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Introduction: Endometriosis (EMs) is associated with severe chronic pelvic pain and 
infertility and the development of improved EMs treatment options is an ongoing focus. In 
this study, we investigated the effects of resveratrol on EMs and analyzed transcriptional 
changes in the lesions of model rats before and after resveratrol treatment.
Methods: We established arat model of endometriosis through the trans-implantation of 
endometrial fragments to the peritoneal wall and then used resveratrol as treatment. We then 
analyzed the results using RNA sequencing of the lesion tissues of each of the model rats 
before resveratrol treatment and the reduced lesion tissues after the treatment. Examinations 
of anatomy, biochemistry, immunohistochemical staining and flow cytometry examinations 
were also conducted. Other trans-implanted rats were also given sham treatments as sham- 
treatment control and other untrans-implanted rats served as sham-operation controls.
Results: In addition to the obvious lesions observed in the model rats, there were significant 
differences in the glucose tolerance, macrophage M1/M2 polarization, and adipocyte sizes 
between the treated model rats and sham (control) rats. Resveratrol treatment in the model 
rats showed significant efficacy and positive therapeutic effect. Transcriptional analysis 
showed that the effects of resveratrol on the endometriosis model rats were manifested by 
alterations in the PPAR, insulin resistance, MAPK and PI3K/Akt signaling pathways. 
Correspondingly, changes in PPARγ activation, M1/M2 polarization and lipid metabolism 
were also detected after resveratrol treatment.
Discussion: Our study revealed that resveratrol treatment displayed efficient therapeutic 
effects for EMs model rats, probably through its important roles in anti-inflammation, 
immunoregulation and lipid-related metabolism regulation.
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Introduction
Endometriosis (EMs) is acommon benign gynecological condition characterized by 
endometrial-like tissue occurring outside the uterus.1 It is estimated that 10–15 
women of reproductive age suffer from endometriosis.2 Provisional treatment 
mainly consists of surgery and/or hormonal medication, which are often associated 
with side effects and of variable efficacy.3 It has been proposed that several of these 
factors, including coelomic metaplasia, immune system abnormalities, genetic 
causes, environmental factors and lifestyle factors, might account for the develop-
ment of this disease.4 Nevertheless, the etiology and pathogenesis of endometriosis 
remain uncertain, thus hindering the development of treatment options. Long-term 
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treatments of greater efficacy than those currently avail-
able are highly coveted for this condition.

Natural compounds such as resveratrol, epigallocate-
chin-3-gallate, curcumin, puerarin, ginsenosides, xantho-
humol, 4-hydroxybenzyl alcohol, quercetin, apigenin have 
been considered and initially attempted for the treatment 
of endometriosis using animal models or cell lines.5,6 

Among them, resveratrol, aphytoalexin polyphenol found 
in natural plants or fruits, is comparably easier to obtain. 
As anatural ingredient found in unprocessed foods, resver-
atrol is also considered safe, in contrast to some of the 
above competing compounds that are more readily classi-
fied as herbal medicines. Resveratrol also benefits from 
abackground of comparatively extensive studies with 
many of its associated pathways elucidated, such as 
PPAR and MARK signaling.7 Such aspects are far less 
developed for most of the other compounds or substances 
listed. Resveratrol, has previously been highlighted as 
apotential supplement for the treatment of cancers,8 cardi-
ovascular disease9 and EMs.10 Pharmacological effects of 
resveratrol on the energy and lipid metabolism have been 
highlighted in animal models, particularly related to the 
human eutopic endometrial stromal cells (HESCs) of 
EMs.11 The highlighted benefits relating to lipid metabo-
lism and other aspects in this study contain little overlap 
with findings from the other potential compounds.

Resveratrol shows great potential for the treatment of 
endometriosis, particularly relating to avariety of physio-
logical and therapeutic effects.12 Adecrease in the number 
and volume of endometrial implants; in suppressed prolif-
eration, vascularization, inflammation, cell survival, and in 
an increase in apoptosis.13–16 In vitro studies showed that 
resveratrol reduced the invasiveness of endometrial stro-
mal cells and suppressed their inflammatory responses.17– 

19 In clinical trials, resveratrol enhanced the role of oral 
contraceptives in the treatment of endometrium-associated 
dysmenorrhea by decreasing endometrium-aromatase and 
cyclooxygenase-2 expression.10 In another randomized 
exploratory trial, the effects of resveratrol were assessed 
positively for angiogenesis as well as upon inflammation 
in the eutopic endometrium.20 Overall, the use of resver-
atrol as anoninvasive and effective therapy for endome-
triosis is expected. However, the mechanisms of Ems 
remain incompletely understood.

