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Abstract: Objectives: To explore the antioxidative effects of gypenosides (Gyps) in orbital fibroblasts (OFs) derived
from patients with thyroid-associated ophthalmopathy (TAO) and to validate their therapeutic efficacy in vivo using
an animal model. Methods: Bioinformatics analyses were performed to screen potential genes and signalling path-
ways underlying the effect of Gyps in OFs. OFs were isolated from orbital connective tissues of both TAO patients and
non-TAO controls. CCK-8 assay was used to detect cell proliferation. Oxidative stress was evaluated by measuring re-
active oxygen species (ROS) and superoxide dismutase (SOD) levels. Quantitative reverse transcriptive-polymerase
chain reaction (RT-gPCR), ELISA, and western blotting were employed to ascertain the effects of Gyps on H,0,-
induced oxidative stress, inflammation, fibrosis, and autophagy. Furthermore, a TAO mouse model was established.
Gyps were administered by intraperitoneal injection (50 mg/kg/day for 4 weeks) to evaluate their protective effects
against oxidative stress, inflammation, and fibrosis in orbital tissues. Results: Bioinformatic analysis revealed that
the identified genes were primarily enriched in metabolic and oxidative stress-related pathways. In vitro experiments
demonstrated that Gyps significantly reduced H,0_-induced ROS generation, increased SOD levels, and suppressed
the expression of inflammation-, fibrosis-, and autophagy-related markers. These effects were associated with the
activation of the nuclear factor erythroid 2-related factor 2 (Nrf2)/extracellular-regulated kinase (ERK)/heme oxy-
genase 1 (HO-1) pathway. In vivo animal experiments further confirmed that Gyps treatment effectively alleviated
oxidative injury, inflammatory cell infiltration, and collagen deposition in the orbital tissues of TAO model mice. Con-
clusions: Gyps exert significant antioxidative, anti-inflammatory, and anti-fibrotic effects by activating the Nrf2/ERK/
HO-1 signalling pathway in both in vitro and in vivo TAO models.
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Introduction The pathogenesis of TAO is complex and in-

volves a dysregulated immune response within

Thyroid-associated ophthalmopathy (TAO) is an
autoimmune disorder associated with thyroid
dysfunction, particularly hyperthyroidism and
is characterized by excessive thyroid hormone
release [1]. About 25-30% of TAO cases are
secondary to Graves'’s hyperthyroidism, making
TAO the most common extrathyroidal manifes-
tation of autoimmune thyroid disease [2, 3].

the orbit. Orbital fibroblasts (OFs) are exposed
to inflammatory mediators released by infiltrat-
ing immune cells, including neutrophilic T lym-
phocytes, B lymphocytes, macrophages, and
mast cells. Importantly, OFs express key sur-
face receptors implicated in TAO, such as the
thyroid stimulating hormone receptor (TSHR)
and the insulin like growth factor 1 receptor
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(IGFR) [4, B]. Activation of these receptors trig-
gers the pathologic processes, including fibro-
blast proliferation, inflammatory mediator re-
lease, extracellular matrix synthesis, fatty acid
production, and the development of fibrosis [6,
T]. Alterations in OFs play a pivotal role in the
initiation and progression of TAO and represent
a promising therapeutic target.

Multiple pathogenic mechanisms affect the
course of TAO, resulting in orbital tissue remod-
eling and intra-orbital pressure-related patho-
logic changes [8]. One of the underlying mecha-
nisms is the release of reactive oxygen species
(ROS). Excessive ROS production and impair-
ed antioxidant defense may result in oxidative
stress and subsequent cellular damage [9].
Therefore, oxidative stress represents a criti-
cal contributor to the development of TAO and
other orbital diseases.

Current research identifies OFs as the primary
effector cells in TAO lesions, and these cells not
only proliferate but also differentiate into myofi-
broblasts and adipocytes, contributing to fibro-
sis and fat expansion within the orbit [10]. In
addition, OFs can produce extracellular matrix
components (especially glycosaminoglycans)
and interact with monocytes. Moreover, OFs
continuously secrete inflammation-related che-
mokines and cytokines to sustain chronic orbit-
al inflammation in TAO patients [11]. Interleu-
kin-1 (IL-1B) and leukocyte regulatory proteins
can significantly increase hyaluronic acid (HA)
secretion by OFs, while transforming growth
factor-B1 (TGF-B) expression is also upregu-
lated under the stimulation of cytokines and
growth factors [12]. Therefore, OFs function as
central effector cells in orbital lesions prima-
rily through the secretion of inflammatory and
fibrotic factors.

Gynostemma pentaphyllum is a natural plant
extract widely used to treat chronic inflamma-
tion, atherosclerosis, hyperlipidemia, and liver
diseases in Asian countries [13]. Gypenosi-
des (Gyps), the major bioactive components
of Gynostemma pentaphyllum, comprise more
than 100 identified saponin compounds [14-
16]. Previous studies have shown that Gyps
possess neuroprotective, antioxidant, anti-
fibrotic, and anti-inflammatory properties [17,
18]. Notably, Gyps exhibit strong antioxidative
activity by effectively scavenging ROS [19, 20].
Furthermore, long-term in vivo administration
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of Gyps has been shown to be safe and non-
toxic, and evidence supports their therapeutic
potential in various chronic diseases [21, 22].

However, the role of Gyps in regulating oxi-
dative stress-induced inflammation and fibro-
sis in orbital fibroblasts remains unclear. There-
fore, this study aimed to investigate whether
Gyps could attenuate inflammation and fib-
rosis induced by oxidative stress (OxS) in OFs
and to elucidate the underlying molecular
mechanisms, through with a particular focus
on the nuclear factor erythroid 2-related factor
2 (Nrf2)/extracellular signal-regulated kinase
(ERK)/heme oxygenase-1 (HO-1) signaling path-
way [23, 24].

