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Abstract: Endometriosis represents a severe gynecological pathology, defined by implantation of
endometrial glands and stroma outside the uterine cavity. This pathology affects almost 15% of
women during reproductive age and has a wide range of consequences. In affected women, infertility
has a 30% rate of prevalence and endometriosis implants increase the risk of ovarian cancer. Despite
long periods of studies and investigations, the etiology and pathogenesis of this disease still remain
not fully understood. Initially, endometriosis was related to retrograde menstruation, but new
theories have been launched, suggesting that chronic inflammation can influence the development
of endometriosis because inflammatory mediators have been identified elevated in patients with
endometriosis, specifically in the peritoneal fluid. The importance of dietary phytochemicals and
their effect on different inflammatory diseases have been highlighted, and nowadays more and
more studies are focused on the analysis of nutraceuticals. Resveratrol is a phytoestrogen, a natural
polyphenolic compound with antiproliferative and anti-inflammatory actions, found in many dietary
sources such as grapes, wine, peanuts, soy, berries, and stilbenes. Resveratrol possesses a significant
anti-inflammatory effect via inhibition of prostaglandin synthesis and it has been proved that
resveratrol can exhibit apoptosis-inducing activities. From the studies reviewed in this paper, it is
clear that the anti-inflammatory effect of this natural compound can contribute to the prevention
of endometriosis, this phenolic compound now being considered a new innovative drug in the
prevention and treatment of this disease.

Keywords: cytokines; resveratrol; endometriosis; anti-inflammatory; inflammatory disease

1. Introduction

Endometriosis represents a severe gynecological disease that affects almost 15% of women
in reproductive age, described by the implantation of endometrial tissue outside the uterus [1].
In endometriosis, endometrial tissue fragments are present mainly on the ovaries, on the pelvic
peritoneum, in the pouch of Douglas, and the rectovaginal septum [2]. Frequently, this dissemination
of the endometrial cells is explained by the theory of retrograde menstruation, consisting of the
presence of menstrual blood in the abdominal cavity, due to reflux through the Fallopian tubes,
an approach first described by Sampson in 1927 [3]. The favorable hormonal environment and some
immunological factors are involved in the implantation of endometrial cells in abnormal sites outside
the uterus and in the failure to eliminate these cells from the inappropriate places [4].
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There are three types of endometriosis, according to its localization in the pelvis: peritoneal,
ovarian, and rectovaginal, presented in the first stage of implantations as red lesions similar to the
eutopic endometrium. In time, these red lesions become black by an inflammatory reaction that
provokes a process of scarification [2].

The clinical presentation of endometriosis is variable and includes some severe symptoms:
dyspareunia, chronic pelvic pain, dysmenorrhea, and subfertility or infertility [5]. The severity
of symptoms increases with age [6].

Even the pathogenesis and the mechanisms of initial development and subsequent progression of
endometriosis are still unclear. There are proofs that this disorder is a pelvic inflammatory process and
chronic inflammation has a significant role in the development and progression of the pathology [7].

Based on this pro-inflammatory hypothesis, various studies report that in the peritoneal fluid
of patients with endometriosis increased numbers of activated macrophages, cytokines, angiogenic
factors, and growth factors have been identified, [8] produced through the alteration of the regular
activity of peritoneal cells [9].

A study conducted by Kobayashi et al. [10] highlights that endometriosis may be stimulated
through the activation of the inflammatory cells. Also, subsequent inflammation and microbial
infections of the upper genital tract are also involved in the initial development and progression of the
lesions [10]. Peritoneal oxidative stress is also considered a significant component of endometriosis-related
inflammation, and it can regulate genes that encode immunoregulators, cytokines, and cell adhesion
molecules [11].

In the literature, there have been several studies conducted to highlight the importance of diet and
its impact on the prevention and treatment of a wide range of diseases, raising more and more interest
in the analysis of dietary polyphenols [12]. Polyphenols are micronutrients found in dietary sources and
proof of their impact on the prevention of diseases is emerging [13]. The most common coccurrences
of polyphenols are in herbs, fruits, beverages, vegetables and spices, several of these polyphenols
have been proven to exhibit anti-inflammatory actions. Besides, several studies maintain that the
consumption of food abundant in polyphenols can reduce the incidence of chronic inflammatory
pathologies [14].

Resveratrol is a natural phytoalexin (trans-3,5,40-trihydroxystilbene), synthesized by plants due to
ultraviolet radiation and fungal infections [15,16]. High levels were identified in grapes, wine, berries,
Itadori tea, nuts, and stilbenes. Analysis of peanuts, raisins, and Itadori tea confirm the predominance
of trans-resveratrol glucoside and, in counterpoint, the study of red wine shows that it contains mainly
the aglycones cis- and trans-resveratrol forms [17].

Several studies indicate that resveratrol possesses various beneficial actions, including
anti-neoplastic, anti-inflammatory, anti-oxidative, anti-microbial, anti-atherogenic, and anti-angiogenic
properties [16,18]. It is also useful because it may provide cardiovascular protection [19].

Regarding the mechanism of action of resveratrol, numerous studies have shown that it includes
multiple cellular targets affecting signal transduction pathways. AKT (protein kinase B) represents
these pathways, Signal transducer and activator of transcription 3 (STAT3), ribosomal protein S6 kinase
beta-2 (RPS6KB2), mitogen-activated protein kinase 1/3 (MAPK1/3; ERK1/2), Mitogen-Activated
Protein Kinase 14 (MAPK14 (p38)), protein kinase C, and peroxisome proliferator-activated receptors
(PPAR) gamma [20–22]. Some of the pathways are relevant for the mechanisms of endometriosis-related
development on the impact of resveratrol as an anti-inflammatory agent [23,24]. This hypothesis
supports that resveratrol seems to be a possible innovative alternative agent in the prevention and
treatment of severe disease, but further studies are necessary to elucidate the useful potential of this
phytochemical and also the potential adverse effects that may appear.

Bruner-Tran et al. [25] pointed out the inhibition of endometriotic lesions by resveratrol in a
study published in 2011. Their study concluded that the oral gavage of resveratrol could reduce the
quantity and dimensions of endometriotic lesions. The in vivo study was performed on nude mice
and consisted of transplantation of induced human endometrial tissue into the peritoneal cavity of
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these mice. This effect of resveratrol was linked to reduced proliferative action and up-regulation of
apoptotic cell death into the lesions.

The essential mechanism of resveratrol in the prevention of endometriosis is considered
anti-inflammatory activity. It has been demonstrated to be manifested through the inhibition of
prostaglandin synthesis via the inhibition of COX enzyme synthesis, inhibition of activated immune
cells, and inhibition of pro-inflammatory cytokines [26].

Endometriosis, a chronic inflammatory disease is a frequent gynecological pathology, which has
a severe impact on women worldwide, therefore by understanding the pathophysiology, and the
mechanism of action of resveratrol we may improve the development of this disorder and the treatment
strategies, using natural products. With low toxicity, high accessibility, and low price, resveratrol may
become an alternative therapeutical agent for the prevention and treatment of endometriosis.

2. Biochemistry of Resveratrol

Resveratrol is a phytochemical found in high concentration in grapes, wine, tea, peanuts,
and berries also called a “miracle molecule” because it exhibits many beneficial properties [27,28].
This molecule was discovered and described for the first time in the year 1939 [29,30] when it was
isolated from the roots of Veratrum grandifloorum and in the year 1963, it was isolated from a plant
used in complementary medicine in China, Polygonum cuspidatum. Since the first discovery of the
compound, numerous scientific researches have been conducted to study the activity of resveratrol.
In 2002, Burns et al. [31] reported 92 new resveratrol compounds from the Dipterocarpaceae, Vitaceae,
Paeoniaceae, Gnetaceae, Leguminosae, Polygonaceae, Gramineae, Cyperaceae, and Poaceae families. According
to Sobolev et al., two new dimers of resveratrol were isolated from peanut seeds [32], and this
phytochemical has also been separated from baking chocolate, cocoa powder, and dark chocolate
(0.35–1.85 mg/kg in commonly consumed quantities) [33]

Resveratrol is part of the large chemical class of stilbenes and as well as the resveratrol molecule
and its analogs, a stilbene is considered a monomer, a primary building block that leads to subsequent
polymerization. In the last five years, over 60 naturally occurring stilbenes have been isolated, and it is
a fact that stilbenes exhibit a large wide of oligomeric constructions and polymerization [34].

The universal skeleton of stilbenes is a C6–C2–C6 unit, namely, a 1,2-diphenylethylene moiety [34].
Resveratrol is a polyphenolic phytoalexin that possesses two aromatic rings linked to each other by a
double ethylene bridge [35]. The chemical structure of resveratrol (trans-3,5,4′-trihydroxystilbene) is
responsible for the two isomeric forms, cis-resveratrol, and respectively trans-resveratrol [36]. In plants,
wine, and in natural food, resveratrol is found as both cis- and trans-isomers, although the significant
and more stable form of resveratrol is trans-resveratrol, which is useful as a preventive agent in cancer,
vascular diseases, infections, etc. [37]. Figure 1 illustrates the two isomers of resveratrol.

