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[ABSTRACT] Ulcerative colitis (UC), a prevalent form of inflammatory bowel disease (IBD), may result from immune system dys-
function, leading to the sustained overproduction of reactive oxygen species (ROS) and subsequent cellular oxidative stress damage.
Recent studies have identified both peroxisome proliferator-activated receptor-y (PPARy) and endoplasmic reticulum (ER) stress as
critical targets for the treatment of IBD. Oroxyloside (C,,H,,0y,), derived from the root of Scutellaria baicalensis Georgi, has tradi-
tionally been used in treating inflammatory diseases. In this study, we investigated the molecular mechanisms by which oroxyloside
mitigates dextran sulfate sodium (DSS)-induced colitis. We examined the effects of oroxyloside on ROS-mediated ER stress in colitis,
including the protein expressions of GRP78, p-PERK, p-elF2a, ATF4, and CHOP, which are associated with ER stress. The beneficial
impact of oroxyloside was reversed by the PPARy antagonist GW9662 (1 mg-kg ™, i.v.) in vivo. Furthermore, oroxyloside decreased
pro-inflammatory cytokines and ROS production in both bone marrow-derived macrophages (BMDM) and the mouse macrophage cell
line RAW 264.7. However, PPARy siRNA transfection blocked the anti-inflammatory effect of oroxyloside and even abolished ROS
generation and ER stress activation inhibited by oroxyloside in vitro. In conclusion, our study demonstrates that oroxyloside amelior-
ates DSS-induced colitis by inhibiting ER stress via PPARy activation, suggesting that oroxyloside might be a promising effective
agent for IBD.
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Introduction viduals per 100 000 ™). There is a critical need to explore ef-
fective and safe interventions that can mitigate the adverse ef-
fects of conventional treatments for UC from a public health
perspective. Research has indicated that endoplasmic retic-
ulum (ER) stress may play a significant role in the develop-

ment of IBD ™. The ER is a crucial organelle involved in

Inflammatory bowel disease (IBD) is a refractory intest-
inal disease characterized by chronic inflammation, resulting
in mucosal erosion and ulcers in sections of the gastrointest-
inal tract. This disease affects 1.4 million Americans, with a
prevalence rate of 396 per 100,000 individuals, and is in-
creasingly prevalent in Asian countries ' . Worldwide, ul-
cerative colitis (UC), a type of IBD, affects about 8—12 indi-

protein synthesis, folding, and modification. Various stressors
can lead to the accumulation of misfolded proteins in the ER,
triggering the unfolded protein response (UPR) to help the
cell adapt to stress or initiate apoptosis '*”. This response in-
volves the dissociation of misfolded or unfolded proteins
from GRP78 and the subsequent activation of three primary
ER stress transducers: protein kinase RNA-like endoplasmic
reticulum kinase (PERK), activating transcription factor 6
(ATF6), and inositol-requiring enzyme la (IREla). Activa-
tion of PERK leads to the phosphorylation of elF-2a, facilit-
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ating the translation initiation of ATF4 and leading to upregu-
lation of CHOP (GADDI153). Persistent ER stress, which
may occur in various diseases, leads to apoptosis through
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the sustained activation of the PERK-CHOP signaling path-
way. Moreover, all three popular transducers of UPR are reg-
ulated by similar cues and coordinately activated *'*. Previ-
ous studies have identified ER stress in the intestinal mucosa
of patients with IBD, including Crohn’s disease (CD) and
UC []5-]8]'

Activation of peroxisome proliferator-activated receptor
gamma (PPARY) is recognized for its protective effects on in-
testinal tissues against damage from dextran sodium sulfate
(DSS), 2,4,6-trinitrobenzene sulfonic acid treatment, or
ischemia-reperfusion injury "*?'". Growing evidence high-
lights the pivotal role of PPARy in regulating adipocyte dif-
ferentiation and enhancing insulin sensitivity. PPARy agon-
ists have been increasingly utilized to manage conditions as-
sociated with endoplasmic reticulum (ER) stress, including
major depressive disorder (MDD) ¥, atherosclerosis, and
obesity ¥ The PPARy system provides protection against
multiple triggers of the innate immune response, including tu-
mor necrosis factor-a (TNF-a), interferon-y (IFN-y), NF-xB,
COX2 as well as IL-1, VCAM and MCP1 ™.