Materials and methods
Bioinformatic analysis for Gyps on treating TAO

All saponin components of Gynostemma pen-
taphyllum were retrieved from the Traditional
Chinese Medicine Systems Pharmacology Da-
tabase and Analysis Platform (TCMSP; http://
Isp.nwu.edu.cn/tcmsp.php) [25]. PharmMapper
(http://www.lilab-ecust.cn/pharmmapper/sub-
mitfile.html) was used for predicting potential
therapeutic targets for each saponin, which
were merged for further analysis [26-28]. A
pharmacophore mapping approach was em-
ployed to determine possible target candidates
for each saponin.

TAO-related target genes were obtained by in-
tersecting results from three databases: the
Online Mendelian Inheritance in Man database
(OMIM, https://www.omim.org/), GeneCards
Human gene database (https://www.gene-
cards.org/), and Comparative Toxicogenomic
Database (CTD, http://ctd.mdibl.org/). Sear-
ches were performed using the keywords of
thyroid-associated ophthalmopathy and Gra-
ves’ ophthalmopathy. Then, the online Venny
tool (http://bioinfogp.cnb.csic.es/Tools/Venny/
index.html) was used to identify overlapping
targets between Gyps- and TAO-related genes.

To elucidate the potential biological processes
and signaling pathways involved in the thera-
peutic effects of Gyps on TAO, Database for
Annotation, Visualization and Integrated Dis-
covery (DAVID) v6.8 (https://david.ncifcrf.gov/)
was used for the Kyoto Encyclopedia of Gen-
es and Genomes (KEGG) pathway and Gene
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Table 1. Clinical characteristics of TAO and non-TAO patients included in this study

Age (years) Sex Smoker _I?:(;a(t;ggrcsn)‘ CAS :;?_T:}?ﬁs) Surgical treatment
TAO subjects
61 Female no 0.5 o/7 21/20 Decompression
48 Female no 0.5 1/7 20/22 Decompression
52 Female no 1 1/7 19/21 Decompression
57 Male no 20 1/7 23/23 Decompression
Non-TAO subjects
35 Female no n/a n/a n/a Eye evisceration
21 Male no n/a n/a n/a Eye evisceration
50 Male yes n/a n/a n/a Eye evisceration
33 Female no n/a n/a n/a Upper lid blepharoplasty

TAO, thyroid-associated ophthalmopathy; CAS, clinical activity score; n/a, not applicable; R, right eye; L, left eye.

Ontology (GO) enrichment analyses [29, 30].
In addition, a protein-protein interaction (PPI)
network was constructed using the STRING
database (https://string-db.org/) based on the
intersecting target genes. An interaction confi-
dence score of 0.10 was set as the threshold,
and isolated nodes were excluded from the net-
work. Cytoscape v3.6.1 software was used to
visualize the PPl network, with node size and
color representing topological indicators.

Reagents and patients

Gyps (purity 298%) were purchased from Xi'an
Jiatian Biotechnology Co., Ltd. (China). Hydro-
gen peroxide (H,0,, 3%) was obtained from
Millipore (USA). Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS),
penicillin, and streptomycin were purchased
from Invitrogen (California, USA). The Cell
Counting Kit-8 (CCK-8) assay kit was obtain-
ed from Beyotime Biotechnology (Shanghai,
China). PCR kits were purchased from Takara
(Dalian, China). ELISA kits for IL-1B, IL-6, INF-y
and TNF-a were obtained from MultiScien-
ces (Hangzhou, China). Antibodies against
a-smooth muscle actin (x-SMA) and fibronectin
(FN) were obtained from Lianshuo Biotechno-
logy (Shanghai, China). Collagen | (Col I) and
hyaluronic acid (HA) ELISA kits were obtained
from Enzyme-linked Biotechnology (Shanghai,
China). ROS and superoxide dismutase (SOD)
kits were supplied by Solarbio (Beijing, China).
Primary antibodies against HO-1, ERK1/2,
phospho-ERK1/2, Nrf2, and B-actin were all
purchased from Cell Signaling Technology
(Massachusetts, USA).
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Orbital connective tissues were obtained from
four patients with TAO patient (three females
and one male; mean age 54.50 years; range
48-61 years). Normal control tissues were col-
lected from four patients (two females and two
males; mean age 34.75 years; range 21-50
years) who underwent eyeball enucleation due
to corneal staphyloma or upper eyelid blepha-
roplasty without a history of thyroid disease.
The clinical features of all subjects are shown
in Table 1. All procedures were conducted in
accordance with the Helsinki Declaration and
were approved by the Ethics Review Commi-
ttee of the First Affiliated Hospital of Guangxi
Medical College (2019[KY-E092]). Written in-
formed consent was obtained from all partici-
pants. All TAO patients were in a stable thyroid
function state and had discontinued glucocor-
ticoids for at least 6 months prior to surgery.
The 7-point Clinical Activity Score (CAS) of all
patients during surgery was less than 3, indi-
cating an inactive inflammatory state [31].

Cell culture

OFs were isolated from the orbit connective tis-
sues and cultured. Briefly, the harvested tissue
was finely minced, the visible vascular tissue
was removed. The tissue fragments were
washed with phosphate buffered saline (PBS),
and then placed in a plastic petri dish contain-
ing DMEM/F12 (1:1) supplemented with 20%
FBS, penicillin (100 U/ml), and streptomycin
(0.1 mg/ml). Fibroblasts were allowed to mi-
grate out of the tissue explants and proliferate.
After sufficient outgrowth, the fibroblasts were
gently detached using trypsin-ethylenediamine-
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Table 2. Primer sequences used for RT-gPCR

Gene expression levels of IL-

Gene  Forward primers 5’-3’

Reverse primers 5’-3’