With the development of high-throughput sequencing, 
RNA-seq provides an approach for diagnosis and for the 
elucidation of the pathology of endometriosis. It has 
already been used to analyze the transcriptome differences 

between eutopic and ectopic endometrial specimens from 
endometriosis patients,21,22 the oocytes of endometriosis 
patients and healthy controls,23 and for the macrophage 
polarization in women’s endometrium with or without 
disease.24 RNA-seq was also used to compare the men-
strual effluent of patients with and without endometriosis 
for investigating its pathobiology and biomarkers of 
endometriosis.25

Activated macrophages are usually divided into two 
categories: M1 and M2 macrophages.26 Both M1 and M2 
macrophages are closely related to inflammatory 
responses. Among these M1 macrophages are involved in 
pro-inflammatory responses. By contrast, M2 macro-
phages are mainly involved in anti-inflammatory responses 
and in the repair of damaged tissues.27,28 Endometriosis 
has been considered as “a disease of the macrophage”,26 

which is characterized by ahigher level of macrophage 
infiltration.29–31 In the immune dysregulation that is char-
acteristic of endometriosis, M1 and M2 macrophage polar-
ization of the peritoneal fluid are noted as elevated in the 
endometriosis groups,32,33 with ectopic endometrial tissue 
exhibiting inflammatory characteristics which may be 
involved in the overall immune response.

It has been reported that low body mass index (BMI) 
and unfavorable serum lipid profiles are often in evidence 
in patients with EMs.34 Patients with aBMI < 18.5kg/m2 

are more likely to have asevere EMs phenotype.35 Higher 
volumes of adipocytes are negatively associated with 
lipolysis.36 The enlargement of adipocyte cells may be 
related to lipid metabolism disorder and inflammatory 
response.36 In addition, PPARγ plays an important role in 
directly or indirectly affecting the development of glucose 
tolerance and of the polarization of macrophages in differ-
ent disease phenotypes that relate to both lipid metabolism 
and chronic inflammation.37,38 This seems to be an indi-
cator that there may be some strong links between disor-
ders of fat digestion and the absorption and activation of 
macrophages in cases of EMs.

In this study, we used resveratrol to treat model rats and 
analyzed transcriptome differences of the lesions before and 
after treatment. We also assessed the polarization of macro-
phages, insulin resistance, glucose tolerance, and adipocytes 
in the EMs rat models before and after treatment. Changes 
in PPARγ activation, M1/M2 polarization and lipid meta-
bolism were detected after the resveratrol treatment. Our 
data suggests that the use of resveratrol may provide sig-
nificant anti-inflammation, immunoregulation and lipid- 
related metabolism mitigation for endometriosis.
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Materials and Methods
Establishment of aRat Model of EMs
Fifty female Sprague Dawley rats aged 8–10 weeks, 
weighing 200–250 g, were placed in aclean-level environ-
ment in the Zhejiang University Laboratory Animal 
Center. Animal experimental methods and purposes were 
all in line with the Laboratory Animal-Guideline for 
Ethical Review of Animal Welfare (GB/T 35892–2018) 
as issued by the Zhejiang University Experimental Animal 
Welfare Ethics Review Committee. Rats having a4–5day 
estrous cycle and two consecutive estrus cycles were then 
selected for surgery. Considering the potential postopera-
tive pain level of this small incision was classified as “mild 
to moderate”, welfare nursing was provided after the 
operation. If post-operative signs of more than expected 
and transient pain or distress were observed, appropriate 
intervention strategies were adopted including analgesics, 
anesthetics, and/or euthanasia. During the operation, asep-
tic conditions for the operation were adhered to, and 3% 
Pentobarbital (BIOCAM) was selected for anesthesia. 
Then rat estrus epithelial tissue with a0.8×0.8cm2 endome-
trium was auto-transplanted into the endometrial abdom-
inal wall. Ten rats were also selected for aplacebo 
operation to serve as sham. All animals were fed regularly 
for 4 weeks before the laparotomy examination.