Oroxylin A, a flavonoid isolated from Scutellaria root,
has demonstrated a range of pharmacological properties, in-
cluding anti-inflammatory and antioxidative effects °**"". In
our previous study, oroxyloside, a metabolite of oroxylin A,
may attenuate DSS-induced colitis through the activation of
PPARy P%. In this study, we co-treated the mice with
GW9662 (an inhibitor of PPARY) and pretreated the cells
with PPARy siRNA to confirm the crucial role of PPARy in
countering DSS-induced colitis facilitated by oroxyloside.
Additionally, we investigated the underlying anti-inflammat-
ory mechanisms of oroxyloside via PPARYy activation. Inter-
estingly, our findings revealed that oroxyloside attenuated
DSS-induced colitis by inhibiting ER stress via PPARy activ-
ation.

Materials and Methods

Chemical Reagents and Kits

Oroxyloside (OAG, Cy,H,,0;;, Mr =460.39), pur-
chased from Zelang Pharmaceuticals Corporation (Nanjing,
China), and freshly diluted with Dulbecco’s Modified Eagle
Medium (DMEM, Gibco, Carlsbad, CA) to final concentra-
tion for in vitro study. In addition, oroxyloside was prepared
as intragastric administration (0.5% CMC) for in vivo study.
The mice in the DSS-treated group were administered 0.5%
CMC as a vehicle.

LPS (E. coli: Serotype O55:B5), 5-Aminosalicylic acid
(5-ASA), Dimethylsulfoxide (DMSO), and GW9662 were
bought from Sigma-Aldrich (St. Louis, MO, USA). Dextran
sulfate sodium (DSS, molecular weight 36-50 kDa) was ob-
tained from MP Biomedicals Inc. (Irvine, CA, USA). Dye
DAPI was purchased from Invitrogen (Carlsbad, CA, USA).
Triton X-100 was purchased from Shanghai Chao Rui Bi-
otech. Co., Ltd. (Shanghai, China). BSA was obtained from
Roche Diagnosis Ltd. (Shanghai, China). Sodium carboxyl
methyl cellulose (CMC) was purchased from Sinopharm

®

Group Co., Ltd. (Shanghai, China).

The myeloperoxidase (MPO) kit and activity assay total
antioxidant capacity assay kit were obtained from Nanjing Ji-
ancheng Bioengineering Institute (Nanjing, China). ELISA
kits for mouse IL-1B3, TNF-a, and IL-6 were purchased from
Boster Biotech Co. Ltd. (Wuhan, China).

Primary antibodies against PPARy, p-elF2a, ATF4, IL-
1B, IL-6, TNF-0, S-actin, and PPARy siRNA (M) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA); primary antibodies against p-PERK, CHOP, and
GRP78 were purchased from Cell Signaling Technology
(Danvers, MA, USA).

Cell culture

The RAW 264.7 mouse macrophage cells were pur-
chased from the Cell Bank of the Shanghai Institute of Bio-
chemistry & Cell Biology at the Chinese Academy of Sci-
ences (Shanghai, China). These cells were cultured in Dul-
becco’s Modified Eagle Medium (Gibco, Carlsbad, CA,
USA) supplemented with 10% (V/V) heat-inactivated fetal
bovine serum (FBS, Gibco, Paisley, Scotland), 100 U'mL™
streptomycin, and 100 U-mL™ penicillin at 37 °C in an atmo-
sphere containing 5% CO,. Bone marrow-derived macro-
phages (BMDM) were isolated from C57BL/6 mice and re-
suspended in DMEM supplemented with 10% FBS and 20
ng-mL™" granulocyte-macrophage colony-stimulating factor
(GM-CSF) (PeproTech, USA). The culture medium was re-
placed every three days, and within approximately one week,
a population of adherent macrophages was established. Fol-
lowing a 6-hour incubation period in medium without GM-
CSF, these cells were utilized for experimental purposes as
BMDM.

