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Abstract. Endometriosis is a chronic gynecological disorder 
characterized by the ectopic growth and proliferation of 
endometrial tissue outside the uterine cavity, leading to 
inflammation. Although low‑dose contraceptive pills are 
widely used for its treatment, these therapies are associated 
with side effects and are contraindicated in women trying 
to conceive. ε‑viniferin is a resveratrol dimer found in wild 
grapes (Ampelopsis brevipedunculata) with demonstrated 
antioxidant properties and an anti‑migratory effect in lung 
cancer cells. Because abnormal cell migration is a key process 
in endometriosis, we hypothesized that ε‑viniferin could also 
exhibit anti‑migratory effects in endometriotic cells, which 
remain to be elucidated. To test this hypothesis, the present 
study investigated the anti‑inflammatory and anti‑endometri‑
otic effects of ε‑viniferin and wild‑grape extract. RAW264.7 
and THP‑1 were used to evaluate the anti‑inflammatory effects 
of wild‑grape extract and ε‑viniferin by assessing cytotoxicity; 
nitric oxide (NO), reactive oxygen species and interleukin‑6 
(IL‑6) production; and NF‑κB activity. Additionally, human 
endometrial stromal cells (HESCs) were used to investigate 
the anti‑endometriotic effects of ε‑viniferin, including its 
impact on cell migration, invasion and gene expression, using 
PCR array analysis. Both ε‑viniferin and wild‑grape extract 

significantly reduced lipopolysaccharide‑induced NO and 
IL‑6 production, indicating an anti‑inflammatory activity. 
Inhibition of NF‑κB activity at the cellular level further 
supported these findings. Moreover, both ε‑viniferin and 
wild‑grape extract effectively suppressed the migration and 
invasion of HESCs, indicating their potential to alleviate endo‑
metriosis symptoms. These findings suggest that ε‑viniferin 
is a promising therapeutic candidate for endometriosis, 
exhibiting both anti‑inflammatory and anti‑migratory effects. 
Our results present a novel approach for developing effective 
anti‑endometriotic therapies.

Introduction

Endometriosis is a prevalent gynecological disorder associated 
with female infertility. It affects approximately 10% of women 
of reproductive age and 25‑50% of women experiencing 
infertility. This disorder is characterized by the growth of 
endometrial tissue outside the uterine cavity, leading to symp‑
toms such as inflammation, dysmenorrhea, infertility, and 
dyspareunia. These symptoms significantly impair the quality 
of life for women and are often accompanied by psychological 
burdens (1,2).

However, effective long‑term management of endo‑
metriosis remains challenging despite the availability of 
treatment options that include both surgical and non‑surgical 
approaches. Surgical approaches for endometriosis include 
minimally invasive techniques such as laparoscopy, laser 
ablation, and electrocoagulation for early‑stage cases, 
whereas advanced surgical procedures such as laparotomy, 
oophorectomy, and colorectal surgery are required for deep 
infiltrating endometriosis. However, these interventions carry 
risks, including recurrence due to incomplete excision, ovarian 
dysfunction, voiding impairment, and tissue damage (3-5). 
Several non‑surgical treatment options are currently avail‑
able for managing endometriosis, with the most common 
approaches being hormone therapy and pain management. 
Low‑dose oral contraceptives, which contain estrogen and 
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progesterone, are widely used and are shown to alleviate 
menstrual pain, ameliorate infertility, reduce dyspareunia, and 
shrink endometriotic lesions. However, these treatments are 
associated with adverse effects, such as nausea, headache, and 
breakthrough bleeding, and an increased risk of thrombosis 
with long‑term use. Additionally, they are contraindicated in 
women who wish to conceive (3‑6). Other treatment options 
include aromatase inhibitors and progestin‑based medica‑
tions. Aromatase inhibitors are drugs that inhibit the enzyme 
aromatase, which converts androgens, the precursors of 
estrogen, into estrogen, thereby suppressing estrogen produc‑
tion. Although aromatase inhibitors reduce dysmenorrhea and 
shrink lesions, they are expensive and decrease bone mineral 
density (7,8). Progestin‑based medications, which suppress 
estrogen activity and inhibit endometrial proliferation, also 
cause adverse effects such as breakthrough bleeding, and their 
efficacy is typically lower than that of low‑dose oral contra‑
ceptives (9). Other treatment options, such as nonsteroidal 
anti‑inflammatory drugs (such as ibuprofen), carry cardiovas‑
cular risks with long‑term use, whereas neuromodulators and 
antidepressants (such as gabapentinoids) used for chronic pain 
management may lead to dependency (10,11). Hence, effective 
and safe treatment options must be explored for endometriosis.