Lesion Examination and Measuring
The rats were anesthetized and laparotomy was performed 
to measure the size of the implant. Modeled rats were 
recorded and the lesion volume was calculated using the-
following formula: V= a × b2/2 (where arepresents the 
broadest transverse diameter of the lesion, brepresents 
the vertical diameter line) and V≥ 2mm3 was considered 
as asuccessful model. Considering the number, strength, 
and distribution of lesion adhesions, we also measured the 
focal adhesions score: 0 = no adhesion; 1 = thin filmy 
adhesions; 2 = more than one thin adhesion; 3 = thick 
adhesion with focal point; 4 = thick adhesion with planar 
attachment; 5 = very thick vascularized adhesion or more 
than one planar adhesion.39

Resveratrol Treatment
Resveratrol was dissolved in 35% DMSO for intraperito-
neal injection in rats, while the Sham group and EMs 
group were injected with the same amount of the solvent 
(0.9% NaCl + 35 DMSO). Thirty rats exhibiting successful 
modelling were divided into three groups according to 

lesion size: EMs group (n = 10, with equal resveratrol 
solvent), Res-med group (n = 10, resveratrol dose 15mg/ 
Kg/d), Res-high group (n = 10, resveratrol dose = 45mg/ 
Kg/d), the control group was the Sham-operation group 
(Sham, n= 10, with equal solvent amount). The rats of four 
groups were administered continuously for 28 days. 
Lesions were examined (as the above method). Lesion 
tissues were sampled before and after resveratrol treatment 
for evaluation.

RNA Extraction and Library Preparation
Total RNA was extracted from the implanted endometrium 
from the EM group and Res-high group. mRNA was 
purified from the total RNA using poly-T oligo-attached 
magnetic beads. Fragmentation was carried out using diva-
lent cations under elevated temperature in the 
Fragmentation Buffer, where first strand cDNA was 
synthesized using fragmented mRNA, random hexamer 
primers and M-MuLC reverse transcriptase. Second strand 
cDNA was subsequently synthesized using DNA polymer-
ase Iand dNTP. Remaining overhangs were converted into 
blunt ends. After adenylation of 3ʹ ends of DNA frag-
ments, adaptors with hairpin loop structure were ligated 
to prepare for hybridization. In order to select cDNA 
fragments of preferentially 370–420 bp in length, the 
library fragments were purified with AMPure XP 
systemm(Beckman Coulter, Beverly, USA), and then 
PCR was performed. PCR products were purified and 
library quality was assessed on the Agilent Bioanalyzer 
2100 system (Agilent Technologies, CA, USA).

RNA-Seq Analysis
Raw reads of fastq format were firstly processed through 
in-house perl scripts. Clean data was obtained by remov-
ing reads containing adaptors, reads containing Nbases and 
low-quality reads from raw data. Paired-end clean reads 
were aligned to the reference genome using Hisat2 v2.0.5. 
Before analysis of differentially expressed genes we firstly 
performed unsupervised hierarchical clustering and 
obtained aheat map. We applied the DESeq2 algorithm to 
filter the differentially expressed genes between the 
groups. The resulting P-values were adjusted using 
Benjamini and Hochberg’s approach for controlling false 
discovery rates. Genes with an adjusted Padj (adjusted 
pvalue) < 0.05, fold change of (FC) 1.5 found by 
DESeq2 were assigned as differentially expressed. 
Avolcano plot was then constructed showing the differen-
tially expressed genes.
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Enrichment Analysis of Differentially 
Expressed Genes
Gene Ontology (GO) enrichment analysis of differentially 
expressed genes was implemented by the clusterProfiler 
Rpackage, in which gene length bias was corrected. GO 
terms with corrected P-values less than 0.05 were consid-
ered significantly enriched as differentially expressed 
genes. Pathway analysis was applied to determine the 
significant pathways of differentially expressed genes 
according to the Kyoto Encyclopedia of Genes and 
Genomes (KEGG). The DO (Disease Ontology) database 
describes the function of human genes and diseases. The 
DisGeNET database integrates human disease-related 
genes. We used clusterProfiler Rpackage or software to 
test the statistical enrichment of differential expression 
genes in KEGG pathways,the DO pathway and the 
DisGeNET pathway. Pathways with corrected P-values 
less than 0.05 were considered significantly enriched by 
differentially expressed genes.