Reactive oxygen species formation assessment

The generation of reactive oxygen species (ROS) was as-
sessed using the fluorescent dye 2,7-dichlorofluorescein-di-
acetate (DCFHDA, Beyotime Institute of Biotechnology,
China). Colonic tissues from mice in each experimental
group were homogenated with phosphate-buffered saline
(PBS). Both isolated colon cells and RAW 264.7 cells were
collected and incubated with 10 pmol-L™' DCFH-DA, di-
luted in serum-free medium for half an hour at 37 °C in the
dark. Following incubation, the cells were washed twice with
a serum-free culture medium. The fluorescence intensity of
DCFH-DA in each group was then measured using a meas-
ured by FACSCalibur flow cytometer (Becton Dickinson) at
Ex/Em = 488/525 nm.

DSS-induced colitis and drug administration

Female C57BL/6 mice, aged 6—8 weeks old and weigh-
ing 18-22 g, were supplied by Animal Core Facility, Nanjing
Medical University, with the animal production number
SCXK(SU)2021-0001. All the experiments were approved by
the Ethics Committee of China Pharmaceutical University.
These experiments adhered to the guidelines of the policies of
the State Food and Drug Administration (SFDA) of China on
Animal Care. All animals received humane care according to
the criteria outlined in the Guide for the Care and Use of
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Laboratory Animals by the National Academy of Sciences, as
published by the National Institutes of Health. Throughout
the acclimatization and study periods, all animals had unres-
tricted access to food and water ad libitum and were main-
tained under a consistent 12 h light/dark cycle at 21 = 2 °C
and a relative humidity of 45% + 10%.

To induce acute colitis, C57BL/6 mice were admin-
istered drinking water containing 4% (W/V) DSS (model) for
seven days, followed by regular water for three days.

All the mice were randomly allocated into four groups:
control (receiving regular water), DSS-treated, oroxyloside-
treated (80 mg-kg ™', i.g.), and a group receiving GW9662
(PPARYy antagonist, 1 mg-kg ', i.p.), followed by oroxyloside
treatment (80 mg-kg ). Oroxyloside and GW9662 were ad-
ministered daily from day 1 to day 10.

Histological analysis of colonic lesions

Mice were inspected and weighed daily. On the eleventh
day, the animals were euthanized, and their colons were re-
moved, unfolded longitudinally for photographic documenta-
tion, and rinsed with PBS. Sections of THE colonic tissue
were then prepared for ex vivo analyses. Histological examin-
ations were conducted following previously described meth-
ods P,

Measurement of total antioxidant capacity of the colonic tis-
sues

Colonic tissues were homogenized in cold PBS. The su-
pernatant from each group was then assessed in accordance
with the manufacturer’s instructions provided with the assay
kit.

Transient Transfection

PPARy siRNA was transfected into cells using Lipo-
fectamine 2000™ reagent (Invitrogen, CA), according to the
manufacturer’s instructions **,

Immunoblotting

Cells were exposed to indicated concentration of oroxyl-
oside for 24 h and then collected and lysed in lysis buffer
(100 mmol-L™" Tris-Cl, pH 6.8, 4% (g-L™") sodium dodecyl-
sulfonate, 209% (¥/V) glycerol, 200 mmol-L™" -mercaptoeth-
anol, 1 mmol-L™" phenylmethylsulfonyl fluoride, and 1
g'mL™" aprotinin). The lysates were centrifuged at 12,000 g
for 30 min at 4 °C. Protein concentrations were determined
using a BCA assay kit. The proteins were then separated on
an SDS-PAGE gel and transferred to PVDF membranes
(Millipore, Billerica, MA). Detection was carried out with
primary antibodies followed by incubation with appropriate
secondary antibodies. Immunoreactive protein bands were
visualized by an Odyssey Scanning System (Li-COR Inc.,
Superior St. Lincoln, NE). All blots were stripped and re-
probed with a polyclonal anti-f-actin antibody to confirm
equal loading of proteins.