Recently, considerable progress has been made in under‑
standing the pathophysiology of endometriosis; genetic and 
immunological factors involved in the ectopic occurrence, 
proliferation, and invasion of endometrial tissue are gradually 
being elucidated. For instance, interleukin (IL)‑8 and endothelin, 
secreted by ectopic endometrial tissue, promote inflammatory 
responses mediated by immune cells and contribute to symp‑
toms such as pain and complications such as adhesions (12‑14). 
These advances in understanding have spurred efforts to 
develop alternative treatment methods. Subsequently, natural 
compounds are being researched as effective therapeutic 
options with minimal side effects for endometriosis, and the 
potential of resveratrol, an anti‑inflammatory and antioxidant 
compound, for the treatment of endometriosis has been demon‑
strated (15‑17). However, the therapeutic utility of resveratrol 
is limited by its low absorption rates. In contrast, ε‑viniferin, 
a dimer of resveratrol, exhibits increased lipophilicity, which 
enhances membrane permeability and absorption in the gastro‑
intestinal tract and liver (Fig. 1). Pharmacokinetic studies 
have also demonstrated high bioaccumulation of ε‑viniferin in 
white adipose tissue, suggesting that these tissues may serve 
as a reservoir for its native form, enabling slow release and 
prolonged systemic presence (18‑20).

ε‑viniferin is the main functional compound in wild 
grapes (Ampelopsis brevipedunculata), with antioxidant, 
anti‑inflammatory, and anti‑tumor effects  (21‑24). It also 
has neuroprotective effects, which may be beneficial in the 
treatment of neurodegenerative diseases such as Alzheimer's 
and Parkinson's diseases (25), and preventive effects against 
obesity‑related morbidities, such as type 2 diabetes, dyslip‑
idemia, hypertension, and fatty liver (26). ε‑viniferin inhibits 
TGF‑β1‑induced epithelial‑mesenchymal transition, migra‑
tion, and invasion in lung cancer cells by downregulating 
vimentin  (27). Elevated levels of TGF‑β1 have also been 
implicated in the development of endometriosis by promoting 
cell migration and invasiveness  (28). Given these shared 
mechanistic pathways, we hypothesized that ε‑viniferin exerts 

beneficial effects in endometriosis by inhibiting key processes 
involved in the disease. However, its potential effects on 
endometrial cells remain unclear.

In this study, we aimed to investigate the anti‑inflammatory 
effects of ε‑viniferin and wild‑grape extract, along with their 
inhibitory effects on the migration and invasion of human 
endometrial stromal cells (HESCs). We believe that our findings 
would contribute to the development of ε‑viniferin as a potential 
therapeutic option for the effective management of endometriosis.

Materials and methods

Materials. Wild‑grape extract (cat.  no.  30811033) and 
ε‑viniferin (cat. no. NS3013) were purchased from Maruzen 
Pharmaceuticals Co., Ltd. and Nagara Science Co., Ltd., 
respectively.

Cell culture. Mouse macrophage‑like cell line RAW264.7 
(RRID:CVCL_0493, cat.  no.  TIB‑71; American Type 
Culture Collection) and human monocytic leukemia cell 
line THP‑1 (RRID:CVCL_0006, cat. no. RCB3686; Riken 
Bioresource Center) were cultured in RPMI1640 medium 
(cat.  no.  189‑02025; FUJIFILM Wako Pure Chemical 
Corporation) supplemented with 10% inactivated fetal bovine 
serum (cat.  no.  F7524, non‑USA origin; Sigma‑Aldrich; 
Merck KGaA) and 1% (v/v) penicillin‑streptomycin 
(cat. no. 15140122; Gibco; Thermo Fisher Scientific, Inc.) at 
37˚C in a humidified incubator with 5% CO2. THP‑1 cells 
(1.5x104 cells/well) were seeded into 96‑well plates and differ‑
entiated into macrophage‑like cells using 0.1 µg/ml phorbol 
12‑myristate 13‑acetate (PMA; cat. no. P1585; Sigma‑Aldrich; 
Merck KGaA) for 72 h.