Glucose Tolerance Test (GTT)
Before the GTT test, rats were all subject to an overnight 
fasting of 16 hours, from 5 pm. to 9 am. After overnight 
fasting, 20% glucose solution was administered to rats orally 
at adosage of 0.01mL/g body weight. Blood samples were 
collected from the tail vein before and 30, 60, 90 and 120 min 
after glucose administration and blood glucose level was 
determined using ablood glucose meter (ROCHE).

Insulin Tolerance Test (ITT)
Before the ITT test, rats were all subject to afasting of 4 
hours. After fasting, diluted human insulin (Novolin R) was 
administered to rats by intraperitoneal injection at adosage 
of 0.5 unit/kg body weight. Blood samples were collected 
from the tail vein before and 15, 30, 60, 90 and 120 min 
after insulin injection and blood glucose levels were deter-
mined using ablood glucose meter (ROCHE).

Flow Cytometry
After euthanizing the rats, peritoneal cells were retrieved 
by peritoneal lavage with PBS buffer. After shaking the 
rat, peritoneal cells were collected. In this study, CD 68 
and CD 206 were used as M1 and M2 macrophage mar-
kers, respectively.40 The peritoneal macrophages were 
fixed with 2% paraformaldehyde for 10 min before incu-
bation with anti-rat CD 68 antibody (1:100, A13286, 
ABclonal) and anti-rat CD 206 antibody (1:100, A8301, 

ABclonal). After washing with PBS buffer, the cells were 
resuspended in PBS buffer for flow cytometry analysis.41

HE Staining and Immunohistochemistry
Tissues were fixed in 10% formalin and dehydrated with 
agradient of alcohol for paraffin slicing. The paraffin- 
embedded sections were processed according to astandard 
protocol for staining with Hematoxylin and Eosin 
(Solarbio). Briefly, sections were dewaxed and rehydrated 
and stained with hematoxylin. After differentiation, sec-
tions were stained with eosin. For immunohistochemical 
staining on ectopic endometrium lesions, slices were 
heated in an EDTA buffer (pH9.0) to retrieve antigens. 
Then to block endogenous peroxide, slices were put in 3% 
H2O2 for 20 min. After blockage with normal serum, the 
diluted primary antibody PPARγ (1:100, A0270, 
ABclonal) was applied and incubated overnight at 4°C. 
The nextday, slices were treated with HRP-conjugated 
secondary antibody, visualized with diaminobenzidine 
(DAB) and counterstained with hematoxylin. Images 
were taken under alight microscope (Nikon) and patholo-
gical features were analyzed. Adipose cell size was calcu-
lated using ImageJ. Brown dots were viewed as positive 
signals.

Quantitative Real-Time Polymerase Chain 
Reaction (RT-PCR)
Total RNA was extracted from endometrial implants using 
Trizol reagent (Invitrogen, 15596026) and reverse tran-
scribed using PrimeScriptTM RT Reagent Kit (Takara, 
RR037A). Quantitative real-time PCR was performed on 
7900 HT Fast Real-time PCR System (Applied 
Biosystems) using TB Green Premix Ex TaqTM (Takara, 
RR420A). Experiments were repeated in triplicate and 
data was analyzed using the 7900 System SDS RQ 
Manager software, and relative gene expression was deter-
mined using the 2–ΔΔCt method by normalization to the 
GAPDH levels. Primer sequences for this study are listed 
in Supplemental Table1.

Statistical Analysis
Statistical analysis was performed using GraphPad PRISM 
(GraphPad Software Inc., CA, USA). All data was pre-
sented as mean ± SEM. Comparisons between groups 
were performed using one-way analysis of variance 
(ANOVA) followed by Dunnett's multiple comparison 
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test. In all comparisons, P< 0.05 was considered to be 
statistically significant.

Results
Endometriotic Lesions Size Assessment 
and Treatment of Resveratrol in Rat 
Models
Intraperitoneal endometriotic lesions were surgically induced 
by suturing uterine tissue samples to the abdominal wall. We 
carried out histological analyses on estrous cycles in rats to 
determine the transplantation period (Figure1A). Figure1B 
shows that uterine tissue samples, which were sutured to the 
abdominal wall of rats models without any myometrial tissue 
(Figure1B). A0.8×0.8cm2 segment was ligated with apoly-
propylene 4–0 suture (Figure1C).