Immunofluorescence microscopy

Briefly, colonic sections were deparaffinized at 60 °C for
30 min, rehydrated, and washed in 1% PBS Tween for 15
min. Then they were treated with 3% hydrogen peroxide, fol-
lowed by blocking with 3% bovine serum albumin (BSA).

®

The samples were incubated overnight at 4 °C with primary
antibodies against CHOP (diluted at 1 : 80). After three
washes, the colonic sections were incubated with FITC-con-
jugated secondary antibodies (diluted at 1 : 200, Invitrogen,
CA, USA, M30101, L42001). Slides were counterstained
with DAPI for 30 min to visualize nuclei. The reaction was
stopped by thorough washing with water for 5 min. Images
were captured using a confocal laser-scanning microscope
(Olympus, Tokyo, JP). Settings for image acquisition were
identical for control and experimental tissues.

Treated RAW 264.7 cells were harvested and seeded
onto glass coverslips processed for immunofluorescence. To
investigate the expressions of ER stress-associated proteins
GRP78 and CHOP, the cells were transfected with PPARy
siRNA for 6 h or not and then pretreated with LPS (1
pg-mL™), oroxyloside (100 pmol-L™") for 24 h and then har-
vested. Coverslips were fixed in 4% paraformaldehyde (PFA)
for 30 min. Then the cells were stained with DAPI for 15
minutes. The images were captured by an Olympus FV1000
confocal microscope.

Enzyme-linked immunoassay (ELISA)

Colonic tissues from mice in each group were homogen-
ized with lysis buffer to extract colonic protein. The homo-
genate was centrifuged at 12 000 g at 4 °C for 25 min. The
amount of total extracted protein was determined by the BCA
protein assay kit. IL-1B, IL-6, and TNF-a production in su-
pernatant RAW 264.7 cells, BMDM cells and serum of mice
were measured by ELISA kits according to the manufactur-
er’s specifications. Additionally, the concentrations of IL-1f,
IL-6, and TNF-a in the colon homogenates were measured
using an ELISA kit.

Immunohistochemistry (IHC)

The protein expression levels of F4/80, GRP78, and
CHOP in the colonic tissues were assessed following the
method described in the previous study °°
Quantitative real-time polymerase chain reaction (PCR) ana-
lysis

Total RNA isolation and real-time PCR were performed
as previously described . The relative amount of target
mRNA was determined using the comparative threshold
cycle (C,) method by normalizing target mRNA C, values to
those for S-actin (AC,). The primer sequences are as follows:
Mouse IL-6-forward (5'-ACAACCACGGCCTTCCCTAC-
3"); Mouse IL-6-reverse (5'-TCTCATTTCCACGATTTCCC-
AG-3"); Mouse IL-1B-forward (5'-TGCCACCTTTTGAC-
AGTGATG-3"); Mouse IL-1B-reverse (5'-TTCTTGTGAC-
CCTGAGCGAC-3’); Mouse TNF-o-forward (5-ATGAG-
CACAGAAAGCATGATCCGC-3"); Mouse TNF-a-reverse
(5-AAAGTAGACCTGCCCGGTC-3"); Mouse CHOP-for-
ward (5'-CTGCCTTTCACCTTGGAGAC-3"); Mouse CHOP-
reverse  (5-CGTTTCCTGGGGATGAGATA-3');
sXBPI1-forward (5'-GAGTCCGCAGCAGGTG-3'); Mouse
sXBP1-forward (5'-GTGTCAGAGTCCATGGGA-3"); Mou-
se p-actin-forward (5'-AAGATGACCCAGATCATGTTT-
GAGACC-3"); Mouse p-actin-reverse (5-AGCCAGTCC-

Mouse
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AGACGCAGGAT-3").
Statistical analysis

The data shown in this study were expressed as means +
SD from at least three independent experiments, with each
treatment or dosage tested in triplicate samples. Statistical
analyses were performed using ANOVA followed by a post
hoc test.