To investigate the potential application of ε‑viniferin for 
its anti‑endometriotic effects, we used HESCs, which are 
derived from ectopic endometrial tissues associated with 
endometriosis and drive the abnormal migration and invasion 
of endometrial tissue. 

Immortalized HESCs (cat. no. T0533; Applied Biological 
Materials Inc., Richmond, BC, Canada, https://www.abmgood.
com/immortalized‑human‑endometrial‑stromal‑cells‑hesc.
html) were cultured in Prigrow IV medium (cat. no. TM004; 
Applied Biological Materials, Inc.) supplemented with 2 mM 
L‑Glutamine (cat. no. G275; Applied Biological Materials, Inc.), 
10% charcoal‑stripped fetal bovine serum (cat. no. 12676‑029; 
Gibco), and 1% (v/v) penicillin‑streptomycin at 37˚C in a 
humidified incubator containing 5% CO2.

Cell viability. RAW264.7 cells (3x104 cells/well) were seeded 
into 96‑well plates and incubated for 1  h. Differentiated 
THP‑1 cells were rinsed with phosphate‑buffered saline 
(PBS) and fresh medium before overnight incubation. HESCs 
(1.5x104  cells/well) were seeded into 96‑well plates and 
incubated overnight. The test chemicals, namely, wild‑grape 
extract at 0.03, 0.1, and 0.3 mg/ml and ε‑viniferin at 3, 10, 
and 30 µg/ml, were added, and the cells were incubated for 
an additional 24 h at 37˚C. Dimethyl sulfoxide (DMSO) was 
used as the control. MTT reagent (working concentration: 
0.5 mg/ml; cat. no. 10009591; Cayman Chemical) was added 
to each well and incubated for 2 h at 37˚C. The supernatant 
was replaced with 100 µl of DMSO to dissolve the formazan 
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crystals. Absorbance was measured at 570 nm using a micro‑
plate reader (Bio‑Rad Laboratories).

Nitric oxide (NO) production. RAW264.7 cells (3x104 cells/well) 
were seeded into 96‑well plates and incubated for 1 h. Test 
chemicals were added to each well and incubated for an addi‑
tional hour, followed by exposure to lipopolysaccharide (LPS, 
100 ng/ml; cat. no. L5293; Sigma‑Aldrich; Merck KGaA) for 
24 h. The supernatant was collected, and 50 µl aliquots were 
mixed with an equal volume of Griess reagent in a 96‑well 
plate. Absorbance was measured at 570 nm using a microplate 
reader (Bio‑Rad Laboratories).

Measurement of IL‑ 6 production RAW264.7  cells 
(3x104 cells/well) were seeded into 96‑well plates and incu‑
bated for 1 h. Differentiated THP‑1 cells were washed with 
PBS and fresh medium before overnight incubation. The test 
chemicals, namely, wild‑grape extract at 0.1, 0.2, and 0.3 mg/ml 
and ε‑viniferin at 10, 20, and 30 µg/ml, were added to each well 
and incubated for 1 h, followed by exposure to LPS (100 ng/ml) 
for 24 h. IL‑6 concentration in the supernatants were measured 
using Mouse IL‑6 ELISA Kit (cat.  no.  M6000B; R&D 
Systems) for RAW264.7 cells and Human IL‑6 ELISA Kit 
(cat. no. D6050; R&D Systems) for THP‑1 cells, following the 
manufacturer's protocol. Plates were washed four times, and 
horseradish peroxidase‑conjugated IL‑6 was added, followed 
by a 2 h incubation at 23‑25˚C. Substrate solutions of tetra‑
methylbenzidine (TMB) and hydrogen peroxide were added to 
each well after washing four times, and plates were incubated 
for 20 min at room temperature in the dark. The reaction 
was quenched using diluted hydrochloric acid. Absorbance 
was measured at 450 nm using a microplate reader (Bio‑Rad 
Laboratories).