6, IL-1B, TNF-a, IFN-y, a-SMA,

IL1B CTGAGCTCGCCAGTGAAATG

TNF-a0  CTGCCTGCTGCACTTTGGAG
IFN-y ~ CACTGCATCTTGGCTTTGCA

TGTCCATGGCCACAACAACT

IL-6 AAGCCAGAGCTGTGCAGATGAGTA TGTCCTGCAGCCACTGGTTC
ACATGGGCTACAGGCTTGTCACT
GCTGATGGCCTGATTGTCTTTC
o-SMA  CTCTGGACGCACAACTGGCATC ~ CACGCTCAGCAGTAGTAACGAAGG
HA CACGTAACGCAATTGGTCTTGTCC CCAGTGCTCTGAAGGCTGTGTAC

COL1A2, HAS2, FN1, LC3, BE-
CN1, and GAPDH were quanti-
fied using gene-specific prim-
ers (Table 2). The PCR condi-
tions were as follows: initial
denaturation at 95°C for 30 s,
followed by 40 cycles of dena-

Col-1  CTGGACCTCCAGGTGTAAGC TGGCTGAGTCTCAAGTCACG turation at 95°C for 5 s and
FN ACAAGCATGTCTCTCTGCCA TTTGCATCTTGGTTGGCTGC annealing/extension at 60°C
GAPDH GACAGTCAGCCGCATCTTCT GCGCCCAATACGACCAAATC for 34 s. Relative gene ex-

RT-gPCR, quantitative reverse transcriptive-polymerase chain reaction; IL-

1B, interleukin-1B; IL-6, interleukin-6; TNF-c, tumor necrosis factor-a; IFN-y,
interferon-y; a-SMA, a-smooth muscle actin; HA, hyaluronic acid; Col-1, collagen 1;
FN, fibronectin; GAPDH, glycera Idehyde-3-phosphate dehydrogenase.

tetraacetic acid (EDTA) and sub-cultured as a
monolayer in a 25-cm? culture flask containing
DMEM/F12 supplemented with 10% FBS and
antibiotics. The cells were cultured in a humidi-
fied incubator with 5% CO, at 37°C. Excess
cells were stored in liquid nitrogen and thawed
for subsequent experiments when needed. OFs
between passages 2 and 6 were used for
experiments.

Proliferation assay

Cell proliferation was assessed using the
CCK-8 assay. OFs were seeded into 96-well
plates at a density of 6.0x102 cells per well and
allowed to adhere overnight. To determine the
optimal concentrations, cells were exposed to
various concentrations of H,0, (0, 2.5, 5, 10,
50, and 100 pM) for 24 h or to different con-
centrations of Gyps (0, 25, 50, 100, 250, 500,
and 1000 pg/mL) for 48 h. After treatment,
cells were rinsed with PBS, and CCK-8 regent
was added to each well, followed by incuba-
tion at 37°C for 3.5 h. absorbance was mea-
sured at 450 nm using a full-wavelength micro-
plate reader. All experiments were performed
in triplicate.

RT-gPCR

Total RNA was extracted from OFs using
TRIzol reagent according to the manufacturer’s
instructions. Complementary DNA (cDNA) was
synthesized using a reverse transcription kit.
RT-gPCR was performed using SYBR PreMix Ex
Taqll on an ABI 7500 real-time PCR system (CA,
USA).
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pression levels were normal-
ized to GAPDH and calculated
using the 222t method rela-
tive to the control group. Only
data with Ct values < 35 were
included in the analysis. All experiments were
performed in triplicate.

ELISA

Cell culture supernatants were collected ac-
cording to the instructions. The supernatants
were centrifuged to remove cellular debris and
then stored at -80°C until further analysis.
The concentrations of a-SMA, FN, Col I, TNF-c,
IL-183, IL-6, HA, and IFN-y were quantified using
commercial ELISA kits. Absorbance was mea-
sured at 450 nm using a full-wavelength mi-
croplate reader. Each sample was assayed in
triplicate.

Measurement of ROS and SOD

Intracellular ROS levels were measured using
the fluorescent probe 2',7’-dichlorodihydrofluo-
rescein diacetate (DCFH-DA). After pretreat-
ment with Gyps and H,0, as per manufactures
instructions, cells were digested, collected, and
resuspended in serum-free medium. DCFH-DA
was added to a final concentration of 10 uM,
and cell density was adjusted to 1x10° cells/ml.
Cells were incubated at 37°C for 30 minutes,
and then gentle mixed every 3 min. After incu-
bation, cells were washed 3 times with serum-
free medium. Fluorescence intensity was mea-
sured using a microplate reader at an excitation
wavelength of 488 nm and an emission wave-
length of 525 nm.

SOD activity was measured using a SOD kit
according to the manufacturer’s instructions.
Briefly, 1.0*10° cells were collected after cen-
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trifugation, and the supernatant was discard-
ed. Cell lysis buffer (200 ul per 5.0x107 cells)
was added, and then cells were disrupted by
ultrasonic homogenization (power 20% or 200
W, ultrasound 3 s, pause 10 s, repeated 30
times). The supernatant was centrifuged at
8,000xg for 10 minutes at 4°C before collec-
tion for analysis. Subsequently, 200 ul of re-
action reagent was added to each well of a
96-well plate, and absorbance was measured
at 560 nm. All experiments were performed
three times.

Western blotting assay

OFs were pretreated with Gyps (100 ug/ml) for
24 hours and then stimulated with 5 yM H,0,
(5 uM) for additional 24 hours. After washing
with PBS, cells were lysed on ice for 30 minutes
using lysis buffer containing 50 mM Tris (pH
7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% sodium dodecyl sulfate
(SDS) and EDTA. Cell lysates were centrifuged
to obtain total protein extracts. Equal amounts
of protein were separated by 10% SDS-PAGE
electrophoresis and transferred to polyvinyli-
dene fluoride (PVDF) membranes. After block-
ing the nonspecific binding with blocking buffer
at room temperature for 1 hour, the primary
antibody was diluted with TBST and incubat-
ed overnight. After washing, membranes were
incubated with fluorescent secondary antibod-
ies at room temperature for 2 hours in the dark.
Protein bands were visualized and quantified
using the Odyssey two-colour infrared fluores-
cence imaging system.