Results

Oroxyloside attenuated inflammatory symptoms of DSS-in-
duced colitis by PPARy activation

The dextran sulfate sodium (DSS)-induced colitis model
is widely recognized as closely relevant to human ulcerative
colitis P, We investigated the anti-inflammatory effects of
oroxyloside on the susceptibility and inflammatory responses
in this model. We observed significant body weight loss in
mice with DSS-induced colitis. However, administration of
oroxyloside (80 mg-kg™") remarkably reversed the weight loss
(Fig. 1A). GW9662, a PPARYy inhibitor, negated the benefi-
cial effect of oroxyloside on body weight in mice with colitis
(Fig. 1A). As shown in Figs. 1B and 1C, DSS-induced colon
shortening was significantly ameliorated by oroxyloside treat-
ment. This improvement, however, was inhibited by
GW9662, suggesting that the protective effects of oroxylos-
ide against DSS-induced colitis are mediated, at least in part,
through the activation of PPARYy.
Oroxyloside inhibited the inflammatory cell infiltration in
DSS-induced colitis via PPARy activation

In order to evaluate the protective effect of oroxyloside
against DSS-induced colitis via PPARY activation, we con-
ducted histopathological analyses using hematoxylin & eosin
(H&E) staining (Fig. 2A). The mucosal damage caused by
DSS was characterized by significant ulceration, accompan-
ied by extensive infiltration of granulocytes and mononuc-
lear cells into the mucosa, as well as congestion and edema in
the submucosa. The results showed that the mucosal damage
in the DSS + GW9662 group was similar to, or even more
severe than, that observed in the DSS group, indicating that
the protective effect of oroxyloside on pathological damage

A20r
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was negated by the PPARy inhibitor GW9662. Furthermore,
we investigated the effect of oroxyloside on the infiltration
of inflammatory cells by identifying F4/80 positive (F4/80")
macrophages in the colonic tissues (Fig. 2B). The presence of
F4/80" cells increased in the colonic tissues of mice treated
with DSS and DSS + GW9662, while oroxyloside decreased
the F4/80" cells (shown brown) in mice with colitis (Fig. 2B).
However, GW9662 blocked the inhibitory effect of oroxylos-
ide on the infiltration of F4/80" macrophages in colonic tis-
sues of mice with colitis. Furthermore, we found that oroxyl-
oside suppressed the activity of MPO, a hallmark of neutro-
phil infiltration ®**
fect of oroxyloside on the neutrophil infiltration was re-
versed by GW9662 as well (Fig. 2C). Our data indicated that
oroxyloside inhibited the infiltration of inflammatory cells in
DSS-induced colitis via PPARYy activation.

Oroxyloside diminished pro-inflammatory cytokines of DSS-

, in mice with colitis. The inhibitory ef-

induced colitis

The secretion of pro-inflammatory mediators is a defin-
ing feature of dextran sulfate sodium (DSS)-induced coli-
tis *> " Our results, as depicted in Figs. 3A and 3B, sugges-
ted that the levels of IL-1p, IL-6, and TNF-a in the serum and
colon were significantly elevated following DSS treatment,
with similar increases observed when DSS was combined
with GW9662. Oroxyloside effectively reduced the produc-
tion of these pro-inflammatory cytokines, but this inhibitory
effect was negated by GW9662. Additionally, these results
were corroborated at the mRNA level (Fig. 3C), further sup-
porting the conclusion that oroxyloside attenuates the produc-
tion of pro-inflammatory cytokines in the DSS-induced colit-
is model through the activation of PPARy.
Oroxyloside counteracted DSS-induced oxidative stress by
PPARy activation