Measurement of reactive oxygen species (ROS) production. 
RAW264.7 cells (3x104 cells/well) were seeded into 96‑well 
plates and incubated overnight. Test chemicals at various 
concentrations were added, and the cells were incubated 
for 1 h, followed by exposure to LPS (100 ng/ml) for 24 h 
at 37˚C. ROS production was determined using DCFH‑DA 

(20 µM; cat. no. 35845; Sigma‑Aldrich; Merck KGaA), an 
oxidant‑sensitive fluorescent probe. The medium was removed 
from each well, and the cells were washed twice with Ca2+, 
Mg2+‑free PBS (PBS-) and incubated with DCFH‑DA for 
30 min. After removing the supernatant and washing twice 
with PBS-, 200 µl PBS- was added to each well. Fluorescence 
was measured with excitation and emission wavelengths of 
485 nm and 535 nm, respectively, using a fluorescence plate 
reader (SpectraMax M5; Molecular Devices).

Measurement of DPPH radical scavenging ratio. The 
scavenging effect was assessed using the DPPH Antioxidant 
Assay Kit (cat. no. D678; Dojindo). Briefly, 20 µl of the 
sample solution was added to each well of a 96‑well 
microplate, followed by 80 µl of assay buffer and 100 µl of 
2,2‑diphenyl‑1‑picrylhydrazyl (DPPH) working solution. 
Wild‑grape extract solutions (at 0.1, 0.3, and 1 mg/ml) and 
ε‑viniferin (at 3, 10, and 30 µg/ml) were used as samples. 
Trolox at 80 µg/ml was used as a positive control. The plate 
was incubated for 30 min at room temperature in the dark. 
Absorbance was measured at 517 nm using a microplate 
reader (SpectraMax M5).

RNA isolation, reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR), and reverse 
transcription‑PCR (RT‑PCR)

RAW264.7 cells (1x106 cells/well) were seeded into 60 mm 
dishes and incubated for 24 h. Test chemicals were added to 
each dish and incubated for 1 h, followed by LPS treatment 
(100 ng/ml) for 4 h at 37˚C. RNA was extracted using TRIzol 
reagent (1 ml; cat. no. 15596018; Invitrogen; Thermo Fisher 
Scientific, Inc.) and reverse transcribed using the High‑Capacity 
cDNA Reverse Transcription Kit (cat. no. 4368814; Applied 
Biosystems; Thermo Fisher Scientific, Inc., Vilnius, Lithuania) 
at 25˚C for 10 min, 37˚C for 120 min, and 85˚C for 5 min. 
For RT‑qPCR, cDNA was amplified in triplicate using KOD 
FX Neo PCR Buffer (14 µl) and dNTPs (cat. no. KFX‑201; 
Toyobo Co., Ltd.). Target DNA sequences for each primer pair 
were amplified in triplicate under the following conditions: 
initial denaturation at 94˚C for 10 sec, followed by 40 cycles 
of 94˚C for 10 sec, 60˚C for 10 sec, and 70˚C for 20 sec, using 
the QuantStudio 3 system (Applied Biosystems, Singapore). 
mGapdh and ACTB were used as internal controls. Relative 
mRNA expression levels were calculated using the 2‑ΔΔCq 
method (29).

For RT‑PCR, PCR products were separated on a 2% agarose 
gel, and the band intensities were analyzed using ImageJ soft‑
ware (ImageJ 1.53e with Java 1.8.0_172; National Institutes 
of Health). The following primer pairs were used: mouse 
iNOS, 5'‑ GTC​TTG​CAA​GCT​GAT​GGT​CA ‑3' (forward) and 
5'‑ ACC​ACT​CGT​ACT​TGG​GAT​GC ‑3' (reverse); mouse Il1β, 
5'‑CGT​GGA​CCT​TCC​AGG​ATG​AG‑3' (forward) and 5'‑GGA​
GCC​TGT​AGT​GCA​GTT​GTC‑3' (reverse); mouse Il6, 5'‑ACC​
ACG​GCC​TTC​CCT​ACT​TC‑3' (forward) and 5'‑CAC​AAC​
TCT​TTT​CTC​ATT​TCC​ACG‑3' (reverse); human IL6, 5'‑AGA​
CAG​CCA​CTC​ACC​TCT​TCA​G‑3' (forward) and 5'‑ TTC​TGC​
CAG​TGC​CTC​TTT​GCT​G‑3' (reverse); mouse Gapdh, 5'‑TGC​
ACC​ACC​AAC​TGC​TTA​G‑3' (forward) and 5'‑GAT​GCA​GGG​
ATG​ATG​TTC‑3' (reverse); and human ACTB, 5'‑CTT​CTA​
CAA​TGA​GCT​GCG​TG‑3' (forward) and 5'‑TCA​TGA​GGT​
AGT​CAG​TCA​GG‑3' (reverse).