The synthesis of resveratrol is a condensation reaction including three molecules of malonyl-CoA
and one molecule of 4-coumaroyl CoA. From this reaction, out of resveratrol, also result four molecules
of CO2 [38]. The synthesis of resveratrol is shown in Figure 2.

The conversion of cis-isoform into trans-isoform is called cis-isomerization, and this phenomenon
is possible when a trans-isoform is exposed to UV radiation or sunlight [39,40]. Therefore, because
the cis-form is less stable [39], many studies use trans-resveratrol for administration, to highlight the
biological effects of this phytoalexin.

As with any others polyphenols, resveratrol can undergo an auto-oxidation process and O2 and
H2O2 are produced. This can also result in a mixture of quinines and semiquinones that may be
cytotoxic [41]. Regarding the metabolism of resveratrol, studies revealed that it is metabolized into
glucuronide and sulfate conjugates. Regarding the crystalline resveratrol and its glucoside, a study of
Jensen et al. [42] maintains that both of these forms are stable for more than three months, a low degree
of degradation may occur in various conditions such as air exposure, fluorescent light, UV light, high
temperature, etc.
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Recently, five tetramers of resveratrol were separated from the roots of Vitis amurensis: amurensins
I–M, together with five resveratrol tetramers, named isohopeaphenol, (+)-vitisifuran A, heyneanol A,
(+)-hopeaphenol, vitisin A, From all of these tetramers, vitisin A, (+)-hopeaphenol, isohopeaphenol,
heyneanol A, and (+)-vitisifuran A showed a potent anti-inflammatory activity and also presented
strong inhibition of the biogenesis of leukotriene B4 (LTB4) [44].

3. Development of the Endometriosis-Role of Inflammation

Endometriosis is characterized by functional endometrial stroma and gland implants outside
of the uterine cavity. The main symptoms of this gynecological disease are chronic abdominal
pain, dysmenorrhea, infertility [45,46], and anxiety or depression related to the severity of the
pelvic-abdominal pain [47].

Regarding the pathophysiology of endometriosis and the biological mechanism of endometriosis-
associated pain, these still remain controversial and unclear. Endometriosis is considered a multi-factorial
condition with immunological, genetic, and hormonal environment contribution, characterized
by an abnormal expression of inflammatory factors [48]. An essential step in the progression of
endometriosis is represented by the link between inflammation and activation of the aromatase gene in
the endometrium, followed by the local production of estrogens [49]. In healthy patients, the aromatase
gene is inhibited, but in affected women, the promoter of this gene is activated by exposure to
pro-inflammatory prostaglandins (PGE2). A malicious cycle between estrogen production and chronic
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inflammation is created, and through this cycle, the survival of heterotopic endometrial cells is
maintained [50]. NF-kB is the link between aromatase expression and inflammation in endometriosis,
the activation and translocation of NF-kB from the cytoplasm to cell nuclei being the first step to induce
the inflammation process [51].

In patients with endometriosis and adenomyosis, the nuclear factor-kB subunit bound to a
cell has been observed more often than in control cases [52,53]. The inflammatory environment in
endometriosis points out an increased production of estrogens, which also increases prostaglandin
production through NF-kB and COX-2 activation [54]. Recent studies also suggest that an essential
cause of endometriosis development is neurovascular formation, or angiogenesis [55]. Angiogenesis is
a complex process of new blood vessels formation that involves the extravasation of growth factors,
degradation of the extracellular matrix, and new tube formation by endothelial cells. Endometriosis
is dependent on the development of new blood vessels [56,57] that also associate a wide range
of angiogenesis-related factors, such as VEGFR, VEGF, Delta-like 4 (Dll4)-Notch signal pathways,
and angiopoietin [58].

VEGF and VEGFR are angiogenesis-related factors that affect the proliferation, migration,
and permeability of the cells. A study of Gagne et al. [59] showed that the level of vascular endothelial
growth factor in the peritoneal fluid of type IV endometriosis patients is significantly higher compared
to type I/II endometriosis. VEGFC is an angiogenesis factor that acts on endothelial cells and promotes
angiogenic responses through VEGFR2-mediated pathways, to improve endothelial function and
vascular permeability in endometriosis [60].

Other constituents implicated in the development and progression of this chronic disease,
are matrix metalloproteinases (MMPs), cyclo-oxygenase (COX), tumor necrosis factor (TNF-α),
and hypoxia-inducible factor 1α (HIF-1) [48]. MMPs are involved in endometrial adhesion and
angiogenesis, TNF- α promotes angiogenesis, and COX promotes the implantation of heterotopic
endometrial cells [61,62]. Ectopic implants of the endometrial cell have shown increased expression of
cyclo-oxygenase-2, while cyclo-oxygenase-2 inhibitors have been largely studied in the treatment of
endometriosis-related abdominal pain [63]. The activity of MMP-2 in endothelial cells is significantly
increased by PGE2 and is suppressed by the inhibition of COX-2 and all those factors, either directly or
indirectly, are able to affect endometriosis-associated angiogenesis [64].

In the inflammatory panel of endometriosis, NF-kB has a crucial role in the progression of
the disease. This factor is activated by several cytokines pro-inflammatory: tumor necrosis factor
- α, interleukin 1β, and NF-kB activates multiple inflammatory mediators like IL-8 [65]. Activated
macrophages are the key in the defense against infections because they can secrete cytokines
pro-inflammatory: interleukin -1, interleukin -6, interleukin -12 and tumor necrosis factor-α and
uncontrolled activation of these factors results in persistent inflammation. In the context of chronic
inflammation, high levels of these cytokines have been identified in the peritoneal fluid of patients
with endometriotic lesions [66]. TNF-α promotes inflammation in the Fallopian tubes, and this results
in tissue repair and fibrosis in the tubes, which impairs reproduction, leading to poor quality of
oocytes. IL-1 can promote angiogenesis in endometrial lesions and interfere with peritoneal immune
surveillance. IL-8 has been identified in high levels in the peritoneal fluid of the patients with
endometriosis and promotes cell attachment and cell growth [67].

So, the basis of endometriosis pathophysiology is represented by the pro-inflammatory cytokines
axis, which was named by Soares et al. [68] “the crossroads of the molecular pathways.” This process
involves cytokines (tumor necrosis factor-α, interleukin-6, interleukin-8, monocyte chemoattractant
protein, macrophage inhibitory factor, and granulocyte macrophage colony-stimulating factor) [69]. Matrix
metalloproteinase-1, matrix metalloproteinase-2, matrix metalloproteinase-3, matrix metalloproteinase-7,
matrix metalloproteinase-9 [70], nitric oxide (NO), and VEGF are involved in neoangiogenesis [71].
Figure 3 illustrates the pattern of the most relevant molecular pathways implicated in the
pathophysiology of this pathology.
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The purpose of the management of this chronic inflammatory disease is to improve chronic
abdominal pain and successfully achieve a pregnancy in infertile women while the treatment is
both medical and surgical. Regarding medical treatment, this involves a wide range of therapeutic
agents including cyclo-oxygenase-2 inhibitors, TNF-α blockers, nuclear factor-kB inhibitors, statins,
mitogen-activated protein kinase inhibitors, immunomodulators, MMP inhibitors, Metformin,
antiangiogenic agents, and antioxidants [68].

Recent studies have shown the importance of natural therapy assessment for endometriosis
treatment. Nowadays, natural compounds from food and various plants, named phytochemicals, are
considered useful for the treatment of several diseases, including endometriosis. These new agents
promise a new and revolutionary perspective in the treatment of endometriosis.

Resveratrol, the miraculous phytoalexin contained in grapes and red wine is an agent with
multiple beneficial activities, and its role in endometriosis development and progression has been
studied to demonstrate its effectiveness as a therapeutic agent. This study focuses on complementary
medicines for the treatment of endometriosis, especially on the effect of resveratrol and examines its
therapeutic efficacy and mechanism of action.

4. Anti-Inflammatory Molecular Mechanisms of Resveratrol

Resveratrol exerts different effects on various molecular pathways involved in inflammation,
such as arachidonic acid, Nf-kB, Ah receptor or AP-1. We summarize in this subchapter how this
natural compound affects these signaling pathways.

4.1. Arachidonic Acid Pathway

Various stimuli, such as hormones, cytokines, and stress signals activate the arachidonic acid
(AA) pathway, under the action of phospholipase A2, the results being the release of this acid from the
cell membranes [72]. Through the activity of lipoxygenase and COX, arachidonic acid is converted
to several eicosanoids. Cyclo-oxygenase plays an essential role in inflammation because it catalyzes
the formation of prostaglandin H2 (PGH2). The primary mechanism, namely the conversion of AA to
PGH2 involves two steps: bisdioxygenation of arachidonic acid to PGG2 and peroxidative cleavage of
PGG2 to PGH2, releasing the active biological prostanoids (PGE2, PGF2α, PGI2, and thromboxane
A2) [72].
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Regarding resveratrol, several types of research have pointed out that this compound interacts
with the arachidonic acid pathway suppressing COX-2 effects on various levels. Subbaramaiah K et al.
concluded in their study that the mechanism through which resveratrol inhibits inflammation is
represented by suppression of PMA induced cyclooxygenase transcription in mammary epithelial
cells, mainly through inhibition of the protein kinase C pathway [76]. This compound also prevents
the induction of cyclooxygenase 2 promoter activity (known to be mediated by ERK-1 and c-Jun).
Camp responses element (CRE) is also an essential element in the inflammatory process. When
interfering with resveratrol, it suppresses COX-2 expression. Xie et al. [77] reported in their study
that C-Jun (a component of activator protein 1) activates cyclooxygenase promoter through the camp
responses element.

