imbal-
ance (Sharma et al. 2014b). In the present study, we
observed a rapid onset of colitis symptoms in aged
animals, most evidently weight loss, which appeared
to steadily increase with progressive DSS treatment.
Previous studies in younger animals have reported
20-30% weight loss on account of DSS treatment
which is dependent on the animal strain used, as
well as the duration and dosage of DSS administered
(Laroui et al. 2012; Chassaing et al. 2014; Kwon et al.
2021). The rapid loss of weight during DSS treat-
ment could be attributed to a combination of DSS-
induced cytotoxicity and inflammation (Hwang et al.
2016) as well as the development of UC symptoms
such as diarrhoea, bloody stool, and reduced feed
intake (Kaur and Goggolidou 2020). Specific data on
acute DSS-induced colitis in aged animals are lim-
ited, and our results are contrary to a recent study in
aged C57BL/6 mice which only showed a near 15%
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number of splenocytes. Values are mean+SD (n=>5). Signifi-
cant difference amongst means presented as ****p <0.0001;
**%p<0.001; **p<0.01; *p<0.05

decrease in body weight (Liu et al. 2020). How-
ever, this disparity could easily be attributed to the
lower dose of DSS [2% (w/v)] as well as the differ-
ent animal strain used compared to the present study.
Although we did not directly compare colitis develop-
ment relative to age in this work; however, based on
our observations as well as previous reports on DSS-
induced colitis in young mice (Glauben et al. 2006;
Verma et al. 2014; Sharma et al. 2020; Bouameur
et al. 2022); the unusually massive change in inflam-
matory markers, expression of intestinal epithelial
integrity as well as cell cycle suppressor genes in the
present study suggests that DSS may have caused
more severe cellular and molecular damage in aging
male animals. This is also supported by recent stud-
ies which demonstrated that UC is more detrimental
during aging both in humans and experimental ani-
mals as validated through parameters such as weight
loss, maintenance of epithelial barrier integrity, and
inflammation (Liu et al. 2019, 2020).

Several dietary agents and phytochemicals have
demonstrated the potential to attenuate the effects
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of UC both in preclinical as well as clinical studies,
and as such, there is a growing interest in the devel-
opment of natural products-based therapies for the
management of IBDs (Holleran et al. 2020; Picardo
et al. 2020; Gupta et al. 2022). EGCG is the promi-
nent catechin in green tea and has been associated
with several health beneficial effects including anti-
inflammatory, anti-oxidant, and anti-cancer activities
(Musial et al. 2020; Kim and Heo 2022). We and oth-
ers have previously reported that EGCG can also ben-
eficially modulate several deleterious aspects of aging
including immunosenescence, gut dysbiosis, cellular
senescence, as well as inflamm-aging resulting in
the extension of organismal healthspan and lifespan
(Shin et al. 2016; Sharma et al. 2017, 2019, 2022;
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Holczer et al. 2018; Kumar et al. 2019, 2020; Sharma
and Diwan 2022). In the present study, we observed
that EGCG pre-treatment for 30 days remarkably
reversed the physical markers of UC in aged ani-
mals such as a robust decrease in weight loss, DAI
index, and colon length. Previous reports using young
experimental animals have also shown that EGCG
can attenuate experimental colitis by improving anti-
inflammatory responses and maintenance of the epi-
thelial barrier integrity (Bing et al. 2017; Du et al.
2019). DSS-induced colitis is accompanied by acute
oxi-inflammatory stress in the colon and indeed we
observed a massive upregulation of several markers
of inflammation and oxidative damage in the colon
tissue of DSS-treated animals. A similar, albeit less
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aggravating trend was observed in the splenocytes of
DSS-treated animals that was further associated with
a robust increase in the total splenocytes population.
Although we did not specifically measure oxi-inflam-
matory stress markers in peripheral blood, our obser-
vations in the spleen are indicative of systemic effects
of DSS-induced colitis. On the other hand, EGCG
group animals showed very effective downregulation
of all measured inflammatory markers, but curiously,
no significant effect on the total splenocytes popula-
tion could be observed. This indicated that the appar-
ent suppressive effects of EGCG on interleukins may
not be due to reduced proliferation of immune cells
but could be related to subdued activation of splenic
immune cells. In this regard, previous studies have
demonstrated that EGCG can suppress the secretion
of proinflammatory cytokines in immune cells acti-
vated due to various inflammatory insults that may
be implicated in the observed effects of EGCG in the
present study (Peairs et al. 2010; Huang et al. 2021;
Ma et al. 2021). The ratio of pro-inflammatory (IL-6/
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IL-1B/TNF-a) to anti-inflammatory cytokine (IL-
10) is an indicator of the Th1/Th2 cytokine balance
and is associated with disease progression as well
as the level of immunological homeostasis (Sharma
et al. 2014a; Joshi et al. 2015). In the present study,
a strong imbalance in Th1/Th2 ratio, as evidenced by
upregulation of Thl immune response, was observed
in the colon of DSS-treated animals that were
robustly countered by EGCG treatment. Our obser-
vations are similar to previous reports which demon-
strated that improving the Th1/Th2 cytokine profile
is a therapeutic target of various UC management
strategies (Bing et al. 2017; Saba et al. 2020). How-
ever, no specific trend in Th1/Th2 cytokine profile for
splenocytes could be observed which could at least
partially be related to the considerable heterogeneity
in the investigated splenic immune cell population. In
addition to the management of inflammatory stress, a
strong upregulation of cellular antioxidant defences
in terms of total antioxidant capacity, expression of
transcription factor Nrf2, as well as concomitantly
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decreased oxidative stress was also apparent in
EGCG-treated animals. Together, this indicates that
EGCG supplementation robustly maintained the oxi-
inflammatory homeostasis in the colon even in the
wake of an enduring inflammatory threat and thus
protected intestinal epithelial cells from damage and
loss of function. Our results are supported by several
previous studies which have demonstrated that EGCG
application can offer protection against inflammatory
aggravation by enhancing Nrf2-dependent and inde-
pendent activation of cellular antioxidant potential
(Han et al. 2012; Kanlaya et al. 2016; Li et al. 2016;
Sun et al. 2017).