Figure 1. Chemical structure of ε‑viniferin. 
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Wound healing assay. HESCs (1x105 cells/well) were seeded 
into 24‑well plates and cultured overnight until confluence. A 
uniform scratch was created across the center of the well using 
a 200 µl pipette tip. Floating cells and the growth medium 
were removed, and serum‑free medium containing the test 
chemicals was added to each well. Cells were incubated for an 
additional 8 h, and their movement into the scratched area was 
recorded every 2 h using a phase‑contrast microscope (Nikon 
Eclipse TS100).

Matrigel invasion chamber assay. HESCs (5x104 cells/well) 
suspended in 500 µl serum‑free Prigrow IV medium containing 
test chemicals were seeded into commercial Matrigel‑coated 
chambers (BD Matrigel Basement Membrane Matrix; 
cat. no. 354480; Corning). The lower chambers were filled 
with 750 µl of Prigrow IV medium with 10% FBS and were 
incubated for 16 h at 37˚C. Thereafter, non‑invading cells 
were removed by wiping the upper surface of the membrane 
with a cotton swab, and invading cells on the lower surface of 
the membrane were stained with Diff‑Quick (cat. no. 16920; 
Sysmex) according to the manufacturer's instruction and 
counted under a phase‑contrast microscope (Nikon Eclipse 
TS100).

PCR array. Total RNA was extracted from HESCs using 
the RNeasy Mini Kit (cat. no. 74106; Qiagen, Hilden, North 
Rhine‑Westphalia, Germany), treated with ε‑viniferin for 
8 h, and reverse transcribed using the RT2 First Strand Kit 
(cat. no. 330401; Qiagen, Germantown, MD, USA). The cDNA 
was applied to the Human Tumor Metastasis PCR Array 
(cat. no. 330231; Qiagen, Germantown, MD, USA) using RT² 
SYBR-Green ROX qPCR Mastermix (cat. no. 330520; Qiagen, 
Germantown, MD, USA). Data were analyzed using the 2-ΔΔCq 
method (29).

Measurement of NF‑κB activit y. RAW264.7  cells 
(3x106 cells/well) were seeded into 6‑well plates and incu‑
bated for 1 h. Test chemicals at various concentrations were 
added to each well and incubated for 1 h, followed by LPS 
treatment (100 ng/ml) for 2 h at 37˚C. Nuclear extracts were 
prepared using the Nuclear Extract Kit (cat. no. 40010; Active 
Motif) according to the manufacturer's instructions. NF‑κB 
binding activity was measured using nuclear extract (5 µg) 
with the TransAM NF‑κB p65 Transcription Factor Assay Kit 
(cat. no. 40096; Active Motif).

Statistical analysis. Results are presented as mean±standard 
deviation (SD). Statistical analysis was performed using 
GraphPad Prism version 10.0 (Dotmatics). Differences 
between the two groups were analyzed using the Student's 
t‑test. One‑way analysis of variance (ANOVA) followed by 
Dunnett's post‑hoc test was used for comparisons among more 
than two groups. Statistical significance was set at P<0.05.

Results

Wild‑grape extract suppresses inflammatory regulators 
and ROS in RAW264.7 cells. The anti‑inflammatory effects 
of wild‑grape extract were evaluated in RAW264.7  cells. 
Wild‑grape extract was not cytotoxic to RAW264.7 cells after 

24 h of treatment at concentrations below 0.3 mg/ml (Fig. 2A). 
The extract suppressed LPS‑induced NO and ROS production 
in RAW264.7 cells (Fig. 2B and C) and exhibited significant 
dose‑dependent antioxidant activity in the DPPH assay 
(Fig. 2D). As inducible nitric oxide synthase (iNOS) is respon‑
sible for NO production, we explored the effect of wild‑grape 
extract on LPS‑induced iNOS and the expression of downstream 
inflammatory factors, IL‑6 and IL‑1β. Although wild‑grape 
extract did not inhibit LPS‑induced iNOS or IL‑1β expres‑
sion, it significantly inhibited LPS‑induced IL‑6 expression 
(Fig. 2E). We further validated this inhibition using RT‑qPCR 
and ELISA in RAW264.7 cells (Fig. 2F and G). These find‑
ings indicate that wild‑grape extract suppresses ROS‑activated 
IL‑6 inflammatory reactions in RAW264.7 cells.