4.2. Aryl Hydrocarbon Receptor (AhR)

AhR has an essential role in the immune system, being a mediator of dioxin toxicity [78].
Furthermore, Esser et al. demonstrated in their study that aryl hydrocarbon receptor could bind
different factors (estrogen receptors, NF- κB, E2F1) [79]. Because dioxin induces immunosuppression,
agonists for AhR have been studied during the last years, aiming to identify natural products that
interfere with this unique molecular pathway of inflammation. Resveratrol is one of the natural
compounds that was identified to have antagonist effects on AhR [80,81]. It has been pointed out that
essential roles in the regulation of the immune system are played by FoxP3+ Tregs and effector Th17
subset [82]. The research results of Bettelli E et al. showed that resveratrol inhibited the development
of Th17 cells and FoxP3+ Treg [83]. Another in vitro study highlighted that resveratrol could block
Th17 development [84]. These findings reflect the beneficial activity of resveratrol on inflammation,
through inhibition of Th17.

4.3. Activator Protein 1 Pathway

In the inflammatory process the activator protein 1 is also involved, along with NF-κB, NFAT,
and STATs, playing an essential role in the initiation of the process, by promoting the transcription
of various biomolecules and pro-inflammatory cytokines. AP-1 factor includes multiple members
of JUN, FOS, ATF, and MAF protein families [85]. Activation of AP-1 is induced by various
cytokines (especially through JNK and MAPK signaling), hormones, growth factors (through
extracellular-signal-regulated-kinase), and cellular stress. Cytokines activate this pathway especially
through JNK and MAPK signaling. The cytokines (IL-2, IL-3, IL-4, IL-5, IL-13, IFN-γ, TNF-α) influenced
by AP-1 are regulated by a transcription factor complex that involves NFAT. The activated AP-1 proteins
have an essential role in the differentiation of T cells, it being known that several inflammatory diseases
are characterized by this type of T-cell response [86,87]. Some studies suggested that resveratrol
interferes with the inflammation process through AP-1 pathways, inhibiting COX-2 activity indirectly,
after inhibition of AP-1. So, the AP-1 pathway is indispensable when discussing the anti-inflammatory
effects of this natural compound [88,89].

4.4. NF-κB Pathway

The proteins of the NF-κB family proteins contain a Rel homology domain that serves as their
dimerization, DNA-binding, and a primary regulatory domain, according to Ghosh et al. [90]. NF-κB
proteins activation is dependent on the phosphorylation of IκB proteins. After the activation of IκB
proteins, the released NF-κB proteins activate various target genes associated with cell proliferation,
and inflammatory responses [91]. Manna et al. suggested that resveratrol modulates NF-κB through
suppressing its activation in several cell types, blocking TNF-α and inducing activation of NF-κB [92].
Other researchers showed that this natural compound could prevent NF-κB activation by different
stimuli besides TNF-α, such as other pro-inflammatory cytokines (IL-1β) or LPS, H2O2, okadaic acid,
and ceramide [93].
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5. Studies of Resveratrol as Anti-Inflammatory Agent in Endometriosis

Resveratrol, a natural non-flavonoid antioxidant, is a phytoalexin found in high levels in red
wine, approximately 1.52 mg/L and in grapes skin, 50–100 µg/g [94]. Resveratrol has been shown
to possess significant activity as anti-inflammatory, antioxidant, antiangiogenic agent and it also has
immunomodulatory properties [95]. In demonstrating the anti-inflammatory effect of resveratrol
several studies shown that this natural compound suppresses the production of ROS and inhibits
COX-2 expression and prostaglandin synthesis [96]. In Tables 1 and 2, we summarized the most
representative preclinical and clinical studies conducted to demonstrate the efficiency of resveratrol in
the management of endometriosis.

5.1. Preclinical Studies

In the initiation and progression of this disease, activation of peritoneal macrophages is a crucial
step [97]. This mechanism is responsible for the increased lipid peroxidation. Several authors
concluded that the increased production of free oxygen radicals, elevates oxidized lipoproteins in the
peritoneal fluid and lower levels of SOD and GSH-Px are often identified in patients with endometriosis.
Another marker of lipoprotein peroxidation is lysophosphatidylcholine, which was found elevated in
patients with this pathology, according to Murphy et al. [98,99]. The imbalance oxidation–antioxidation
appears to be responsible for the pathophysiology of endometriosis. The authors of this study identified
increased levels of MDA (increased lipid peroxidation in peritoneal plasma and implants), but after
supplementing with resveratrol in a dose-dependent manner, the increased levels were suppressed,
speculating that this natural compound can have beneficial effects as a potent antioxidant [98–102].

As we described in Section 4, resveratrol possesses anti-inflammatory effects through various
pathways. Chen et al. [103] concluded in their study that resveratrol acts through inhibition of the
expression of two enzymes induced by dioxin (CYP1A1 and CYP 1B1) via the AhR pathway. Another
possible mechanism involving this natural compound is described by Casper et al., who found that
resveratrol, in the presence of TCCD competes with AhR and inhibits CYP1A1 expression, resulting in
anti-inflammatory activity [80].

Research of Yavuz S. et al. [104] was carried out to demonstrate the efficiency of resveratrol as a
therapeutical agent in the treatment of endometriosis. The study included surgically induced lesions
of endometriosis in 24 female rats. Four weeks after the procedure, the injuries were measured in
three groups of study: control group, low resveratrol dose (1 mg/kg/day), and high resveratrol dose
(10 mg/kg/day). Resveratrol was administered intraperitoneal over seven days, and at the end of the
period, a laparotomy was completed for the purpose of observing the volume of endometriotic lesions
and serum/tissue levels of antioxidant enzymes also detected. Their study indicated that resveratrol
significantly reduced the volume of endometriotic lesions. Histological scores were also decreased in
the treated groups compared. Therefore, resveratrol is a phytochemical with potential ameliorative
effects in endometriosis, probably due to its anti-oxidative potency.

Another experimental endometriosis model was used in a prospective study of Tekin et al. [105].
The authors aimed to compare the biological activity of resveratrol in patients affected by endometriosis
with the effects of leuprolide acetate. Endometriosis experimental pattern was surgically induced
in thirty-three female rats, the cohort was divided into the following groups: group 1 (30 mg/kg
resveratrol i.m. for 14 days), group 2 (1 mg/kg leuprolide acetate s.c. single dose), group 3 (resveratrol
and leuprolide acetate), and group 4 was the control group, with no medication. The treatment was
carried out for two weeks, and after administration, the lesions size, histopathology, immunoreactivity
to matrix metalloproteinase-2, matrix metalloproteinase-9, and the vascular endothelial growth factor
were evaluated. Peritoneal fluid levels of interleukin-6, interleukin-8, and TNF-α were also studied.

Authors concluded that resveratrol alone might be an efficient alternative to leuprolide acetate
in the treatment of this pathology. Moreover, their combination decreased the activity of each
therapeutical agent, mostly the anti-inflammatory and anti-angiogenic effects. Plasmatic and peritoneal
levels of interleukin-6, interleukin-8, and TNF-α were reduced in the group that received only one
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therapeutical agent (1 and 2), and the volume of implant lesions was also significantly reduced.
The study of Amaya et al. summarized these effects of resveratrol, pointing out that low concentrations
of resveratrol associated to E2 possess a high estrogenic activity, suggesting that this compound can be
considered as a new approach in the treatment of this disease [106].

Sex steroids are used in the treatment of endometriosis and resveratrol, at high doses, has been
demonstrated to decrease the proliferation of human endometrial cells through estrogen receptor 1
(ESR 1) [80]. Another study used ovariectomized immunodeficient RAG-2-γ(c) mice with implanted
human endometrial cells. Amaya S. et al. administered a one-month treatment with subcutaneous
pellets of estradiol, estradiol and progesterone, and estradiol and resveratrol (6, 30, or 60 mg).
They concluded that resveratrol functions in low doses as an estrogen agonist and in high doses
as an estrogen antagonist.

Another study of Cenksoy et al. investigated the effect of resveratrol as an anti-angiogenic and
anti-inflammatory agent in in vivo research on mice with induced endometriosis [26]. They surgically
induced endometrial implants in 24 female rats and after the endometriosis foci had been confirmed,
they divided the rats into the following groups: a first group that received resveratrol, the second
group that received leuprolide acetate, and the control group. The treatment was administered for
21 days, and at the end of the administration, the authors evaluated the volume and histopathology of
lesions. Vascular endothelial growth factor and monocyte chemoattractant protein one measurement
in peritoneal samples and blood samples were performed.