Mounting evidence suggests that the uncontrolled over-
production of ROS can cause oxidative damage during active
episodes of inflammatory bowel disease (IBD), indicating
that oxidative stress might contribute to the progression of
colonic inflammation . In this study, we determined DSS-
induced oxidative stress by detecting the colonic ROS pro-
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Fig. 1 Oroxyloside treatment attenuated DSS-induced experimental colitis. (A) Body weight changes of each group (n = 10 per
group) after DSS induction of colitis. (B, C) The lengths of the colon from each group of mice were measured. The results are rep-
resentative of three independent experiments and expressed as means + SD. "P < 0.05, P < 0.01 vs normal mice; “P < 0.01 vs
DSS-treated colitis mice and ““P < 0.01 vs DSS + OAG-treated colitis mice.

®
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Fig. 2 Oroxyloside prevented DSS-induced colon damage and the infiltration of inflammatory cells in mice with colitis. (A) Seri-
al sections of colonic tissues were stained with H&E (200 X, 400 x). (B) The pathology score was performed to evaluate the thera-
peutic effect of oroxyloside (n = 3 per group). (C) The expression of F4/80" was detected by THC (x 400) in colonic tissues, and the
positive cells were brown. (D) MPO activities in the colonic tissues were detected (n = 3 per group). The results are expressed as
means £ SD. " P < 0.05, P < 0.01 vs normal mice; *P < 0.01 vs DSS-treated colitis mice and “P < 0.05 vs DSS + OAG-treated

colitis mice.

duction and total antioxidant capacity. Notably, as shown in
Figs. 4A and 4B, DSS exposure led to an increase in ROS
generation in mice with colitis, while oroxyloside treatment
effectively reduced this ROS increase. However, the effect of
oroxyloside was significantly diminished by GW9662. Fur-
thermore, oroxyloside significantly restored the total antiox-
idant capacity that was reduced by DSS, and this antioxidat-
ive activity of oroxyloside was also negated by GW9662
(Fig. 4C). These findings indicate that oroxyloside mitigates
DSS-induced oxidative stress primarily through the activa-
tion of PPARY.
Oroxyloside inhibited ER stress in colitis mice via PPARy ac-
tivation

Previous studies have established that the accumulation
of ROS can lead to protein damage, which in turn triggers the
ER stress response . To explore whether oroxyloside im-
pacts ER stress, we evaluated the protein expression associ-
ated with ER stress through IHC, Western blotting assay, and
immunofluorescence confocal microscopy. The results re-

vealed that oroxyloside effectively inhibited the ER stress-as-
sociated signaling pathway, specifically the PERK-ATF4-
CHOP pathway, including the components p-PERK, elF2a,
ATF4, and CHOP (Figs. 5A, 5B, and 5D). Additionally, real-
time PCR results confirmed oroxyloside’s similar inhibitory
effects on the mRNA levels of sXBP-1 and CHOP (Fig. 5C).
These analyses collectively demonstrate that oroxyloside mit-
igates DSS-induced ER stress. However, the inhibitory effect
of oroxyloside on ER stress was significantly reversed by
GW9662 (Figs. 5A-5D).
Oroxyloside decreased the production of pro-inflammatory
cytokines via PPARYy activation in vitro

To determine whether PPARY plays an important role in
the anti-inflammatory effect of oroxyloside in vitro, we in-
vestigated the secretion of pro-inflammatory cytokines, in-
cluding IL-1pB, IL-6, and TNF-a in the RAW264.7 cell line
and BMDM. Oroxyloside obviously inhibited LPS-induced
production and transcription of these pro-inflammatory cy-
tokines (Fig. 6A). Furthermore, silencing PPARy by siRNA
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significantly increased the secretion of these cytokines, even
in the presence of oroxyloside treatment (Fig. 6A). The res-
ults further demonstrated that PPARy silencing negated the
reduction of pro-inflammatory cytokines by oroxyloside at
both the protein and mRNA levels in both RAW264.7 cells
and BMDM (Figs. 6B and 6C). These findings collectively
suggest that oroxyloside likely mitigates the production of
pro-inflammatory cytokines through the activation of PPARY.
Oroxyloside inhibited ER stress through PPARYy activation in
vitro