ε‑viniferin reduces inflammation through ROS suppression 
and NF‑κB inhibition in RAW264.7 cells. We investigated the 
anti‑inflammatory action of ε‑viniferin in RAW264.7 cells. 
ε‑viniferin was not cytotoxic to RAW264.7 cells after 24 h 
of treatment at concentrations below 10  µg/ml (Fig.  3A). 
ε‑viniferin, similar to wild‑grape extracts, showed signifi‑
cant dose‑dependent antioxidant activity in the DPPH assay 
(Fig. 3B). Although ε‑viniferin did not suppress LPS‑induced 
NO production (Fig. 3C), it suppressed LPS‑induced ROS 
production at non‑toxic concentrations (Fig. 3D). These results 
suggest that the anti‑inflammatory effects of ε‑viniferin 
partially stem from the suppression of ROS production.

We then explored the effects of ε‑viniferin on IL‑6 produc‑
tion in RAW264.7 cells because wild‑grape extract inhibited 
LPS‑induced IL‑6 production and IL‑6 production is an early 
response in LPS‑induced inflammatory reaction. Within 4 h of 
exposure, ε‑viniferin was not cytotoxic to RAW264.7 cells at a 
concentration of 30 µg/ml (Fig. 3E). However, it significantly 
inhibited LPS‑induced IL‑6 production both at gene and 
protein levels (Fig 3F and G).

We also tested the effect of ε‑viniferin on NF‑κB activity, 
as this transcription factor is present upstream of IL‑6, and 
NF‑κB activation was significantly suppressed by ε‑viniferin 
in a concentration‑dependent manner (Fig. 3H). These results 
suggest that the NF‑κB‑mediated IL‑6 signaling pathway 
is central to the anti‑inflammatory effects of ε‑viniferin in 
RAW264.7 cells.

ε‑viniferin exhibits anti‑inflammatory effects in human 
macrophage‑like THP‑1 cells. To further validate the 
anti‑inflammatory effects of ε‑viniferin, we used THP‑1 cells, 
which differentiate into macrophage‑like cells upon stimulation 
with phorbol esters such as phorbol‑12‑myristate‑13‑acetate 
(PMA). ε‑viniferin (30 µg/ml) was not cytotoxic to THP‑1 
cells after 4 h of treatment (Fig. 4A). ε‑viniferin significantly 
suppressed LPS‑induced IL6 mRNA expression at 20 µg/ml and 
its protein production at 10 µg/ml (Fig. 4B and C). These results 
confirm that ε‑viniferin exhibits anti‑inflammatory effects in 
both mouse‑ and human‑derived macrophage‑like cells.