The mean areas and volumes of the implants decreased after treatment with both resveratrol and
leuprolide acetate. Serum and peritoneal levels of MCP-1 and VEGF also appeared to be significantly
lower in both groups, so the effectiveness of resveratrol is comparable with that of leuprolide acetate,
a well-known therapeutical agent used for endometriosis regression.

A study in vivo and in vitro from 2011 regarding the effects of resveratrol on endometriosis [25]
reported that this compound increases cell death and decreases the proliferation of endometriosis
lesions, inhibiting the development of this disease. Another in vivo research on rats demonstrated
that after experimentally inducing endometriosis in the subjects, and after treatment with resveratrol,
the implant sizes decreased, and also the levels of VEGF and MCP-1 from peritoneal fluid. VEGF
expression was also suppressed in the endometriosis tissues after treatment [107]. By inhibiting
VEGF expression and synthesis, resveratrol acts as an anti-angiogenic compound while the inhibition
of synthesis, receptor activity secretion, and chemotactic activity of MCP-1 have anti-inflammatory
effects. The same results were identified by Cenksoy et al., who continued their research with the
administration of GnRHa, pointing out that resveratrol had the same impact as leuprolide acetate.
Resveratrol acts like synthetic estrogens, binding and activating the estrogen receptors [108].

A study of Taguchi et al. [109] demonstrated that resveratrol alone could reduce significantly
surviving mRNA expression, but did not induce apoptosis in human endometriotic stromal
cells. Also, pre-treatment with resveratrol in the case of endometriosis significantly enhanced
TNF-α-related-apoptosis-inducing ligand (TRAIL), known as a pro-apoptotic molecule.

5.2. Clinical Studies

Over time, the use of complementary and alternative medicine have been widely studied for the
treatment of endometriosis [110] and many plant-based products, including resveratrol, have been
reported to exhibit efficacy against this disease. Although the results of preclinical studies have been
favorable and have revealed the effectiveness of resveratrol in the treatment of this disease, clinical
trials using resveratrol have been limited. The hypothesis of most of the clinical trials involving
resveratrol administration was that the combination of oral contraceptives with naturally occurring
aromatase inhibitors might show promise for the treatment of endometriosis.

Resveratrol can potentiate the actions of oral contraceptives in the treatment of endometriosis-related
symptoms (such as dysmenorrhea). The mechanism of action, in this case, consists of decreasing the
expression of cyclooxygenase-2 and aromatase expression [81].
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The suppression of aromatase and Cox-2 expression in the endometrium is a necessary premise
for the control of chronic pelvic pain. Besides the suppression of aromatase, resveratrol possesses
the ability to block SIRT 1 and transform growth factor-beta genes. Synthetic aromatase inhibitors
do not share this characteristic [111]. Although the real mechanism of the anti-inflammatory effect
of resveratrol is not fully known, it seems to include the inhibition of NF-kB activation and its
translocation to cell nuclei. There, it stimulates the transcription of several genes connected to the
inflammatory cascade [112].

Because the excess of estrogen in endometriosis takes place in lesions as a consequence of the
expression of the aromatase p450 enzyme, progesterone resistance may develop as a consequence of
this hyperestrogenic milieu. Therefore aromatase expression may persist into the endometrium of
patients using oral contraceptives during the first months of treatment and pelvic pain and bleeding
may continue despite the treatment. [113]. The breakthrough that bleeding in oral contraceptive
users was associated with Cox-2 and nuclear factor kappa beta activation, thereby suggested that
the recommencement of inflammation plays a significant role in the resumption of uterine bleeding
and pain.

In this respect, the anti-inflammatory effect of resveratrol will contribute towards decreasing the
pain associated with endometriosis, potentiating the therapeutic impact of drospirenone and rendering
the patients pain-free [114,115].

Maia H. Jr et al. [116] investigated 12 patients with endometriosis-associated dysmenorrhea,
who failed positive results after administration of oral contraceptive, containing drospirenone +
ethinylestradiol. They added 30 mg of resveratrol to the standard hormone therapy and concluded
that the pain scores significantly reduced after two months of treatment. A separate study of the
same authors included 42 women with endometriosis submitted to laparoscopy and hysteroscopy,
where they investigated aromatase and cyclooxygenase-2 expression from endometrial tissue of these
patients. Sixteen patients used before hospital admission oral contraceptives alone and 26 received
oral contraceptives and resveratrol combined. The authors concluded that the inhibition of aromatase
and COX-2 was increased in the group with combined therapy.

Mendes da Silva et al. [117] also conducted a randomized clinical trial to observe the effectiveness
of resveratrol in the management of endometriosis, associated with monophasic contraceptive pills.
They included in the study 44 women aged 20 to 50, who randomly received two pills for 42 days: one
tablet was an oral contraceptive and the other 40 mg of resveratrol or placebo pills. After the end of
the study, the authors concluded that resveratrol did not prove any additional effects to placebo for
the treatment of endometriosis-related symptoms because the differences between median pain scores
in the two groups were insignificant.

NF-kB is one of the significant transcription agents involved in the inflammatory pathway of this
disease. Another factor that seems to play an essential role in inflammation is an NAD+ dependent
histone deacetylase, SIRT1. It was discovered that this factor is also involved in carcinogenesis [118].

To observe the expression of sirtuin 1 in this chronic pathology, Taguchi et al. [119] obtained
endometriotic stromal cells and exposed them to resveratrol and sirtinol, which are an activator
and an inhibitor of sirtinol, respectively. Immunohistochemistry and RT-PCR examined the eutopic
endometrial cells, and this study concluded that sirtuin one was identified both in endometriotic
stromal and in not affected cells. After the exposure to resveratrol, the authors found that it decreased
tumor necrosis factor-α-induced, interleukin-8 release and SIRT1, and increased interleukin-8 release.
Therefore, the contrary actions of resveratrol and sirtinol proved that interleukin-8 release is
modulated through sirtuin 1. Therefore resveratrol can be used in endometriosis to ameliorate
chronic inflammation.

Simvastatin is an inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR)
activity, with intrinsic antioxidant activity [120] that is used in the treatment of endometriosis.
In this case, the mechanism of resveratrol does not involve anti-inflammatory pathways. Resveratrol
possesses the ability to inhibit HMGCR mRNA expression, whereas both resveratrol and simvastatin
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inhibit enzymatic activity. HMGCR represent a rate-limiting step of the mevalonate pathway that
includes the isoprenoids FPP and GGPP. These isoprenoids are necessary for the isoprenylation of
proteins involved in apoptosis, cell proliferation, adhesiveness, and maintenance of cellular functions.
Different products of the mevalonate pathway exert negative feedback on HMGCR expression [115].
It is worth mentioning that the effects of resveratrol on the enzymatic activity of HMCGR are
independent of the effects on HMCGR expression.

So, the addition of resveratrol may potentiate the effect of simvastatin when it is used
as a therapeutic agent against endometriosis, through a mechanism that does not involve an
anti-inflammatory effect.

To investigate the interactions between simvastatin and resveratrol, focusing on cholesterol biosynthesis
and protein activity in cultures of human endometrial stromal cells (HES), Villanueva et al. [121] obtained
HES from healthy volunteers. Then, they measured the conversion of acetate to cholesterol and
quantified HMGR mRNA transcripts, protein expression, and enzyme activity, by measuring the
conversion of 3-hydroxy-3-methyl-glutaryl-coenzyme A to mevalonic acid lactone in HES cells.

The results of this study indicated that resveratrol potentiated the inhibitory effects of simvastatin
on cholesterol biosynthesis and the activity of the HMGCR enzyme. It also inhibited the stimulatory
effects of statin on protein expression and HMGCR mRNA transcription. Therefore, the combination
of resveratrol and Simvastatin may be potentially useful in the development of new management
of endometriosis.

Regarding the mechanisms of action of resveratrol, this phytochemical is known to have an
anti-inflammatory, anti-angiogenic effect and also to induce apoptosis in various cell types, but its
pro-apoptotic role on human endometrial cells remains uncertain.

Given all the presented studies, resveratrol is a promising agent against endometriosis. It has been
shown to suppress the expression of various inflammatory biomarkers (TNF-α, COX-2), to activate
various transcription factors (NF-kB, PPAR-gamma), and to induce antioxidant enzymes (catalase,
superoxide dismutase) [122] and thus it holds promise as a natural therapeutical agent but further
studies are necessary in order to establish the doses for human administration.
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Table 1. Preclinical studies regarding the effects of resveratrol in endometriosis.

Author Study Design Number of Cases Treatment Regimen/Study Design Follow-Up Results

Yavuz et al. [104]
Prospective study,

surgically induced lesions
of endometriosis

24 female rats

Control group—no treatment
Group 1—1 mg/kg/day of resveratrol,
injected intraperitoneally
Group 2—10 mg/kg/day of
resveratrol, injected intraperitoneally

7 days

- Endometriotic implants volume and proliferating
cell nuclear antigen expression levels were
significantly reduced in treated groups.

- Also, the increased activity of superoxide
dismutase and glutathione peroxidase in serum
and tissue of treated rats was detected.