The robust presence of oxi-inflammatory stress in
the colon tissue environment is likely to affect epi-
thelial cells’ functional homeostasis and integrity.
Indeed, a strong decrease in the expression of tight
junction genes in the DSS treated group was apparent
while EGCG treated animals had significantly higher
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levels of these genes even when compared to the con-
trol animals. These observations suggest that EGCG
application could maintain and even enhance the
architecture and functional homeostasis of the intes-
tinal epithelial cells and thus potentially prevent the
leaky gut which could explain the lack of systemic
effects of DSS-induced inflammatory aggravation
in EGCG-treated animals. Our observations are also
consistent with previous studies wherein the applica-
tion of dietary bioactive phytochemicals improved the
intestinal integrity and functions through the main-
tenance of tight junction proteins during progressive
UC (Cao et al. 2018; Dong et al. 2020; Li et al. 2020;
Qu et al. 2021). In addition to inflammatory damage,
a more serious implication of UC is the development
of colitis-associated neoplasia leading to colonic car-
cinoma (Foersch and Neurath 2014). Persistent oxi-
inflammatory stress can suppress the cell cycle regu-
latory pathways (such as p53/p21WAF! and p16™y/
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Rb) resulting in increased and unwarranted cellular
proliferation (Poehlmann et al. 2013; Gudkov and
Komarova 2016). The acute inflammatory stress in
DSS-induced colitis can enhance the aberrant prolif-
eration of colon cells and thus increase the risk of car-
cinogenesis (Inoue et al. 2007). It has been observed
that the loss of p53 functions due to mutations in the
pS53 gene is one of the earliest and essential neoplas-
tic events in UC-associated tumorigenesis that can
both initiate and augment the progression of tumo-
rigenesis and inflammation (Fujii et al. 2004; Chang
et al. 2007; Cooks et al. 2013; Schulz-Heddergott
et al. 2018; Su et al. 2019). Similarly, a decrease in
the expression of p21WAF! (the downstream target of
p53), as well as p53-independent p16™42 expression,
has also been associated with increased incidences of
neoplasia and carcinoma in IBDs (Seril et al. 2003;
Wong et al. 2003). In fact, the relative expression
profile of cell cycle inhibitors is considered a marker
for assessing the severity and progression of UC, and
suppression in cyclins expression is associated with
impending neoplasia (Ioachim et al. 2004). Previous
studies suggest that multiple cycles of DSS can ulti-
mately induce tumorigenesis in experimental animals
that can be further accelerated by using a combina-
tion of carcinogen azoxymethane and DSS (Clapper
et al. 2007; Arnesen et al 2021). In the present study,
we observed a strong inhibition of p53/p21WAFl/
p16"™4 in the colon of DSS-treated animals suggest-
ing the possible onset of dysplasia. In the context of
aging, since senescence acts as a barrier to tumo-
rigenesis, loss of cell cycle suppressor genes in aged
animals in the wake of acute inflammatory stress can
ablate the senescence program in colon cells, and it is
reasonable to speculate that this loss of cellular senes-
cence could be involved in promoting UC-associated
carcinogenesis during aging. Moreover, the molecu-
lar cross-talk between p53 expression and persistent
inflammatory aggravation is well known wherein
increased inflammatory cytokines such as IL-6, as
observed in the present study, can directly suppress
pS3 activity and its downstream effects (Yonish-
Rouach et al. 1991; Gudkov et al. 2011; Brighenti
et al. 2014) thereby promoting tumorigenesis which
can be correlated in the present study. It thus can be
speculated that the remarkable increase in antioxidant
potency and attenuated oxi-inflammatory damage on
account of EGCG treatment may have maintained
cellular redox and functional homeostasis in the colon