ε‑viniferin inhibits migration and invasion of HESCs and 
modulates inflammatory signaling pathways. ε‑viniferin was 
not cytotoxic to HESCs at concentrations below 10 µg/ml 
(Fig. 5A). It suppressed HESC migration at a concentration 
of 1 µg/ml and invasion at concentrations of 3 µg/ml and 
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Figure 2. Inhibition of inflammatory regulators and ROS production by wild‑grape extract in RAW264.7 cells. (A) Effect of wild‑grape extract on cell viability 
after 24 h of exposure, assessed using the 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5 diphenyl tetrazolium bromide (MTT) assay. (B) Inhibition of LPS‑induced NO 
production. (C) Reduction of LPS‑induced ROS production, measured based on fluorescent intensity. (D) In vitro antioxidant activity determined using the 
DPPH radical‑scavenging assay. (E) Effect on LPS‑induced expression of iNOS, IL‑6 and IL‑1β. (F) Inhibition of LPS‑induced IL‑6 expression. (G) Inhibition 
of LPS‑induced IL‑6 secretion. RAW264.7 cells were stimulated with 100 ng/ml LPS in the presence or absence of wild‑grape extract. n=3. *P<0.05, **P<0.01, 
***P<0.001 vs. control without the extract. LPS, lipopolysaccharide; NO, nitric oxide; ROS, reactive oxygen species; DPPH, 2,2‑diphenyl‑1‑picrylhydrazyl; 
iNOS, inducible NOS; IL, interleukin; mGapdh, mouse glyceraldehyde‑3‑phosphate dehydrogenase.
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Figure 3. Inhibition of inflammatory regulator production and NF‑κB activity by ε‑viniferin in RAW264.7 cells. (A) Effect of ε‑viniferin on cell viability 
after 24 h of exposure. (B) In vitro antioxidant activity determined using the DPPH radical‑scavenging assay. (C) Inhibition of LPS‑induced NO production. 
(D) Inhibition of LPS‑induced ROS production, measured based on fluorescent intensity. (E) Effect of ε‑viniferin on cell viability after 4 h of exposure. 
(F) Inhibition of LPS‑induced IL‑6 expression. (G) Inhibition of LPS‑induced IL‑6 secretion. (H) Inhibition of LPS‑induced NF‑κB activity. RAW264.7 cells 
were stimulated with 100 ng/ml LPS in the presence or absence of ε‑viniferin. N=3. *P<0.05, **P<0.01, ***P<0.001 vs. control without ε‑viniferin and LPS. 
LPS, lipopolysaccharide; NO, nitric oxide; ROS, reactive oxygen species; IL, interleukin; DPPH, 2,2‑diphenyl‑1‑picrylhydrazyl; mGapdh, mouse glyceralde‑
hyde‑3‑phosphate dehydrogenase.
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above (Fig. 5B and C). Similar inhibitory effects on migra‑
tion and invasion were observed with wild‑grape extract 
(Fig. S1A‑C).

To further investigate the inf lammatory signaling 
pathways potentially involved in the anti‑endometriotic 

effects of ε‑viniferin, a PCR array was employed (Fig. S2). 
Treatment of HESCs with ε‑vinifer in upregulated 
CDKN2A, a gene that inhibits abnormal cell growth and 
proliferation, and downregulated TNFSF10, a regulator 
of inflammation. Additionally, ε‑viniferin suppressed the 

Figure 5. Inhibition of migration and invasion of human endometrial stromal cells by ε‑viniferin. (A) Effect of ε‑viniferin on cell viability after 24 h of 
exposure. (B) Inhibition of cell migration assessed using the wound healing assay after 8 h of treatment. (C) Suppression of cell invasion measured using the 
Matrigel invasion chamber assay after 16 h of treatment. Magnification, x100. N=3. **P<0.01, ***P<0.001 vs. control without ε‑viniferin.

Figure 4. Inhibition of IL‑6 expression and secretion by ε‑viniferin in THP‑1 cells. (A) Effect of ε‑viniferin on cell viability after 4 h of exposure. (B) Inhibition 
of LPS‑induced IL‑6 expression. (C) Inhibition of LPS‑induced IL‑6 secretion. THP‑1 cells were stimulated with 100 ng/ml LPS in the presence or absence of 
ε‑viniferin. N=3. *P<0.05, **P<0.01, ***P<0.001 vs. control without ε‑viniferin and LPS. IL, interleukin; LPS, lipopolysaccharide. ACTB, β‑actin.
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expression of metastasis‑promoting genes such as HPSE 
and FGFR4.

Discussion

In this study, we investigated the anti‑inflammatory and 
anti‑endometriotic effects of wild‑grape extract and puri‑
fied ε‑viniferin and demonstrated that both compounds 
effectively suppressed LPS‑induced inflammatory media‑
tors, including NO, ROS, and IL‑6, in mouse and human 
macrophage cell lines. They also inhibited the activation of 
NF‑κB, a transcription factor that regulates the expression 
of these mediators. These findings suggest that wild‑grape 
extract and purified ε‑viniferin exhibit anti‑inflammatory 
activity by inhibiting NF‑κB mediated inf lammatory 
pathways. Furthermore, we validated the previously demon‑
strated radical scavenging activity of ε‑viniferin in vitro. 
ε‑viniferin consists of two stilbenol units linked together, and 
its radical‑scavenging activity is attributed to the functional 
groups such as phenolic hydroxyl groups and double bonds 
within this structure (30,31).