Establishment of the TAO animal model and in
vivo Gyps intervention

All animal experiments were reviewed and
approved by the Institutional Animal Care and
Use Committee and were conducted strictly in
accordance with national and international reg-
ulations on the use and care of laboratory
animals.

Twenty C57BL/6 mice were randomly divided
into four groups (n =5 per group): control group,
TAO mode group, TAO + low-dose Gyps group
(25 mg/kg), TAO + high-dose Gyps group (50
mg/kg). TAO model was induced by intramus-
cular injection of a viral vector expressing the
human TSHR a-subunit. Following successful
model establishment, mice in the Gyps treat-
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ment groups received daily intraperitoneal in-
jection of Gyp at the indicated doses for 4
weeks. Mice in the control and model groups
received an equal volume of normal saline via
intraperitoneal injection. At the end of the in-
tervention period, mice were euthanized by in-
traperitoneal injection of an overdose of sodi-
um pentobarbital or by inhalation of an over-
dose of isoflurane. Orbital tissues were har-
vested from the mice. Part of the tissue was
fixed in 4% paraformaldehyde for histologic
analysis, and the rest was kept at -80°C for
subsequent molecular analyses.

Histologic and immunohistochemical analysis

Fixed orbital tissues were paraffin-embedded,
sectioned, and subjected to H&E staining to
assess inflammatory cell infiltration. Masson’s
trichrome staining was performed to evaluate
collagen deposition and the degree of fibrosis.
Concurrently, immunohistochemical staining
was performed using antibodies against Nrf2,
HO-1, and o-SMA to semi-quantitatively ana-
lyze the expression and localization of these
proteins within orbital tissues.

Statistical analyses

All experiments were conducted independently
at least three times, and cell experiments were
conducted using cells from at least three differ-
entdonors. Data were analyzed using GraphPad
Prism software (Windows v8.2.0, San Diego,
USA). Data were expressed as mean + stan-
dard deviations (SD). Comparisons among mul-
tiple groups were performed using one-way
analysis of variance (ANOVA), followed by appro-
priate post hoc tests. A P value < 0.05 was con-
sidered significant (*P < 0.05; **P < 0.01;
***P < (0.001; ****P < 0.0001).

Results
Bioinformatics analysis

‘Gynostemmae Pentaphylli Herba’ was sear-
ched in the TCMSP database, and a total of
103 saponin components were obtained. After
prediction, 20 candidate targets were identi-
fied for each saponin, and 157 unique targets
were ultimately obtained after merging and
removing duplicates. The OMIM, CTD and
GeneCard databases were searched to collect
TAO-related targets, yielding a total of 1,851
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Figure 1. Effects of Gyps (A) and H,0, (B) on the viability of orbital fibroblasts derived from TAO and non-TAO pa-
tients. Orbital fibroblasts were treated with Gyps (48 hours) and H,0, (24 hours) at desired concentrations. ****p
< 0.0001, compared to O ug/ml. Gyps, gypenosides; TAO, thyroid-associated ophthalmopathy; NC, non-TAO control.

TAO-associated genes. Intersection analysis Effects of Gyps and H,0, on OF proliferation
identified 32 overlapping targets, which were assessed by CCK-8 assay

subjected to subsequent analyses (Figure S1).
The CCK-8 assay was used to detect the effects