despite the looming DSS threat ultimately resulting
in the apparent suppression of colitis and possible
colitis-induced dysplasia in aged animals (Fig. 8).
However, it is also interesting to note that EGCG is
considered a gerosuppressor as it inhibits several fea-
tures of cellular senescence including the increased
expression of cell cycle inhibitory genes such as p53
and p21WAF! in cellular models of senescence as well
as in naturally aged animals (Kumar et al. 2019; Lilja
et al. 2020; Sharma et al. 2022). Considering this
and based on the observations in the present study, it
seems that the effects of EGCG on cell cycle regula-
tion are contrary in the wake of DSS-induced inflam-
mation in aged animals. Although the exact under-
lying mechanisms regarding this disparity are yet
unclear, however, it needs to be considered that DSS
treatment in the present study induced severe inflam-
mation in the colon and splenocytes of aged animals
as evident by unusually high levels of inflammatory
cytokines. This robust inflammatory environment
can overwhelm the p53-mediated protective response
to counter oxidative and inflammatory stress which
can ultimately suppress p53 activity and expression
(Brighenti et al. 2014; Gudkov and Komarova 2016).
It is plausible to suggest that EGCG being an antioxi-
dant, countered and neutralized the DSS-induced cel-
lular inflammatory stressors to a relatively lower level
such that p53 could now express and respond effi-
ciently to these stressors ultimately augmenting the
cellular antioxidant responses (Sablina et al. 2005) as
observed in the EGCG treated group.

The present study is the first attempt to integrate
aging, DSS-induced inflammatory damage, and
tumorigenesis vis-a-vis a phytochemical (EGCG)
treatment. Our data suggests that aging can strongly
predispose elderly to UC, and that EGCG treatment
is a potential tool in managing the progression of UC
during aging. However, despite its strengths, there are
certain limitations to consider. Firstly, although very
high levels of inflammatory cytokines were observed
in the colon and spleen tissue in the present study;
analyses of the systemic presence of inflammatory
markers could provide further insights into the extent
and severity of prevalent colitis in aged animals. Sec-
ondly, the present study evaluated cellular senescence
marker genes within the context of developing colitis,
but since these are aged animals, it would be prudent
to further assess how cellular senescence in the colon
tissue per se is affected by DSS as well as EGCG
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treatment thereof by using other characteristic mark-
ers of senescence such as SA-p-activity, cell prolif-
eration, telomere length, and SASP. Thirdly, a chronic
model of DSS-induced colitis should also be assessed
for comprehending how chronic inflammation and
EGCG treatment affect UC, particularly tumorigen-
esis, in aged animals.

Conclusion

There is increasing evidence to consider that aging
presents a more severe form of colitis which requires
specific therapeutic considerations. Indeed, our
results suggest that aged male animals develop rapid
and robust colitis due to DSS treatment, and that con-
sumption of green tea EGCG can beneficially impact
the development of UC even in aged animals by ame-
liorating oxi-inflammatory stressors and attenuating
potential colitis-induced progression of tumorigen-
esis. Although male animals are considered more
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prone to chemical-induced colitis, however, females
can also develop symptoms of DSS-induced colitis,
albeit less severe, depending upon the dose and dura-
tion of DSS treatment (Zhao et al. 2013; Babickova
et al. 2015; Nyuyki et al. 2018; Zhang et al. 2019).
Further, a recent report has observed that application
of DSS (@ 3.5% w/v) for seven days, as also per-
formed in the present study, could successfully induce
colitis in young female mice (Ren et al. 2021) thereby
indicating that our results in aged male mice could
also be valid in female aged mice. Moreover, dietary
application of bioactive phytochemicals is potent in
managing inflammatory disorders, such as experi-
mental colitis, regardless of the animal gender (Var-
ilek et al. 2001; Dou et al. 2013; Zhao et al. 2013;
Ren et al. 2021) and thus, we expect that our obser-
vations on protective effects of EGCG in the current
study should also be applicable in aged female mice.
After allometric scaling for humans, our standardized
bioactive dosage of EGCG (100 mg/kg/animal) corre-
sponds to 486 mg of EGCG consumption in humans
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which is considered a safe and recommended daily
dosage for potential health beneficial effects of green
tea drinking (Kuriyama et al. 2006; Pang et al. 2016;
Sharma et al. 2017). Further studies assessing EGCG
consumption in impacting colitis-induced colon can-
cer, especially during aging are desirable to truly
comprehend the anti-colitis effects of green tea.
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