After modeling for 4 weeks, the cystic structured endo-
metriotic implants were examined by anesthesia and lapar-
otomy. The transplanted uterine tissue samples had 
developed to typical endometriotic lesions consisting of 
cyst-like dilated endometrial glands and vascular stroma. 
We observed highly different lesion volumes varying from 
2mm3 to over 100mm3. In modelling, 27% of the rats 
failed to develop as adequate models, probably due to 
the timing of modeling being out of the estrous cycle. 
Successful model rats were then treated with resveratrol 
for 4 weeks. All model rats appeared healthy with no 
obvious side effects. We then dissected and measured the 
cyst volume of the reduced lesions, and compared them 
with the size and adhesion of the lesions before treatment. 
There were significant differences before and after the 
resveratrol treatment (Figure1D–G).

Differential Gene Expression Analysis 
Before and After Resveratrol Treatment
With RNA microarray hybridization, 22,159 clones hybri-
dized with probes were detected with positive signals 
(Supplemental Table2). DESeq2 analysis showed that, com-
pared with the EMs group, 2123 genes were at least 1.5 fold 
differentially expressed (adjusted p-value < 0.05) in the 
ectopic lesions of the Res treatment group, in which 910 
were downregulated and 1213 were upregulated (Figure2A 
and B). Among down-regulated genes, some of them come to 
our particular attention, including F13a1, acoagulation 
factor;42 Hbb, aregulator of pain and inflammation;43 

Tiam1, aregulator of cell invasion,44 Msr1, involved in 
macrophage-associated physiological and pathological 
processes,45 Cd5 and Mcp1, associated with the 

immunoregulatory and inflammatory processes.46 Among 
up-regulated genes, Mir145 has been reported to be related 
to MicroRNAs in cancer and DNA damage response;47 and 
Crhr2 has been shown to promote the activation of adenylate 
cyclase, leading to increased intracellular cAMP levels.48

Differentially expressed genes (DEGs) between EMs 
group and Res group were screened using the lima pack-
age followed by exclusion of DEGs with the genefilter 
package. Enrichment analysis was performed on DEGs 
using AmiGO2, the top 50 DEGs are shown in the heat-
map (Figure2C).

KEGG and Gene Ontology Analysis
A total of 61 pathways were significantly enriched with 
differentially expressed genes, in which 22 pathways were 
downregulated and 39 were upregulated after resveratrol 
treatment (Padj < 0.05; Figure3A and B). These changes 
were mainly related to metabolic and immunity pathways, 
such as PPAR and MAPK signaling. In addition, these up- 
and downregulated genes were enriched with GO term 
enrichment. Results showed that upregulated genes were 
enriched in blood vessel morphogenesis, angiogenesis, trans-
membrane transport and similar (Figure3C). Conversely, the 
downregulated genes were related to regulation of leukocyte 
mediated immunity and of leukocyte activation (Figure3D).

Effects of Resveratrol Manifested by 
Increased Glucose Tolerance and 
Enlarged Adipocytes
In our previous study, we analyzed the effects of resver-
atrol treatment on human ectopic endometrial stromal 
cells.49 Here, lipidomics analysis showed that resveratrol 
altered lipid profiles and resulted in changes in glycero-
phospholipid metabolism pathways and in the activation 
of insulin resistance. To further confirm, we performed 
examinations of GTT and ITT, adipocyte histology and 
flow cytometry of the peritoneal fluid in the EMs rats 
(Figure4A). Surprisingly, EMs rats showed atrend toward 
glucose intolerance showing an increase in glucose levels 
at 60 min and 90 min after injection (Figure4B), as well 
as insulin resistance in EMs rats only 15- min after 
injection (Figure4C), compared with controls. 
Regarding treatment, the Res-high group exhibited ame-
liorated glucose intolerance (vs.controls), compared with 
sham-treated EMs rats injected with glucose (vs.control) 
(Figure4D). There were no significant differences in ITT 
among each group after resveratrol treatment. (Figure4E). 
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In human patients, women with endometriosis have 
alower BMI and areduced number of adipocyte cells 
than those without this disease.50,51 It is interesting, we 
found an increased adipocyte size in EMs rats and asigni-
ficantly reduced adipocyte size after resveratrol treatment 
(Figure4F–G).