GO enrichment analysis revealed that, among of different concentrations of Gyps on cell pro-
biological processes (BP), the intersecting tar- liferation of OFs derived from TAO patients and
gets were mainly enriched in the redox-related non-TAO controls. After 48 hours of treatment,
processes, including oxidation-reduction pro- cell viability in both groups decreased signifi-
cesses (G0:0055114), response to decreased cantly at 1,000 pg/ml. In contrast, cell activity
oxygen levels (GO:0036293), and response to was the highest at a Gyps concentration of
oxygen levels (GO:0070482). In the cellular 100 pg/ml and did not exceed that of the PBS-
component (CC) category, these targets were treated control group (Figure 1A). Therefore,
predominantly localized in the cytoplasmic part 100 pg/ml was selected as the optimal con-
(GO:0044444), mitochondria (GO:0005739) centration for subsequent experiments. To es-
and endoplasmic reticulum (G0O:0044432). tablish an appropriate oxidative stress model,
Molecular function (MF) analysis indicated OFs were treated with different concentrations
significant enrichment in oxidoreductase ac- of H,0, for 24 h. Cell viability increased with ris-
tivity (GO:0016491), antioxidant activity (GO: ing H,0, concentrations and peaked at 5 uM,
0016209), oxidoreductase activity acting on followed by a decline at higher concentrations
the CH-CH group of donors (GO:0016627), oxi- (Figure 1B). Therefore, 5 uM H,0, was selected
doreductase activity acting on the CH-OH gr- for subsequent experiments.
oup of donors with NAD or NADP as acceptor
(G0:0016616) (Figure S2). Pathway analysis Gyps inhibited H,0,-induced inflammation and
using KEGG and REACTOME databases demon- fibrosis in OFs
strated that the targets were mainly enriched in
metabolic pathways and cellular responses to The effects of Gyps on H,0, induced inflamma-
external stimuli, particularly oxidative stress tion and fibrosis were detected by RT-qPCR and
(Figure S3). ELISA. Following stimulation with 5 uM H,0,, for
24 h, the mRNA expression levels of inflamma-
A PPI network revealed interactions among the tory cytokines (IL-1B, IL-6, TNF-&, and IFN-y) and
intersecting targets, with SOD2 identified as a fibrosis-related markers (a-SMA, HA, Col-l, and
central node exhibiting a high interaction score FN) were significantly upregulated in primary
(Figure S4). OFs (Figure 2).
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Figure 2. Effects of Gyps on the mRNA expression of IL-1[3, IL-6, TNF-&, IFN-y, a-SMA, HA, Col-1, FN, LC3 and BECN1 in orbital fibroblasts from derived from TAO and
non-TAO patients determined by RT-gPCR. Orbital fibroblasts from TAO (n = 4) and non-TAO patients (n = 4) were treated with 5 uM H,O, for 24 hours in the absence
or presence of Gyps pretreatment (100 pg/ml, 24 hours). Orbital fibroblasts without any interventions served as the Control group. No significant differences were
observed between the Control group and Gyps group (all P > 0.03). H,0, (5 uM, 24 hours) treatment significantly increased the expression of above mRNA than
Controls (P < 0.0001). The above indexes in the cells pretreated with Gyps were lower than those in the H,0, group (P < 0.05). *P < 0.05, **P < 0.01, ***P < 0.001,
**%*p < 0.0001, compared to the H,0, group. Gyps, gypenosides; TAO, thyroid-associated ophthalmopathy; IL-1B, interleukin-1B; IL-6, interleukin-6; TNF-o, tumor
necrosis factor-¢; IFN-y, interferon-y; a-SMA, a-smooth muscle actin; HA, hyaluronic acid; Col-1, collagen 1; FN, fibronectin; BECN1, microtubule-associated protein
Beclinl; LC3, microtubule-associated protein light chain 3.
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Figure 3. Effects of Gyps on the production of pro-inflammatory cytokines and fibrosis-related proteins in orbital fibroblasts from TAO and non-TAO patients by ELISA.
Orbital fibroblasts from TAO (n = 4) and non-TAO patients (n = 4) were treated with H,0, (5 uM, 24 hours) in the absence or presence of Gyps pretreatment (100
ug/ml, 24 hours). Orbital fibroblasts without any interventions served as the Control group. No significant differences were observed between Control group and
Gyps group (all P > 0.05). H,0, (5 uM, 24 hours) treatment significantly increased the expression of IL-18, IL-6, TNF-a, IFN-y, a-SMA, HA, Col-1, and FN (P < 0.0001).
Pretreatment with Gyps had an inhibitory effect on IL-13, IL-6, TNF-«, IFN-y, a-SMA, HA, Col-1, and FN (P < 0.05). *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001, compared with the H,0, group. Gyps, gypenosides; ELISA, enzyme linked immunosorbent assay; TAO, thyroid-associated ophthalmopathy; IL-18, interleukin-
1B; IL-6, interleukin-6; TNF-&, tumor necrosis factor-; IFN-y, interferon-y; a-SMA, a-smooth muscle actin; HA, hyaluronic acid; Col-1, collagen 1; FN, fibronectin.
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Figure 4. Effects of Gyps on oxidative stress in orbital fibroblasts from TAO and non-TAO patients (x10). A. Represen-
tative fluorescence microscopy images showing ROS levels detected using DCFDA staining. B. Quantitative analysis
of ROS fluorescence intensity. C. Quantitative analysis of SOD activity. No significant differences in ROS and SOD
content were observed between the Control group and Gyps group (all P > 0.05). H,0, (5 uM, 24 hours) treatment
significantly increased the expression of SOD (P < 0.0001). The activity of ROS treated with H,0, (5 uM, 24 hours)
and Gyps (100 pg/ml, 24 hours) was lower than in cells treated with H,0, alone (P < 0.001); The activity of SOD was
higher than in cells treated with H,0, alone (P < 0.001). ***P < 0.001, ****P < 0.0001, compared with the H,O,
group. ROS, reactive oxygen species; DCFDA, 2’,7’-Dichlorodihydrofluorescein diacetate; Gyps, gypenosides; TAO,
thyroid-associated ophthalmopathy; NC, non-TAO control; SOD, superoxide dismutase.

In addition, the protein levels of IL-1 (3, IL-6,
and TN F-a in the culture supernatants were
increased after H,0, stimulation, along with
elevated levels of o-SMA, HA, Col I, and FN
(Figure 3). Furthermore, pre-treatment with
Gyps (100 pg/ml, 24 h) significantly inhibited
both the mRNA and protein secretion of inflam-
mation- and fibrosis-related markers induced
by H,0,.

Gyps attenuated H,0.-induced oxidative stress
in OFs

To determine whether Gyps exert antioxidant
effects in OFs, intracellular ROS levels were
assessed using the ROS-sensitive fluorescent
probe DCFDA. Fluorescence imaging demon-
strated a marked increase in ROS accumula-
tion following H,0, stimulation demonstrated a
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marked increase in ROS accumulation follow-
ing H,0, stimulation, whereas Gyps pretreat-
ment for 24 h significantly reduced ROS ac-
cumulation (Figure 4A, 4B). In parallel, SOD
activity was markedly decreased following H,0,
exposure but was significantly restored by Gyps
pretreatment (Figure 4C).