Tekin et al. [105]
Prospective study,

surgically induced lesions
of endometriosis

33 female rats

Control group—no treatment
Group 1—30 mg/kg resveratrol i.m
for 14 days
Group 2—1 mg/kg leuprolide acetate
s.c. single dose
Group 3—30 mg/kg resveratrol i.m.
for 14 days and one single dose of 1
mg/kg leuprolide acetate s.c.

14 days

- The volume of endometriotic implants and the
histopathological grade were significantly
reduced in treated groups.

- Immunoreactivity to MMP2, MMP9, and VEGF
was decreased

- Comparing the levels of IL-6, IL-8, and TNF-α in
plasma and peritoneal fluid, they were
significantly reduced in group 1 and 2 compared
to group 3 and the control group

Amaya et al. [106]

Prospective study,
ovariectomized

immunodeficient
RAG-2-γ(c) mice with

human endometrial tissue
implanted

N

Group 1—Subcutaneous pellets of E2
Group 2—Subcutaneous pellets of E2
plus progesterone (P4)
Group 3—Subcutaneous pellets E2
plus resveratrol (6, 30, or 60 mg)
injected intraperitoneally

30 days

- After the administration of treatments,
immunohistochemical expression of ESR1, Ki67,
reverse transcriptase polymerase chain reaction of
AhR, CYP1A1, and CYP1B1 were analyzed

- Decreased expression of ESR1 and proliferative
activity (Ki67) was exhibited with 60 mg
of resveratrol.

Cenksoy et al. [26]
Prospective study,

surgically induced lesions
of endometriosis

24 female Wistar–Albino
rats

Group 1—resveratrol (7)
Group 2—leuprolide acetate (8)
Group 3—control group (7)

21 days

- The mean areas of endometriotic implants were
reduced after treatment in both group 1 and
group 2.

- Histopathological scores of the VEGF scores of
endometriotic implants and peritoneal fluid levels
of VEGF and MCP-1 were decreased in group 1
and 2

Taguchi et al. [109] Prospective study

Endometriotic tissues
collected during surgeries

from ovarian
endometriosis affected

women

Human endometriotic cells were
cultured and pretreated with
resveratrol in vitro. Then, the cells
were incubated with
TNF-α-related-apoptosis-inducing
ligand

- Resveratrol is not able to induce apoptosis in
human endometriotic stromal cells alone

- it significantly decreases surviving
mRNA expression

- enhances TRAIL-induced apoptosis.



Molecules 2019, 24, 667 13 of 21

Table 2. Clinical studies regarding the effects of resveratrol in endometriosis.

Maia Jr. et al. [116] Prospective Study with
Two Arms

Experiment 1:

- 12 Patients Treated with
Drospirenone Ethinylestradiol
3 mg/30 µg for 6 Months

Experiment 1: All the Patients were
Switched to a Combination of
Drospirenone/Ethinylestradiol

/Resveratrol (a Dose of 30 mg/Day)

Experiment 1: 6 Months

Experiment 1:

- Decreased Pain Scores after 2 Months
of Treatment

- 82% of Patients Reported Complete
Resolution of Dysmenorrhea and
Pelvic Pain

Experiment 2:

- 42 patients surgical treatment.
- 16 treatment with

oral contraceptives
- 26 combination with resveratrol

Experiment 2:

- 16 patients used
drospirenone/ethinylestradiol for
at least 2 months before surgery.

- 26 patients
drospirenone/ethinylestradiol
associated with 30 mg of resveratrol.

Experiment 2:

- Expression of both aromatase and
cyclooxygenase-2 was reduced in
the eutopic endometrium of patients
using drospirenone/ ethinylestradiol
associated with 30 mg of resveratrol,
compared with the endometrium of
patients using oral contraceptives alone.

Mendes da Silva et al.
[117]

Prospective study,
double-blinded trial

44 women with a laparoscopic
diagnosis of endometriosis

The patients were randomized to receive
oral contraceptives or 40 mg resveratrol/day

or placebo pills.
42 days

- In the placebo group, mean pain
scores were 5.4 before treatment and
in resveratrol group were 5.7. After
the procedure, the mean pain scores
registered were 3.9 in the placebo group
and 3.2 in the resveratrol group.

Villanueva et al. [121] Prospective study
Endometrial tissue was obtained from

8 patients, undergoing surgeries or
healthy volunteers

Cholesterol biosynthesis by human
endometrial cells was assessed in vitro by

measuring the conversion of [14C] acetate to
[14C] cholesterol in the presence of

resveratrol (30–100 µM), simvastatin
(0.1–10 µM), or resveratrol 30 µM +

simvastatin 0.1 µM

- Resveratrol inhibited cholesterol
biosynthesis, enzyme activity, and
HMGCR mRNA and potentiated the
inhibitory effects of simvastatin on
cholesterol biosynthesis and HMGCR
enzyme activity.
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6. Conclusions and Future Perspectives

Endometriosis is a benign gynecological disorder that affects women in the reproductive
age worldwide and is characterized mainly by chronic abdominal pain and infertility. Even the
pathophysiologic mechanisms of endometriosis are not completely known; chronic inflammation is
considered one of the pathways responsible for endometriosis development.

Natural polyphenols are bioactive compounds with multiple beneficial properties that provide
new therapeutical perspectives against endometriotic lesions. Polyphenols are known to possess
anti-carcinogenic, anti-angiogenic, anti-inflammatory, proapoptotic and anti-oxidative effects. Recently,
the anti-inflammatory potential of natural dietary compounds has raised interest for researchers
because it might be used in the treatment of endometriosis.

In this article, we summarized some of the epidemiological and clinical research that supports
the beneficial effect of resveratrol in endometriosis. Moreover, resveratrol demonstrated its efficiency
either alone or associated with other classical therapeutically agents used in endometriosis treatment
such as leuprolide acetate or statins.

Knowledge of the precise and more profound mechanisms of how resveratrol can reduce
endometriotic lesions is required, and further studies on this topic are crucial. Overall, the role
of resveratrol in reducing the volume of endometriotic lesions and chronic abdominal pain is a
proven fact.
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Abbreviations

AA arachidonic acid
AhR aryl hydrocarbon receptor
AKT protein kinase B
AP activator protein
ATF activating transcription factor
c-Jun protein encoded by the JUN gene
CO2 carbon dioxide
CoA coenzyme A
COX cyclo-oxygenase
DNA deoxyribonucleic acid
E2 estradiol
E2F1 transcription factor encoded by the E2F1 gene
ERK-1 extracellular signal-regulated kinase 1
ESR 1 estrogen receptor 1
FOS protein family of transcription factors
FoxP3+ regulatory T (Treg) cells
FPP farnesylpyrophosphate
GGPP geranylgeranylpyrophosphate
GM-CSF granulocyte macrophage colony-stimulating factor
GnRH gonadotropin-releasing hormone
H2O2 hydrogen peroxide
HES human endometrial stromal cells
HIF-1 hypoxia-inducible factor 1α
HMGCR 3-hydroxy-3-methylglutaryl-coenzyme A reductase
IL interleukin
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IL-1β interleukin 1β
JNK c-Jun N-terminal kinases
LPS lipopolysaccharide
LTB4 leukotriene B4
MAF transcription factor
MAPK mitogen-activated protein kinase
MAPK1/3; ERK1/2 mitogen-activated protein kinase 1/3
MAPK14 mitogen-Activated Protein Kinase 14
MCP-1 monocyte chemoattractant protein 1
MIF macrophage inhibitory factor
MMP metalloproteinase
mRNA messenger ribonucleic acid
NAD nicotinamide adenine dinucleotide
NFAT nuclear factor of activated T-cells
NF-kB nuclear factor-kB
NO nitric oxide
O2 oxygen
PG prostaglandin
PGE2 prostaglandin G2
PPAR peroxisome proliferator-activated receptors
PGF2α prostaglandin F2α
PGG2 prostaglandin G2
PGH2 prostaglandin H2
PGI2 prostaglandin I2
RPS6KB2 ribosomal protein S6 kinase beta-2
RT-PCR reverse transcription polymerase chain reaction
SIRT1 sirtuin 1

STATs
signal transducer and activator of transcription
protein family

STAT3 signal transducer and activator of transcription 3
Th17 lymphocytes T helper 17
TNF-α tumor necrosis factor
TRAIL TNF-α-related-apoptosis-inducing ligand
UV ultraviolet
VEGF vascular endothelial growth factor
VEGFC vascular endothelial growth factor C
VEGFR vascular endothelial growth factor receptor
AA arachidonic acid
AhR aryl hydrocarbon receptor
AKT protein kinase B

References

1. Baldi, A.; Campioni, M.; Signorile, P.G. Endometriosis: Pathogenesis, diagnosis, therapy and association
with cancer (review). Oncol. Rep. 2008, 19, 843–846. [CrossRef] [PubMed]

2. Nisolle, M.; Donnez, J. Peritoneal endometriosis, ovarian endometriosis, and adenomyotic nodules of the
rectovaginal septum are three different entities. Fertil. Steril. 1997, 68, 585–596. [CrossRef]

3. Sampson, J.A. Peritoneal endometriosis due to menstrual dissemination of endometrial tissue into the
peritoneal cavity. Am. J. Obstet. Gynecol. 1927, 14, 422–469. [CrossRef]