In further investigations, we discovered that silencing
PPARy also blocked the inhibitory effect of oroxyloside on
ROS generation in vitro (Figs. 7A and 7B). Our results
showed that oroxyloside mitigated ER stress in the
RAW264.7 cell line by decreasing the expression of key pro-
teins involved in the PERK pathway, namely GRP78, p-
PERK, and CHOP (Figs. 7C and 7D). Furthermore, oroxylos-
ide was observed to reduce the increased protein levels of
GRP78 and CHOP, while the effects were reversed by
PPARy silencing (Figs. 7E and 7F). Our data demonstrate
that oroxyloside inhibited ER stress via PPARY activation.

Discussion

With UC becoming increasingly prevalent in both de-
veloped and developing countries, addressing it has become
an urgent need™ *. UC is mainly characterized by intestinal
inflammation and epithelial injury “**. The DSS-induced

®

colitis model, which closely mimics human inflammatory
bowel disease, offers a valuable tool for research . Utiliz-
ing this model, our study investigated the anti-inflammatory
effects of oroxyloside. We found that oroxyloside effectively
countered DSS-induced colon length shortening and body
weight loss (Fig. 1). Additionally, oroxyloside mitigated
colonic pathological damage and the infiltration of inflam-
matory cells in mice with colitis (Fig. 2). As a nuclear recept-
or, PPARy is a member of the PPAR family, which also in-
cludes PPARa and PPARP/S . Expressed in a variety of
cells within mucosal barriers, such as epithelial cells, lymph-
ocytes, and monocytes/macrophages, PPARY plays a crucial
role in regulating numerous functions, including cell prolifer-
ation, epithelial integrity, and mucosal bacterial-induced in-
flammation “**”. Intriguingly, the anti-inflammatory effects
of oroxyloside were reversed by the PPARy inhibitor
GW9662 (Figs. 1 and 2), suggesting that oroxyloside exerts
its protective effects against DSS-induced colitis primarily
through the activation of PPARy.

Cytokines play a crucial role in controlling intestinal in-
flammation and have been directly implicated in the patho-
genesis of IBD in current genetic and immunological stud-
es P In this study, the results demonstrated that oroxylos-
ide effectively ameliorated colitis by reducing the elevated
levels of pro-inflammatory cytokines IL-1f, IL-6, and TNF-a
in the serum and colon of mice with DSS-induced colitis
(Fig. 3). However, GW9662 blocked the inhibitory effects of
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Fig. 6 Oroxyloside reduced the production of pro-inflammatory cytokines by PPARy activation in vitro. (A) IL-1p, IL-6, and
TNF-a in culture supernatants were measured by ELISA in RAW 264.7 cells and BMDM (n = 3 per group). (B) The mRNA levels
of IL-1p, IL-6, and TNF-a were measured by real-time PCR in RAW 264.7 cells and BMDM (n =3 per group). (C, D) The pro-
tein expressions of PPARY, IL-1§, IL-6, and TNF-a were assessed by Western blotting assay. The results are expressed as means +
SD. P <0.01 vs control; “P < 0.05, P < 0.01 vs LPS-treated group and “P < 0.05, ““P < 0.01 vs LPS + OAG-treated group.

oroxyloside on the pro-inflammatory cytokines. In the serum,
the levels of all three cytokines (IL-1p, IL-6, and TNF-a) in
the DSS + OAG + GW9662 group were nearly tripled com-
pared to the DSS + OAG group. These findings indicated that
oroxyloside inhibited the production of pro-inflammatory cy-
tokines in DSS-induced colitis via PPARy activation.