Gyps mediated oxidant stress by the Nrf2/
ERK/HO-1 signaling pathway

Western blot analysis showed that H,0, stimu-
lation significantly increased the protein levels
of Nrf2 and HO-1 compared to the control group
(P < 0.04; Figure 5), consistent with activation
of inflammation, fibrosis, and oxidative stress
markers. Notably, Gyps pretreatment further
enhanced the expression of Nrf2 and HO-1
compared to H,0O, treatment (P < 0.05).
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Figure 5. Gyps promoted activation of the Nrf2/ERK/HO-1 signaling path-
way in orbital fibroblasts from TAO patients. A. Representative blot images
of p-ERK, HO-1, and Nrf2. B. Quantitative analysis of p-ERK. C. Quantitative
analysis of HO-1. D. Quantitative analysis of Nrf2. Orbital fibroblasts from
TAO patients (n = 4) were treated with H,0, (5 uM, 24 hours) in the absence
or presence of Gyps pretreatment (100 pug/ml, 24 hours). Orbital fibroblasts
without any interventions served as the Control group. No significant dif-
ferences were observed between Control group and Gyps group (all P >
0.05). H,0, (5 uM, 24 hours) treatment significantly increased the protein
level of p-ERK, HO-1, and Nrf2 (P < 0.0001). Gyps (100 pg/ml, 24 hours)
further enhanced these protein levels (P < 0.05). *P < 0.05, ***P < 0.001,
**%*pP < 0.0001, compared to the H,0, group. Gyps, gypenosides; TAO, thy-
roid-associated ophthalmopathy; Nrf2/ERK/HO-1, nuclear factor erythroid
2-related factor 2 (Nrf2)/extracellular signal-regulated kinase (ERK)/heme
oxygenase 1 (HO-1); ERK, extracellular-regulated kinase; p-ERK, phosphory-
lation-extracellular signal-regulated kinase; HO-1, heme oxygenase 1; Nrf2,
nuclear factor erythroid 2-related factor 2.

For the autophagy-related signaling (Figure 6),
H,0, stimulation significantly increased the
protein levels of microtubule-associated pro-
tein light chain 3 (LC3) and microtubule-associ-
ated protein Beclinl (BECN1) (P < 0.0001),

Discussion

Gyps alleviated orbital tissue
pathologic changes in the TAO
animal model

To evaluate the protective
effects of Gyps in vivo, orbital
tissues from TAO model mice
were analyzed histologically.
H&E staining showed prono-
unced inflammatory cell infil-
tration in the orbital tissue of
TAO model mice compared to
the control mice. In contrast,
Gyps treatment markedly re-
duced inflammatory infiltrati-
on, with a more pronounced
effect observed in the high-
dose Gyps group (50 mg/kg)
(Figure 7A).

Masson’s trichrome staining
demonstrated extensive colla-
gen fiber deposition in the in-
termuscular and connective
tissue regions of orbital tis-
sues in the TAO model group.
Gyps pre-treatment significant-
ly attenuated collagen deposi-
tion in a dose-dependent man-
ner (Figure 7B).

Consistently, immunohistoche-
mical analysis showed that the
expression levels of Nrf2 and
HO-1 were increased in the
orbital tissues of TAO model
mice compared with controls,
and Gyps pre-treatment en-
hanced their expression. Me-
anwhile, the expression of the
myofibroblast marker a-SMA
was markedly reduced follow-
ing Gyps treatment (Figure 8).
These in vivo findings are con-

sistent with the anti-inflammatory and anti-
fibrotic effects observed in vitro.

while decreasing the expression of p62 (P <
0.0001). However, Gyps pretreatment marked-
ly decreased LC3 and BECN1 protein expres-
sions (P < 0.0001), while increasing p62 pro-
tein expression (P < 0.0001).
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In this study, we found that Gyps modulate the
Nrf2/ERK/HO-1 signaling pathway in OFs un-
der oxidative stress induced by low concentra-
tions of H,0,. Upon oxidative stress stimula-
tion, ERK is activated through phosphorylation
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Figure 6. Gyps regulated expression of autophagy-related proteins in or-
bital fibroblasts of TAO patients. (A) Representative blot images of LC3,
BECN1, and p62. (B) Quantitative analysis of LC3. (C) Quantitative analysis
of BECN1. (D) Quantitative analysis of p62. OFs of TAO patients (n = 4)
were treated with H,0, (5 pM, 24 hours) in the absence or presence of
Gyps pretreatment (100 pg/ml, 24 hours). Orbital fibroblasts without any
interventions served as the Control group. No significant differences were
observed between Control group and Gyps group (all P > 0.05). H,0, treat-
ment significantly increased the level of LC3 (B) and BECN1 (C) protein and
decreased the level of p62 protein (D) (P < 0.0001). Gyps pretreatment
significantly decreased LC3 (B) and BECN1 (C) protein levels and increased
the level of p62 protein (D) (P < 0.0001). ****P < 0.0001, compared with
H,0, group. Gyps, gypenosides; TAO, thyroid-associated ophthalmopathy;
OFs, orbital fibroblasts; LC3, microtubule-associated protein light chain 3;
BECN1, microtubule-associated protein Beclinl.

Network pharmacology offers
a powerful and innovative app-
roach to elucidate the complex
pharmacologic mechanisms of
plant-derived compounds and
traditional herbal medicines
[32, 33]. This approach not
only bridges traditional empi-
rical knowledge with modern
pharmacologic research but al-
so provides a robust frame-
work for identifying novel ther-
apeutic strategies for complex
diseases. In this study, net-
work pharmacology analysis
further supported the mecha-
nistic involvement of oxidative
stress-related pathways in the
protective effects of Gyps, the-
reby reinforcing the experimen-
tal findings.

H,0, has been used as a well-
established inducer of oxida-
tive stress in diverse experi-
mental models, and ROS are
recognized as the major ce-
llular oxidative stressors [34,
35]. H,0, may exert bidirec-
tional effects on OFs in a con-
centration-dependent manner.
At concentrations exceeding 5
uM, H,0, exhibits clear cyto-
toxicity. On the contrary, at
concentrations < 5 pM, the
cytotoxicity of H,O, is minimal
but sufficient to trigger oxi-
dative stress, thereby indirect-
ly promoting inflammatory re-
sponses and extracellular ma-
trix production in OFs [36].