4. Missmer, S.A.; Cramer, D.W. The epidemiology of endometriosis. Obstet. Gynecol. Clin. North Am. 2003, 301,
1–19. [CrossRef]

5. Farquar, C. Endometriosis. BMJ 2007, 334, 249–253. [CrossRef] [PubMed]
6. Fauconnier, A.; Chapron, C. Endometriosis and pelvic pain: Epidemiological evidence of the relationship

and implications. Hum. Reprod. Update 2005, 11, 595–606. [CrossRef] [PubMed]

http://dx.doi.org/10.3892/or.19.4.843
http://www.ncbi.nlm.nih.gov/pubmed/18357365
http://dx.doi.org/10.1016/S0015-0282(97)00191-X
http://dx.doi.org/10.1016/S0002-9378(15)30003-X
http://dx.doi.org/10.1016/S0889-8545(02)00050-5
http://dx.doi.org/10.1136/bmj.39073.736829.BE
http://www.ncbi.nlm.nih.gov/pubmed/17272567
http://dx.doi.org/10.1093/humupd/dmi029
http://www.ncbi.nlm.nih.gov/pubmed/16172113


Molecules 2019, 24, 667 16 of 21

7. Lousee, J.C.; Van Langendonckt, A.; Defrere, S.; Gonzalez Ramos, R.; Colette, S.; Donnez, J. Peritoneal
endometriosis is an inflammatory disease. Front. Biosci. 2012, 4, 23–40. [CrossRef]

8. Gazvani, R.; Templeton, A. Peritoneal environment, cytokines and angiogenesis in the pathophysiology of
endometriosis. Reproduction 2002, 123, 217–226. [CrossRef] [PubMed]

9. Larosa, M.; Facchini, F.; Leone, M.; Grande, M.; Monica, B. Endometriosis: Aetiopathogenetic basis. Urologia
2010, 77, 1–11. [CrossRef] [PubMed]

10. Kobayashi, H.; Higashiura, Y.; Shigetomi, H.; Kajihara, H. Pathogenesis of endometriosis: The role of initial
infection and subsequent sterile inflammation (Review). Mol. Med. Rep. 2014, 9, 9–15. [CrossRef] [PubMed]

11. Van Langendonckt, A.; Casanas-Roux, F.; Donnez, J. Oxidative stress and peritoneal endometriosis. Fertil.
Steril. 2002, 77, 861–870. [CrossRef]

12. Howes, M.J.; Simmonds, M.S. The role of phytochemicals as micronutrients in health and disease. Curr.
Opin. Clin. Nutr. Metab. Care 2014, 17, 558–566. [CrossRef] [PubMed]

13. Manach, C.; Williamson, G.; Morand, C.; Scalbert, A.; Remesy, C. Bioavailability and bioefficacy of
polyphenols in humans. I. Review of 97 bioavailability studies. Am. J. Clin. Nutr. 2005, 81, 230S–242S.
[CrossRef] [PubMed]

14. Yoon, J.H.; Baek, S.J. Molecular Targets of Dietary Polyphenols with Anti-inflammatory Properties. Yonsei
Med. J. 2005, 46, 585–596. [CrossRef] [PubMed]

15. Rauf, A.; Imran, M.; Butt, M.S.; Nadeem, M.; Peters, D.G.; Mubarak, M.S. Resveratrol as an anti-cancer agent:
A review. Crit. Rev. Food Sci. Nutr. 2018, 58, 1428–1447. [CrossRef] [PubMed]

16. Nakata, R.; Takahashi, S.; Inoue, H. Recent advances in the study on resveratrol. Biol. Pharm. Bull. 2012, 35,
273–279. [CrossRef] [PubMed]

17. Chu, M.; Almagro, L.; Chen, B.; Burgos, L.; Pedreño, M.A. Recent trends and comprehensive appraisal for
the biotechnological production of trans-resveratrol and its derivatives. Phytochem. Rev. 2018, 17, 1–18.
[CrossRef]

18. Bhardwaj, A.; Sethi, G.; Vadhan-Raj, S. Resveratrol inhibits proliferation, induces apoptosis, and overcomes
chemoresistance through downregulation of STAT3 and nuclear factor-kappaB regulated antiapoptotic
and cell survival gene products in human multiple myeloma cells. Blood 2007, 109, 2293–2302. [CrossRef]
[PubMed]

19. Fremont, L. Biological effects of resveratrol. Life Sci. 2000, 66, 663–673. [CrossRef]
20. Athar, M.; Back, J.H.; Kopelovich, L.; Bickers, D.R.; Kim, A.L. Multiple molecular targets of resveratrol:

Anti-carcinogenic mechanisms. Arch. Biochem. Biophys. 2009, 486, 95–102. [CrossRef] [PubMed]
21. Brito, P.M.; Devillard, R.; Negre-Salvayre, A.; Almeida, L.M.; Dinis, T.C.; Salvayre, R.; Auge, N. Resveratrol

inhibits the mTOR mitogenic signaling evoked by oxidized LDL in smooth muscle cells. Atherosclerosis 2009,
205, 126–134. [CrossRef] [PubMed]

22. Chan, A.Y.; Dolinsky, V.W.; Soltys, C.L.; Viollet, B.; Baksh, S.; Light, P.E.; Dyck, J.R. Resveratrol inhibits
cardiac hypertrophy via AMP-activated protein kinase and Akt. J. Biol. Chem. 2008, 283, 24194–24201.
[CrossRef] [PubMed]

23. Cinar, O.; Seval, Y.; Uz, Y.H.; Cakmak, H.; Ulukus, M.; Kayisli, U.A.; Arici, A. Differential regulation of Akt
phosphorylation in endometriosis. Reprod. Biomed. Online 2009, 19, 864–871. [CrossRef] [PubMed]

24. McKinnon, B.; Bersinger, N.A.; Huber, A.W.; Kuhn, A.; Mueller, M.D. PPAR-gamma expression in peritoneal
endometriotic lesions correlates with pain experienced by patients. Fertil. Steril. 2010, 93, 293–296. [CrossRef]
[PubMed]

25. Bruner-Tran, K.L.; Osteen, K.G.; Taylor, H.S.; Sokalska, A.; Haines, K.; Duleba, A.J. Resveratrol inhibits
development of experimental endometriosis in vivo and reduces endometrial stromal cell invasiveness
in vitro. Biol. Reprod. 2011, 84, 106–112. [CrossRef] [PubMed]

26. Cenksoy, P.O.; Oktem, M.; Erdem, O.; Karakaya, C.; Cenksoy, C.; Erdem, A.; Guner, H.; Karabacak, O.
A potential novel treatment strategy: Inhibition of angiogenesis and inflammation by resveratrol for
regression of endometriosis in an experimental rat model. Gynecol. Endocrinol. 2015, 31, 219–224. [CrossRef]
[PubMed]

27. Velmurugan, B.K.; Rathinasamy, B.; Lohanathan, B.P.; Thiyagarajan, V.; Weng, C.F. Neuroprotective role of
phytochemicals. Molecules 2018, 23, 2485. [CrossRef] [PubMed]

http://dx.doi.org/10.2741/e358
http://dx.doi.org/10.1530/rep.0.1230217
http://www.ncbi.nlm.nih.gov/pubmed/11866688
http://dx.doi.org/10.1177/0391560310077017S01
http://www.ncbi.nlm.nih.gov/pubmed/21308668
http://dx.doi.org/10.3892/mmr.2013.1755
http://www.ncbi.nlm.nih.gov/pubmed/24173432
http://dx.doi.org/10.1016/S0015-0282(02)02959-X
http://dx.doi.org/10.1097/MCO.0000000000000115
http://www.ncbi.nlm.nih.gov/pubmed/25252018
http://dx.doi.org/10.1093/ajcn/81.1.230S
http://www.ncbi.nlm.nih.gov/pubmed/15640486
http://dx.doi.org/10.3349/ymj.2005.46.5.585
http://www.ncbi.nlm.nih.gov/pubmed/16259055
http://dx.doi.org/10.1080/10408398.2016.1263597
http://www.ncbi.nlm.nih.gov/pubmed/28001084
http://dx.doi.org/10.1248/bpb.35.273
http://www.ncbi.nlm.nih.gov/pubmed/22382311
http://dx.doi.org/10.1007/s11101-017-9546-9
http://dx.doi.org/10.1182/blood-2006-02-003988
http://www.ncbi.nlm.nih.gov/pubmed/17164350
http://dx.doi.org/10.1016/S0024-3205(99)00410-5
http://dx.doi.org/10.1016/j.abb.2009.01.018
http://www.ncbi.nlm.nih.gov/pubmed/19514131
http://dx.doi.org/10.1016/j.atherosclerosis.2008.11.011
http://www.ncbi.nlm.nih.gov/pubmed/19108833
http://dx.doi.org/10.1074/jbc.M802869200
http://www.ncbi.nlm.nih.gov/pubmed/18562309
http://dx.doi.org/10.1016/j.rbmo.2009.10.001
http://www.ncbi.nlm.nih.gov/pubmed/20031030
http://dx.doi.org/10.1016/j.fertnstert.2009.07.980
http://www.ncbi.nlm.nih.gov/pubmed/19683227
http://dx.doi.org/10.1095/biolreprod.110.086744
http://www.ncbi.nlm.nih.gov/pubmed/20844278
http://dx.doi.org/10.3109/09513590.2014.976197
http://www.ncbi.nlm.nih.gov/pubmed/25373440
http://dx.doi.org/10.3390/molecules23102485
http://www.ncbi.nlm.nih.gov/pubmed/30262792