Over the past few decades, ROS has been increasingly
recognized as a potential etiological factor in the pathogenes-
is of intestinal damage in IBD P!, Our study further demon-
strated that oroxyloside (80 mg-kg ™" in vivo, 100 pmol-L™" in
vitro) decreased the ROS generation induced by DSS in mice
or LPS in macrophage, respectively (Figs. 4A, 4B and Figs.
7A, 7B). GW9662 and PPARy siRNA also reversed the in-

hibitory effects of oroxyloside on ROS generation in vivo and
in vitro (Figs. 4A, 4B and Figs. 7A, 7B). In the in vivo study,
the ROS production of the DSS + OAG + GW9662 group
was more than three times to the DSS + OAG group, and a
similar phenomenon was shown in the in vitro study as well.
The results indicated that oroxyloside inhibited the genera-
tion of ROS via PPARYy activation.

The accumulation of ROS leads to ER stress, which
arises from the excessive presence of misfolded or unfolded
proteins in the ER, triggering the UPR *>*). The UPR is reg-
ulated by three major pathways and their associated transcrip-
tion factors: PERK-ATF4, ATF6p90-ATF6p50, and IRE1-
XBP1 ™. Genetic correlations between ER stress and both
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Fig. 7 Oroxyloside inhibited ER stress through PPARy activation in vitro. (A) RAW264.7 cells were incubated with DCFH/DA.
The geometric mean DCF fluorescence was measured by flow cytometry. (B) Histograms represented the geometric mean DCF
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termined by Western blotting assay. -Actin was used as a cytoplasm marker. (E, F) Inmunofluorescence staining was detected
to determine the effect of oroxyloside on the expression of GRP78 and CHOP in RAW264.7 cells (200 x ). The results are ex-
pressed as means = SD. "P < 0.05 vs control; “P < 0.05 vs LPS-treated group and “P < 0.05 vs LPS + OAG-treated group.

forms of IBD, CD, and UC, have been identified, initially
through a candidate gene study of XBPI"® and more re-
cently via the GWAS-based identification of the ORMDL3
locus P*. During ROS-induced ER stress, the PERK-ATF4-
CHOP pathway is a key signaling cascade ®>°*. However, it
remains unclear whether CHOP is activated specifically
through ROS-triggered ER stress in UC. In our study, treat-
ment with DSS (in vivo) or LPS (in vitro) elevated the pro-

tein levels of canonical UPR genes such as GRP78 compared
with control groups. Furthermore, activation of PERK path-
way components, evidenced by increased protein expression
of CHOP (also known as DDIT3) and ATF4, was observed in
colitis tissue (DSS-induced) or macrophages (post-LPS treat-
ment) compared with their respective control groups (Figs.
5B and 7C). To reinforce these findings, we also validated the
protein expression of CHOP through immunofluorescence

-315-



TAO Lei, et al. / Chin J Nat Med, 2024, 22(4): 307-317

confocal microscopy (Figs. 5D and 7E). The influence of
oroxyloside on ER stress was negated by silencing PPARy
(Figs. 7C-7E); there are literature reports that oroxyloside
could directly activate PPARy Pl Our data suggest that
oroxyloside mitigates ER stress induced by ROS through the
activation of PPARy.

In conclusion, oroxyloside inhibits DSS-induced colonic
pathological damage, inflammatory cell infiltration, activity
of MPO, and the generation of ROS. The pro-inflammatory
cytokines in the serum and colon were also significantly re-
duced by oroxyloside. Furthermore, we illuminated that
oroxyloside protected against DSS-induced colitis by sup-
pressing ER stress through PPARy activation. These out-
comes were corroborated by our in vitro experiments in the
mouse macrophage cell line RAW264.7 and BMDM, provid-
ing pivotal insights into the mechanism by which oroxylos-
ide restores the compromised antioxidant defense, thereby al-
leviating DSS-induced colitis. Furthermore, this study sug-
gests that oroxyloside might be a promising candidate for the
treatment of IBD.
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