(p-ERK), which in turn promotes the activation
and nuclear translocation of Nrf2. Once in the
nucleus, Nrf2 binds to the antioxidant res-
ponse element (ARE), leading to the upregula-
tion of downstream antioxidative genes, in-
cluding HO-1, thereby enhancing cellular anti-
oxidant capacity and reducing ROS accumula-
tion. With the attenuation of oxidative stress,
the expression of autophagy-related markers
in OFs decreases, and the local inflammatory
factors, including IL-1, IL-6, IFN-y, TNF-«, Col-1,
and a-SMA, showed a downward trend (Figure
9).
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H,O, exposure leads to excessive ROS genera-
tion in OFs, which subsequently stimulates the
production of pro-inflammatory cytokines, in-
cluding IL-1B and TGF-B1. With increasing ROS
levels, OF proliferation also increases in a dose-
dependent manner [37]. IL-1B further induces
the secretion of downstream inflammatory me-
diators (e.g., IL-6, IL-8, TNF-a and MCP-1),
thereby amplifying local inflammation [38, 39].
Meanwhile, TGF-B1 promotes the trans-differ-
entiation of OFs into myofibroblasts, enhances
the synthesis of extracellular matrix compo-
nents (e.g., HA, FN and Col-1), exacerbates
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Figure 7. H&E and Masson'’s trichrome staining of orbital tissues. A. H&E staining: Compared with the control group,
the orbital tissues of mice in the TAO model group showed extensive inflammatory cell infiltration. This infiltration
was significantly reduced in the Gyps pretreatment groups, particularly in the high-dose group (50 mg/kg). B. Mas-
son’s trichrome staining: Extensive blue collagen fiber deposition was observed in the intermuscular spaces and
connective tissues of the orbital tissue in the model group. Gyps pretreatment alleviated this fibrotic lesion in a

dose-dependent manner.

extraocular muscle fibrosis, ultimately facilitat-
ing OF proliferation and fibrotic remodeling
[40]. In this study, H,0, stimulation promoted
ROS production in OFs, and pretreatment with
Gyps increased the secretion of SOD and re-
duced ROS production. In addition, H,0, expo-
sure elevated the secretion of inflammatory
factors and extracellular matrix components,
effects that were effectively suppressed by
Gyps pre-treatment. These results suggest th-
at OFs are sensitive to oxidative stress induced
by H,0, and sensitive to the protective effect of
Gyps.

The concentrations of Gyps and H,0, employed
in this study were carefully determined based
on preliminary experiments and consistency
with the existing literature. The 5 uM H,O, con-
centration we employed is well below levels
that typically induce direct cytotoxicity (usually
> 100 uM), allowing us to mimic a persistent,
low-level oxidative stress microenvironment
characteristic of TAO pathology rather than in-
ducing acute injury. This concentration is con-
sistent with the range (1-10 uM) widely adopted
in previous OF studies to establish oxidative
stress models [36, 37]. Similarly, the 100 ug/
ml Gyps concentration selected for this experi-
ment falls within the safe window identified by
CCK-8 assays and was demonstrated to most
effectively counteract H,O,-induced inflamma-

1819

tion and fibrosis. This concentration is also
comparable to concentrations (25-200 ug/ml)
reported in prior studies demonstrating signifi-
cant antioxidant and anti-inflammatory effects
of Gyps in human cell lines, including hepatic
stellate cells and endothelial cells [17, 19].
Collectively, these considerations support the
biological relevance and methodologic reliabili-
ty of our experimental design.

In our study, OFs pretreated with Gyps exhibit-
ed significantly increased SOD activity and
decreased ROS, malondialdehyde (MDA) and
lactate dehydrogenase (LDH) following low-
concentration H,0, stimulation, compared with
cells without Gyps preconditioning. These find-
ings indicate that Gyps exerts a substantial
antioxidative effects in OFs derived from pa-
tients with and without TAO. Previous studies
have demonstrated that Gyps ameliorate cog-
nitive impairment in animal models by enhanc-
ing antioxidant capacity and reducing lipid per-
oxidation [41]. In addition, Gyps exhibits ne-
uroprotective antioxidant effects in in vitro
models of Parkinson’s disease [42]. These
studies, together with our data, confirm the
antioxidant function of Gyps across different
tissues and pathologic conditions.

Previous studies have shown that Gyps can
inhibit inflammation both in vitro and in vivo.
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Figure 8. Immunohistochemistry of Nrf2, HO-1, and a-SMA. A. Immunohistochemical staining images. B. Relative protein expression levels. *P < 0.05, **P < 0.01,
***P < 0.001, compared to the control group; #P < 0.05, ##P < 0.01, compared to the TAO model group.
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Figure 9. Schematic illustration of the protective effects of Gyps against oxidative stress in TAO. Oxidative stress
increases the production of ROS, thereby disrupting the interaction between Nrf2 and its repressor Keap1, facilitat-
ing Nrf2 accumulation in the cytoplasm and subsequent translocation into the nucleus. As an antioxidant, Gyps en-
hance the endogenous activation of the Nrf2 pathway by promoting the dissociation of Nrf2 from Keapl, which in-
creases nuclear localization of Nrf2 under oxidative stress conditions. Activated Nrf2 binds to ARE and induces the
transcription of downstream cytoprotective genes, including HO-1, NQO1 and eNOS, thereby attenuating oxidative
stress. Consequently, the reduction in oxidative stress suppresses inflammation, fibrosis, and autophagy in orbital
tissues. Gyps, gypenosides; TAO, thyroid-associated ophthalmopathy; ROS, reactive oxygen species; Nrf2, nuclear
factor erythroid 2-related factor 2; Keapl, kelch-like ECH-associated protein-1; ARE, antioxidant response element;
HO-1, heme oxygenase-1, NQO1, NAD(P)H quinone dehydrogenase 1, eNOS, endothelial nitric oxide synthase.