Molecules 2019, 24, 667 17 of 21

28. Anastacio, J.R.; Netto, C.A.; Castro, C.C.; Sanches, E.F.; Ferreira, D.C.; Noschang, C.; Krolow, R.; Dalmaz, C.;
Pagnussat, A. Resveratrol treatment has neuroprotective effects and prevents cognitive impairment after
chronic cerebral hypoperfusion. Neurol. Res. 2014, 36, 627–633. [CrossRef]

29. Takaoka, M. Resveratrol, a new phenolic compound, from Veratrum grandiflorum. Nippon Kagaku Kaishi
1939, 60, 1090–1100. [CrossRef]

30. Catalgol, B.; Batirel, S.; Taga, Y.; Ozer, N.K. Resveratrol: French paradox revisited. Front. Pharmacol. 2012, 3,
141. [CrossRef]

31. Burns, J.; Yokota, T.; Ashihara, H.; Lean, M.E.J.; Crozier, A. Plant foods and herbal sources of resveratrol.
J. Agric. Food Chem. 2002, 50, 3337–3340. [CrossRef] [PubMed]

32. Sobolev, V.S.; Neff, S.A.; Gloer, J.B. New dimeric stilbenoids from fungal-challenged peanut (Arachis
hypogaea) seeds. J. Agric. Food Chem. 2010, 58, 875–881. [CrossRef] [PubMed]

33. Hurst, W.J.; Glinski, J.A.; Miller, K.B.; Apgar, J.; Davey, M.H.; Stuart, D.A. Survey of the trans-resveratrol and
trans-piceid content of cocoa-containing and chocolate products. J. Agric. Food Chem. 2008, 56, 8374–8378.
[CrossRef] [PubMed]

34. Niesen, D.B.; Hessler, C.; Seeram, N.P. Beyond resveratrol: A review of natural stilbenoids identified from
2009–2013. J. Berry. Res. 2013, 3, 181–196.

35. Bostanghadiri, N.; Pormohammad, A.; Chirani, A.S.; Pouriran, R.; Erfanimanesh, S.; Hashemi, A. Comprehensive
review on the antimicrobial potency of the plant polyphenol Resveratrol. Biomed. Pharmacother. 2017, 95,
1588–1595. [CrossRef] [PubMed]

36. Resveratrol. PubChem Open Chemistry Database. Available online: https://pubchem.ncbi.nlm.nih.gov/
compound/resveratrol#section=Top (accessed on 12 November 2018).

37. Delmas, D.; LAncon, A.; Colin, D.; Jannin, B.; Latruffe, N. Resveratrol as a chemopreventive agent:
A promising molecule for fighting cancer. Curr. Drug Targets 2006, 7, 423–442. [CrossRef] [PubMed]

38. Soleas, G.J.; Diamandis, E.P.; Goldberg, D.M. Resveratrol: A molecule whose time has come? And gone?
Clin. Biochem. 1997, 30, 91–113. [CrossRef]

39. Chen, X.; He, H.; Wang, G.; Yang, B.; Ren, W.; Ma, L.; Yu, Q. Stereospecific determination of cis- and
trans-resveratrol in rat plasma by HPLC: Application to pharmacokinetic studies. Biomed. Chromatogr. 2007,
21, 257–265. [CrossRef] [PubMed]

40. Camont, L.; Cottart, C.H.; Rhayem, Y.; Nivet-Antoine, V.; Djelidi, R.; Collin, F.; Beaudeaux, J.L.;
Bonnefont-Rousselot, D. Simple spectrophotometric assessment of the trans-/cis-resveratrol ratio in aqueous
solutions. Anal. Chim. Acta 2009, 634, 121–128. [CrossRef]

41. Sang, S.; Yang, I.; Buckley, B.; Ho, C.T.; Chung, S.Y. Autoxidative quinone formation in vitro and metabolite
formation in vivo from tea polyphenol (-)-epigallocatechin-3-gallate: Studied by real–time mass spectrometry
combined with tandem mass ion mapping. Free Radic. Biol. Med. 2007, 43, 362–371. [CrossRef]

42. Jensen, J.S.; Wertz, C.F.; O’Neill, V.A. Preformulation Stability of trans-Resveratrol and trans–Resveratrol
Glucoside (Piceid). J. Agric. Food Chem. 2010, 58, 1685–1690. [CrossRef]

43. King, R.E.; Bomser, J.A.; Min, D.B. Bioactivity of Resveratrol. Comprehens Rev. Food Sci. Food Safe 2006, 5,
65–70. [CrossRef]

44. Huang, K.S.; Lin, M.; Cheng, G.F. Anti-inflammatory tetramers of resveratrol from the roots of Vitis amurensis
and the conformations of the seven-membered ring in some oligostilbenes. Phytochem. 2001, 58, 357–362.
[CrossRef]

45. Berkley, K.J.; Rapkin, A.J.; Papka, R.E. The pains of endometriosis. Science 2005, 308, 1587–1589. [CrossRef]
46. Marki, G.; Bokor, A.; Rigo, J.; Rigo, A. Physical pain and emotion regulation as the main predictive factors

of health-related quality of life in women living with endometriosis. Hum. Reprod. 2017, 32, 1432–1438.
[CrossRef]

47. Lagana, A.S.; La Rosa, V.L.; Rapisarda, A.M.C. Anxiety and depression in patients with endometriosis:
Impact and management challenges. Int. J. Women Health 2017, 323–330. [CrossRef]

48. Zheng, W.; Cao, L.; Zheng, X.; Yuanyuan, M.; Liang, X. Anti-Angiogenic Alternative and Complementary
Medicines for the Treatment of Endometriosis: A Review of Potential Molecular Mechanisms. Evid. Based
Complement. Alternat. Med. 2018, 4128984, 1–28. [CrossRef]

49. Attar, E. Aromatase and other steroidogenic genes in endometriosis. Translational aspects. Hum. Reprod.
Update 2006, 12, 49–56. [CrossRef]

http://dx.doi.org/10.1179/1743132813Y.0000000293
http://dx.doi.org/10.1246/nikkashi1921.60.1090
http://dx.doi.org/10.3389/fphar.2012.00141
http://dx.doi.org/10.1021/jf0112973
http://www.ncbi.nlm.nih.gov/pubmed/12010007
http://dx.doi.org/10.1021/jf903410e
http://www.ncbi.nlm.nih.gov/pubmed/20020707
http://dx.doi.org/10.1021/jf801297w
http://www.ncbi.nlm.nih.gov/pubmed/18759443
http://dx.doi.org/10.1016/j.biopha.2017.09.084
http://www.ncbi.nlm.nih.gov/pubmed/28950659
https://pubchem.ncbi.nlm.nih.gov/compound/resveratrol#section=Top
https://pubchem.ncbi.nlm.nih.gov/compound/resveratrol#section=Top
http://dx.doi.org/10.2174/138945006776359331
http://www.ncbi.nlm.nih.gov/pubmed/16611030
http://dx.doi.org/10.1016/S0009-9120(96)00155-5
http://dx.doi.org/10.1002/bmc.747
http://www.ncbi.nlm.nih.gov/pubmed/17294509
http://dx.doi.org/10.1016/j.aca.2008.12.003
http://dx.doi.org/10.1016/j.freeradbiomed.2007.04.008
http://dx.doi.org/10.1021/jf903009f
http://dx.doi.org/10.1111/j.1541-4337.2006.00001.x
http://dx.doi.org/10.1016/S0031-9422(01)00224-2
http://dx.doi.org/10.1126/science.1111445
http://dx.doi.org/10.1093/humrep/dex091
http://dx.doi.org/10.2147/IJWH.S119729
http://dx.doi.org/10.1155/2018/4128984
http://dx.doi.org/10.1093/humupd/dmi034


Molecules 2019, 24, 667 18 of 21

50. Casoy, M.H.; Valente, J.; Filho, J. Is aromatase expression in the endometrium the cause of endometriosis and
its related infertility? Gynecol. Endocrinol. 2009, 25, 253–257.

51. Guo, S.W. Nuclear factor-kappa B (NF-kappaB): An unsuspected major culprit in the pathogenesis of
endometriosis that is still at large? Gynecol. Obstet. Invest. 2007, 63, 71–97. [CrossRef]

52. Maia, H., Jr.; Haddad, C.; Coelho, G.; Casoy, J. Role of inflammation and aromatase expression in the eutopic
endometrium and its relationship with the development of endometriosis. Women’s Health 2012, 8, 647–658.
[CrossRef] [PubMed]

53. Maia, H., Jr.; Haddad, C.; Maia, R.; Casoy, J. Nuclear factor kappa B (NF-kappa B) expression in the
endometrium of normal and pathological uterus. Giorn. It. Ost. Gin. 2012, 34, 236–638.