Resveratrol Induced Changes in M1 and 
M2 Macrophage Polarization and in 
Inflammatory Cytokines
By using flow cytometry and two established markers for 
M1 and M2 macrophage polarity, CD68 and CD 206 
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Figure1 Molding display and effects of resveratrol on the lesions of model rats. (A) The estrous cycle stages of female rats were examined using vaginal biopsy samples. 
Arrow: Irregular keratinocyte like cells gathered together. Scale bars: 100 μm. (B) Rat estrus epithelial tissue. Arrows indicate correctly attached to the abdominal suture. 
Arrow: Rat estrus epithelial tissue which separation from myometrium of uterus. Scale bars: 2 cm. (C) Rat estrus epithelial tissue was auto-transplanted into the endometrial 
abdominal wall. Dotted lines: Estrus epithelial tissue of rat endometrium transplanted to the abdominal wall. Scale bars: 2cm. Morphology and volume reduction of the 
implants were determined after 28 days of treatment. Scale bars: 2 cm. (Dand E) Extent of reduction of endometrial-like lesion adhesions. Arrows indicate adhesion. Scale 
bar: 2 mm. (Fand G) Reduction of endometrial-like lesion volume. Dotted lines indicate the volume of lesions. Scale bar: 2mm. Data are presented as mean ± SEM, **P < 
0.01, ***P < 0.001 EMs vs control (ANOVA). 
Abbreviations: Res-med, dose = 15 mg/Kg/d; Res-high, dose = 45 mg/Kg/d; ns, no significance.
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respectively, we examined M1 and M2 macrophages in 
peritoneal fluid of the model rats before and after resver-
atrol treatment and analyzed the relative ratios of M1 and 
M2 (Figure5A). Results showed that M1/M2 was elevated 
in the EMs group and significantly reduced after the Res- 
high dose treatment (Figure5B). To characterize the 
changes in inflammatory cytokines upon resveratrol treat-
ment, we analyzed the mRNA levels of IL-10, which is an 
anti-inflammatory cytokine and of INF-γ, IL-6 and TNFα, 
which are pro-inflammatory cytokines. Corresponding to 
the M1/M2 reduction, IL10 was increased in the Res 
groups (Figure5C), whilst INF-γ, IL-6 and TNFα were 

correspondingly decreased (Figure5D–F). This might cor-
respond to the changes in M1 and M2 macrophages polar-
ization during anti-inflammation mechanisms upon 
resveratrol treatment. The RNA-seq analysis data provides 
us adeeper understanding of these phenotypic 
characteristics.

Resveratrol Induced PPARγ Activation in 
Ectopic Focus of EMs Rats
Insulin resistance initially occurs in the adipose tissue and 
PPARγ plays an important role in adipose tissue differen-
tiation, macrophage polarization, and adipocytokine 

Figure2 Differential gene expression analysis before and after resveratrol treatment. (A) Volcano plots of differentially regulated genes between Res-high treatment and 
EMs group. Red indicates upregulated, while blue indicates downregulated expression (n = 3 EMs group, n= 3 Res-high group, FC ≥ 1.5, Padj < 0.05). (B) Heatmap of 
differentially expressed genes (2123 probes) between EMs group and Res-high group. Each column represents asingle sample, and each row represents an RNA For each 
group n= 3. (C) Heatmap of the top 50 differentially expressed genes (DEGs) between EMs group and Res-high group expression profiles. Three lines of each group were 
analyzed (n =3).
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secretion.37,38,50 We analyzed the PPARγ expression in 
model rats. Scattered weak staining of PPARγ expression 
in stromal cells was found in EMs group (Figure 6A–D). 
Decreased PPARγ expression was shown in the untreated 

EMs groups compared with the controls. High dose resver-
atrol treatment induced intense staining of PPARγ expres-
sion in glandular epithelial cells in the lesion tissues of 
model rats. The surface epithelium was markedly atrophic 

Figure3 Pathway enrichment analysis. (Aand B) KEGG pathway analysis: Functional analysis for the significantly down-regulated genes (A) and up-regulated (B) genes. The 
vertical axis showed the annotated functions of the target genes. The horizontal axes shows the enrichment score (gene ratio) and the gene number of each cluster. Only the 
top 20 significantly enriched clusters are included. (Cand D) GO terms based on cellular component, molecular function, and biological process of the upregulated and 
downregulated genes.
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and no staining could be found in the Res-high group 
although weak staining was observed in the EMs group 
and Res-med group (Figure6B and C). PPARγ expression 
was improved after resveratrol treatment and higher 
expressions were shown in the Res-high group compared 

to the Res-med group (Figure6D and E).  The mRNA 

expression of PPARγ was significantly increased in both 

Res-med and Res-high (vs Control group), with significant 

differences between Res-med and EMs groups (P < 0.01) 

(Figure 6F).