Proinflammatory cytokines and chemokines
are produced primarily through activation of
the nuclear factor kappa B (NF-kB) signaling
pathway [43]. Moreover, Gyps may regulate lo-
cal inflammatory process in TAO through the
STAT Signaling Pathway, thereby contributing to
disease control and progression attenuation
[44]. This study investigated the role of Gyps in
regulating oxidative stress in both TAO and non-
TAO OFs. The Nrf2/ERK signaling pathway plays
a central role in cellular antioxidant defense
mechanisms [45, 46]. ERK, a key member of
the mitogen-activated protein kinase (MAPK)
family, plays a role in regulating cellular res-
ponses to oxidative stress across multiple cell
types [47]. Nrf2 is a major leucine zipper tran-
scription factor that responds to alterations in
the redox microenvironment and drives the
transcription of cytoprotective and antioxidant
genes. In nonoxidative-stress, cells, the nega-
tive regulator of Nrf2 is Keapl [48]. Under
basal conditions, Nrf2 is sequestered in the
cytoplasm through its association with Kelch-
like ECH-associated protein 1 (Keapl), which
maintains Nrf2 in an inactive state [48]. How-
ever, upon exposure to oxidative stress, Nrf2
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undergoes phosphorylation at specific serine
or threonine residues, dissociates from Keap1,
and translocates into the nucleus, to initiate
antioxidant gene expression [49, 50]. More-
over, previous studies have shown that ERK
signaling can induce Nrf2 activation and regu-
late the production of SOD, which plays a pro-
tective role in oxidative stress [51]. In line with
these findings, our results showed that Gyps
significantly enhanced ERK activation and then
upregulated the expression of Nrf2 to reinforce
antioxidant defenses in OFs.

The role of autophagy in regulating inflamma-
tory responses is multifaceted and context-
dependent, exerting both inhibitory and stimu-
latory effects under different conditions. For
instance, inhibition of autophagy by 3-methyl-
adenine (3-MA) has been shown to promote
IL-1B3 secretion in bone marrow-derived den-
dritic cells, while simultaneously inhibiting the
production of IL-6 and TNF-a in bone marrow-
derived macrophages [52]. In addition, phar-
macologic inhibition of autophagy has been
reported to reduce IFN-a production in bone
marrow cells [53]. Conversely, treating adipo-
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cytes with 3-MA further enhances palmitic
acid-induced expression of IL-6 and monocyte
chemotactic protein-1 (MCP-1) [54]. Moreover,
inflammatory cytokines themselves can recip-
rocally regulate autophagy. Cytokines such as
IL-2, IFN-y, IL-6, TNF-a, IL-1 and TGF-B have
been shown to induce among autophagy,
whereas classic h2-type cytokines, including
IL-13 and IL-4, generally exert inhibitory ef-
fects on autophagic activity [55]. This study
showed that the expression of key autophagy-
related proteins, LC3 Il and BECN1, was mark-
edly elevated, while p62 protein was reduced
in H,0,-stimulated OFs, suggesting enhanced
autophagic flux. These findings indicate that
autophagy activation is involved in H,O_-induc-
ed inflammation and fibrosis in OFs. Impor-
tantly, Gyps pretreatment reduced LC3 Il and
BECN1 expression while restoring p62 expres-
sion, indicating that Gyps can regulate ROS-
induced autophagy in OFs.

In summary, H,0, stimulation promoted ROS
production in OFs, and pretreatment with Gyps
increased SOD activity, reduced ROS produc-
tion, and suppressed the secretion of inflam-
matory factors and extracellular matrix. These
antioxidation, anti-inflammatory, and anti-fibro-
tic effects were observed in H, 0, -stimulated
TAO and non-TAO OFs and were further corro-
borated by our in vivo TAO animal model.
Mechanistically, Gyps appears to restore the
intracellular redox balance by enhancing anti-
oxidant defenses and regulating autophagy-
related protein expression, thereby inhibiting
oxidative stress-driven inflammation and fibro-
sis. This consistency from the cellular to the
animal level substantially enhances the reliabil-
ity of our conclusions and establishes a solid
foundation for subsequent clinical research.
Further research is required to elucidate the
clinical applicability of Gyps, including its phar-
macokinetics, bioavailability, and optimal dos-
age for effective delivery to orbital fibroblasts
in vivo.

Conclusion

This study provided compelling preclinical evi-
dence supporting Gyps as a potential adjunc-
tive therapy for thyroid-associated ophthal-
mopathy. By directly targeting OFs, Gyps exert
antioxidative, anti-inflammatory, and anti-fib-
rotic effects through activation of the Nrf2/
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ERK/HO-1 signaling pathway in both in vitro
and in vivo models. Current first-line treat-
ments, such as corticosteroids and immuno-
suppressive agents, although effective in sup-
pressing inflammation, are limited by variable
responsiveness, disease recurrence, and sig-
nificant adverse effects [56]. Given the limita-
tions of current first-line treatments, the multi-
target regulatory properties of Gyps may offer
therapeutic advantages. These findings high-
light the translational potential of Gyps for
improving disease control and long-term out-
comes in TAO patients.
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Figure S1. Venn diagram illustrating the respective targets and intersection targets of thyroid-associated ophthal-
mopathy and gypenosides. Gyps, gypenosides; GO, Gene Ontology.
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Figure S2. Gene Ontology (GO) enrichment analysis of the intersecting targets between gypenosides and thyroid-associated ophthalmopathy (TAO). The dot size
represents the number of related genes, and the color of the dot reflects the corresponding P value. A. Biological process (BP). B. Cell component (CC). C. Molecular
function (MF). The rich factor represents the ratio of the number of target genes enriched in a given GO term to the total number of background genes annotated
to that term.
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Figure S3. Pathway enrichment analysis of intersection targets using Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways analysis (A) and REACTOME pathway analysis (B). The dot size represents the number of related
genes, and the color of the dot reflects the corresponding P value. The rich factor represents the ratio of the number
of target genes involved in a given pathway to the total number of background genes annotated to that pathway.
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Figure S4. Construction of protein-protein interaction network of proteins expressed by intersection targets. The
node size and its color represent the degree, and the edge size and its color represent the comprehensive score.
The data was from STRING database.