Previously, we reported the potential of NF‑κB inhibitor 
dehydroxymethylepoxyquinimicin (DHMEQ) in the treat‑
ment of endometriosis (32). Based on these findings and the 
observed NF‑κB inhibition by ε‑viniferin, we further explored 
the potential application of ε‑viniferin for its anti‑endometriotic 
effects. We demonstrated that ε‑viniferin effectively inhibited 
the migration and invasion of HESCs, a key cell type impli‑
cated in endometriosis. Thus, ε‑viniferin exhibited potential 
for the treatment of endometriosis. Additionally, PCR array 
analysis revealed that ε‑viniferin suppressed the expression 
of mobility‑related genes, such as HPSE and FGFR4, and the 
inflammation‑promoting mediator TNFSF10. The observed 
gene expression patterns revealed that ε‑viniferin could inhibit 
the progression of endometriosis by modulating inflammatory 
regulators and metastasis‑related pathways. To gain deeper 
mechanistic insights into ε‑viniferin's molecular targets, 
future transcriptomic and/or proteomic analyses of HPSE 
and FGFR4 functions are warranted. In the present study, we 
focused on HESCs to assess the direct anti‑migratory and 
anti‑inflammatory effects of ε‑viniferin. To further evaluate 
its therapeutic relevance in the endometriotic microenviron‑
ment, future studies will examine ε‑viniferin's effects on 
other cellular components of endometriotic lesions, including 
epithelial cells, immune cells, and vascular endothelial cells.

While our current study focused on the NF‑κB pathway, 
it is important to explore broader signaling networks to fully 
understand the therapeutic effects of ε‑viniferin. Previous 
studies (22,27) reported that ε‑viniferin suppresses inflam‑
matory cytokines such as TNF‑α and TGF‑β, which are 
associated with the JAK/STAT and TGF‑β pathways. 
These findings suggest that ε‑viniferin may have broader 
anti‑inflammatory effects beyond NF‑κB inhibition. In 
addition, our PCR array data showed that ε‑viniferin 
downregulated TNFSF10 (Fig. S2), a gene regulated by 
TRAIL and involved in immune and apoptotic pathways. 
These results support the potential of wider regulatory 
effects. Future studies will investigate the JAK/STAT and 
TGF‑β pathways to further clarify ε‑viniferin's therapeutic 
mechanisms.

Overall, our results suggest that ε‑viniferin is a promising 
anti‑endometriosis agent with potent anti‑inflammatory 
effects, which are crucial for managing disease progression. 
ε‑viniferin‑based therapy may be a safer, non‑hormonal 
alternative to conventional hormonal therapies, which often 
cause side effects such as bone loss and menstrual irregu‑
larities. While these findings strongly support the therapeutic 
potential of ε‑viniferin, further in vivo and clinical studies 
are necessary to confirm its efficacy and long‑term safety. 
Moreover, previous pharmacokinetic studies have shown 
that ε‑viniferin accumulates in white adipose tissue and 
remains in the body for extended periods (18‑20). However, 
critical pharmacokinetic parameters‑such as absorption rate, 
metabolism, and plasma half‑life‑remain uncharacterized 
in the context of endometriosis. Pharmacokinetic modeling 
and in  vivo biodistribution studies are therefore planned 
to optimize its therapeutic use. As a non‑hormonal agent, 
ε‑viniferin may also be considered for combination therapy. 
Although its interaction with standard hormonal treatments 
remains unexplored, previous studies have shown that 
resveratrol, a structurally related polyphenol, enhances the 
efficacy of hormonal therapies and improves the management 
of endometriosis‑related pain by reducing inflammation (33). 
These findings raise the possibility that ε‑viniferin may 
offer similar combinatorial benefits. To enhance clinical 
applicability, we also plan to explore combination therapies 
using ε‑viniferin alongside standard hormonal treatments. 
Together, our findings present a novel strategy for developing 
anti‑endometriosis therapies by targeting both inflammation 
and cell migration, paving the way for future translational 
research.
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