Discussion
Endometriosis is characterized by the ectopic presence of 
endometrial-like tissue (glands and stroma) outside the 
uterine cavity, especially in the pelvic area.51 Over recent 
decades, the prevalence of endometriosis has been 
reported to ranges from as low as 1.9% to as high as 
20.7% of the susceptible female population.52–54 

Meanwhile, it has anegative impact on quality of life and 
imposes aheavy financial burden on patients. The thera-
peutic effect of resveratrol on EMs rats, involving prolif-
eration, apoptosis, oxidative stress, inflammation, invasion 

Figure4 Effects of resveratrol manifested by ameliorated glucose tolerance and enlarged adipocytes. (A) Experimental design flow chart. (B–E) Plasma glucose levels are 
shown inmg/dl for rat models (n = 6–9 for each group) after glucose administration for glucose tolerance test (GTT) ((Band D), panels on the left) or after insulin 
administration for insulin tolerance test (ITT) ((Cand E), panels on the left). Areas under GTT or ITT glucose curves were calculated per 120 minutes, for EMs and for 
controls, respectively ((B–E), panels on the right). Plasma glucose levels were measured for aliquots of GTT or ITT samples from 0, 30-, 60-, 90- or 120-min time points. (F) 
Histology of gonadal adipose tissue from rat models. Scale bar 20 μm. (G) Statistical image of adipocyte size in gonadal adipose tissue. Data are presented as mean ± SEM, *P 
< 0.05; **P < 0.01 EMs vs control, ##P< 0.01 Res-high vs control (ANOVA). 
Abbreviations: Res-med, dose = 15 mg/Kg/d; Res-high, dose = 45 mg/Kg/d; ns, no significance.
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and angiogenesis have been suggested in anumber of 
publications.55–57 In this study, we focused on the tran-
scriptomic changes in EMs rats upon resveratrol treatment 

and emphasize that resveratrol regulates lipid the metabo-
lism, adipocyte function and also relieves the inflamma-
tory response of endometriosis.

Figure5 Examination of changes in M1 and M2 macrophages polarization and inflammatory cytokines. (A) Flow Cytometric analysis of macrophage in peritoneal fluid from 
endometriosis, resveratrol treatment and control subjects CD 68 and CD 206 (n = 6–10). (B) Statistical analysis of macrophage M1/M2 in peritoneal fluid. (C–F). mRNA 
levels of IL-10 (C), IFNγ (D), IL-6 (E) and TNFα (F) were analyzed in ectopic endometrial lesions and upon resveratrol treatment. GAPDH was used as aloading control. 
Data are presented as mean ± SEM, *P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001 EMs vs control; ##P< 0.01 Res-high vs control (ANOVA). 
Abbreviations: Res-med, dose = 15 mg/Kg/d; Res-high, dose = 45 mg/Kg/d; ns, no significance.
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Although high-throughput sequencing data analysis 
provide us with alot of information, we particularly con-
sidered the low-scoring pathways focused on metabolism, 
and immunity as potential validation. In our experiment, 
after resveratrol treatment, in addition to the decreased 
lesion size of rat models, we detected some broader 
improved phenotypes such as those relating to macrophage 
polarization, adipocyte size, or glucose tolerance. We then 
attempted to draw more relevant information from RNA- 
seq data analysis towards any related mechanisms of EMs.

Insulin resistance not only occurs in obesity, but also in 
lipodystrophy.58 The white adipocyte is exquisitely sensi-
tive to insulin, lipolytic activity and insulin sensitivity 
occur with notable variance between different compart-
ments of adipose tissues.58 Here we choose the gonadal 
adipose tissues near the ectopic foci. We found that adi-
pocyte sizes were increased in EMs. It has been reported 
that ahigher volume of adipocytes is associated negatively 
with lipolysis.36 Our study revealed that resveratrol altered 

the macrophage polarization, glucose tolerance, and 
decreased adipocyte size in amanner that may inhibit the 
initiation and progression of endometriosis.

The polarization of macrophages, glucose tolerance, 
and higher volume of adipocyte are all influenced by 
PPARγ.37,38 We have suggested that resveratrol may miti-
gate the above phenotypes via the activation of PPARγ. 
When comparing before and after resveratrol treatment, 
differentially expressed genes were related to metabolic, 
immunoregulatory and inflammatory processes, including 
the PPAR signaling pathway and MAPK signaling path-
way (Figure7). The PPARs are critical regulators of the 
lipid-associated metabolism and PPARγ has been proposed 
as apotential therapy for endometriosis, especially in 
angiogenesis.59 The MAPKs signaling pathway is asignal 
transduction system that mediates extracellular signals to 
intracellular reactions.60 MAPK could be the hub of the 
response pathway upon resveratrol stimulation. Therefore, 
MAPKs could function as pivotal intracellular signal 

Figure6 Resveratrol induced PPARγ activation in ectopic focus of EMs rats. (A–D) Immunohistological staining of PPARγ expression. PPARγ expression in stromal cells in 
Control (A), EMs group (B), Res-med group (C) and Res-high group (D) as well as weak staining in surface epithelial cells in EMs group (B), Res-med group (C). Strong 
staining of PPARγ expression in glandular epithelial cells was showed in the lesion tissues of model rats after resveratrol treatment compared to the untreated EMs groups 
(D). (E) Immunohistological PPARγ expression levels were semiquantitatively analyzed by counting of positive and total cell number of the epithelial and stromal cells. The 
percentages of positive cells/total cells are shown. (F) Effects of resveratrol on PPARγ mRNA expression. PPARγ mRNA transcripts normalized to β-actin expression were 
quantified in real-time. Scale bar: 100 μm. Data are presented as mean ± SEM. *P < 0.05; **P < 0.01 and ***P < 0.001 EMs vs control; #P< 0.05, ##P< 0.01 Res-high vs control 
(ANOVA).
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transducers in endometriotic cells which relate to inflam-
matory changes.

We noticed that among the down regulated factors of the 
PPAR signaling pathway, Cyp27a1, Scd, Fabp4, Plin2, 
Slc27a6, Cpt1b, Rxra, Fabp5, Cpt1c, Acsl5, Angptl4, Dbi, 
Pdpk1, Fabp1 were all decreased, whilst PPARγ was not. In 
addition to PPARγ histochemical staining of the lesion 
tissue, we also examined mRNA levels of PPARγ in the 
lesion samples before and after resveratrol treatment. This 
did show an increase in PPARγ after resveratrol treatment. 
Our findings support arole for resveratrol in the pathophy-
siology of endometriosis, and provide new targets for inves-
tigation into possible causes and treatments. In the present 
study, limitations remain, including the relatively small 
sample size for transcriptome sequencing, difficulties in 
elucidating insulin resistance associated with endometriosis 

rats and identifying the M1 and M2 macrophages. Further 
investigations are also required for the validation of mole-
cular pathways involved in resveratrol treatment.

Conclusions
Our findings extend the analytic results of RNA levels in 
the EMs rat models treated with resveratrol, thereby nomi-
nating specific transcriptional and signaling pathways as 
therapeutic targets for this gynecological condition that is 
distressing and difficult to treat. We assessed the polariza-
tion of macrophages, glucose tolerance, and adipocytes in 
the EMs rat models before and after the treatment. 
Changes in PPARγ activation, M1/M2 polarization and 
the lipid metabolism were all detected after the resveratrol 
treatment. We conclude that resveratrol may play roles in 

Figure7 Schematic representation of the significant pathways of resveratrol in animal models of Endometriosis. Gene interaction network among the differential genes from 
STRING protein-protein interaction networks using the protein coding genes of transcriptomics data. Nodes represent direct acting proteins. Edges with different color 
styles represent different acting types.
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anti-inflammation, immunoregulation and the lipid-related 
metabolism in the treatment of endometriosis.

Abbreviations
EMs, endometriosis; Padj, adjusted pvalue; FC, fold 
change; KGEE, Kyoto Encyclopedia of Genes and 
Genomes; GTT, glucose tolerance test; ITT, insulin toler-
ance test; MAPK, mitogen-activated protein kinases.1; 
SEM, standard error of mean; PPARs, peroxisome prolif-
erators-activated receptors; AKT, protein kinase B.
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