54. Sugino, N.; Karube-Harada, A.; Taketani, T.; Sakata, A.; Nakamura, Y. Withdrawal of ovarian steroids
stimulates prostaglandin F2-alpha production through nuclear factor-kappaB activation via oxygen radicals
in human endometrial stromal cells: Potential relevance to menstruation. J. Reprod. Dev. 2004, 50, 215–225.
[CrossRef] [PubMed]

55. Asante, A.; Taylor, R.N. Endometriosis: The role of neuroangiogenesis. Ann. Rev. Physiol. 2011, 73, 163–182.
[CrossRef] [PubMed]

56. Risau, W. Mechanisms of angiogenesis. Nature 1997, 386, 671–674. [CrossRef] [PubMed]
57. Hey-Cunningham, A.J.; Peters, K.M.; Zevallos, H.B.V.; Berbic, M.; Markham, R.; Fraser, I. Angiogenesis,

lymphangiogenesis and neurogenesis in endometriosis. Front. Biosci. Elite. 2013, 5, 1033–1056. [CrossRef]
58. Hanahan, D.; Folkman, J. Patterns and emerging mechanisms of the angiogenic switch during tumorigenesis.

Cell 1996, 86, 353–364. [CrossRef]
59. Gagne, D.; Page, M.; Robitaille, G.; Hugo, P.; Gosselin, D. Levels of vascular endothelial growth factor (VEGF)

in serum of patients with endometriosis. Hum. Reprod. 2003, 18, 1674–1680. [CrossRef] [PubMed]
60. Song, W.W.; Lu, H.; Hou, W.J.; Guang-Xu, X.; Ji-Hong, Z.; Sheng, Y.H.; Cheng, M.J.; Zhang, R. Expression of

vascular endothelial growth factor C and anti-angiogenesis therapy in endometriosis. Int. J. Clin. Exp. Pathol.
2014, 7, 7752–7759. [PubMed]

61. Yang, H.; Liu, J.; Fan, Y. Associations between various possible promoter polymorphisms of MMPs genes
and endometriosis risk: A meta-analysis. Eur. J. Obstet. Gynecol. Reprod. Biol. 2016, 205, 174–188. [CrossRef]

62. Abutorabi, R.; Baradaran, A.; Mostafavi, F.S.; Zarrin, Y.; Mardanian, F. Evaluation of tumor necrosis factor
alpha polymorphism frequencies in endometriosis. Int. J. Fertil. Steril. 2015, 9, 329–337. [PubMed]

63. Chishima, F.; Hayakawa, S.; Sugita, K. Increased expression of cyclooxygenase-2 in local lesions of
endometriosis patients. Am. J. Reprod. Immunol. 2002, 48, 50–56. [CrossRef] [PubMed]

64. Jana, S.; Chatterjee, K.; Ray, A.K.; Das Mahapatra, P.; Swarnakar, S.; Ramchandran, R. Regulation of
Matrix Metalloproteinase 2 Activity by COX-2-PGE2-pAKT Axis Promotes Angiogenesis in Endometriosis.
PLoSONE 2016, 11, 0163540. [CrossRef] [PubMed]

65. Sakamoto, Y.; Harada, T.; Horie, S. Tumor necrosis factorα-induced interleukin-8 (IL-8) expression in
endometriotic stromal cells, probably through nuclear factor-κB activation: Gonadotropin-Releasing
Hormone Agonist Treatment Reduced IL-8 Expression. J. Clin. Endocrinol. Metab. 2003, 88, 730–735.
[CrossRef] [PubMed]

66. Capobianco, A.; Rovere-Querini, P. Endometriosis, a disease of the macrophage. Front. Immunol. 2013, 4, 9.
[CrossRef] [PubMed]

67. Harris, T.; Vlass, A.M. Can Herbal Medicines Improve Cellular Immunity Patterns in Endometriosis? Med.
Aromat. Plants 2015, 4, 2. [CrossRef]

68. Soares, S.R.; Martinez-Varea, A.; Hidalgo-Mora, J.J.; Pellicer, A. Pharmacologic therapies in endometriosis:
A systematic review. Fertil. Steril. 2012, 98, 529–555. [CrossRef] [PubMed]

69. Grund, E.M.; Kagan, D.; Tran, C.A.; Zeitvogel, A.; Strazinski-Powitz, A.; Nataraja, S. Tumor necrosis factor-α
regulates inflammatory and mesenchymal responses via mitogen-activated protein kinase, p38, and nuclear
factor-kB in human endometriotic epithelial cells. Mol. Pharm. 2008, 73, 1394–1404. [CrossRef] [PubMed]

70. Zhang, H.; Li, M.; Wang, F.; Liu, S.; Li, J.; Wen, Z. Endometriotic epithelial cells induce MMPs expression in
endometrial stromal cells via NF-kB-dependent pathway. Gynecol. Endocrinol. 2010, 26, 456–467. [CrossRef]
[PubMed]

71. Donnez, J.; Binda, M.M.; Donnez, O.; Dolmans, M.M. Oxidative stress in the pelvic cavity and its role in the
pathogenesis of endometriosis. Fertil. Steril. 2016, 106, 1011–1017. [CrossRef] [PubMed]

http://dx.doi.org/10.1159/000096047
http://dx.doi.org/10.2217/WHE.12.52
http://www.ncbi.nlm.nih.gov/pubmed/23181530
http://dx.doi.org/10.1262/jrd.50.215
http://www.ncbi.nlm.nih.gov/pubmed/15118249
http://dx.doi.org/10.1146/annurev-physiol-012110-142158
http://www.ncbi.nlm.nih.gov/pubmed/21054165
http://dx.doi.org/10.1038/386671a0
http://www.ncbi.nlm.nih.gov/pubmed/9109485
http://dx.doi.org/10.2741/E682
http://dx.doi.org/10.1016/S0092-8674(00)80108-7
http://dx.doi.org/10.1093/humrep/deg326
http://www.ncbi.nlm.nih.gov/pubmed/12871881
http://www.ncbi.nlm.nih.gov/pubmed/25550812
http://dx.doi.org/10.1016/j.ejogrb.2016.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26644856
http://dx.doi.org/10.1034/j.1600-0897.2002.01101.x
http://www.ncbi.nlm.nih.gov/pubmed/12322896
http://dx.doi.org/10.1371/journal.pone.0163540
http://www.ncbi.nlm.nih.gov/pubmed/27695098
http://dx.doi.org/10.1210/jc.2002-020666
http://www.ncbi.nlm.nih.gov/pubmed/12574206
http://dx.doi.org/10.3389/fimmu.2013.00009
http://www.ncbi.nlm.nih.gov/pubmed/23372570
http://dx.doi.org/10.4172/2167-0412.1000184
http://dx.doi.org/10.1016/j.fertnstert.2012.07.1120
http://www.ncbi.nlm.nih.gov/pubmed/22938768
http://dx.doi.org/10.1124/mol.107.042176
http://www.ncbi.nlm.nih.gov/pubmed/18252806
http://dx.doi.org/10.3109/09513590903366988
http://www.ncbi.nlm.nih.gov/pubmed/19903119
http://dx.doi.org/10.1016/j.fertnstert.2016.07.1075
http://www.ncbi.nlm.nih.gov/pubmed/27521769


Molecules 2019, 24, 667 19 of 21

72. Khanapure, S.P.; Garvey, D.S.; Janero, D.R.; Letts, L.G. Eicosanoids in inflammation: Biosynthesis,
pharmacology, and therapeutic frontiers. Curr. Topics Med. Chem. 2007, 7, 311–340. [CrossRef]

73. Gonzalez-Ramos, R.; Van Langendonckt, A.; Defrere, S.; Lousse, J.C.; Colette, S.; Devoto, L.; Donnez, J.
Involvement of the nuclear factor-kB pathway in the pathogenesis of endometriosis. Fertil. Steril. 2010, 94,
1985–1994. [CrossRef] [PubMed]

74. Klemmt, P.A.; Starzinski-Powitz, A. Molecular and Cellular Pathogenesis of Endometriosis. Curr. Women’s
Health Rev. 2018, 14, 106–116. [CrossRef] [PubMed]

75. Giudice, L.C.; Kao, L.C. Endometriosis. Lancet 2004, 364, 1789–1799. [CrossRef]
76. Subbaramaiah, K.; Chung, W.J.; Michaluart, P. Resveratrol inhibits cyclooxygenase-2 transcription and

activity in phorbol ester-treated human mammary epithelial cells. J. Biol. Chem. 1998, 273, 21875–21882.
[CrossRef] [PubMed]

77. Xie, W.; Herschman, H.R. v-src induces prostaglandin synthase 2 gene expression by activation of the c-Jun
N-terminal kinase and the c-Jun transcription factor. J. Biol. Chem. 1995, 270, 27622–27628. [CrossRef]

78. Schecter, A.; Birnbaum, L.; Ryan, J.J.; Constable, J.D. Dioxins: An overview. Environ. Res. 2006, 101, 419–428.
[CrossRef]

79. Esser, C.; Rannug, A.; Stockinger, B. The aryl hydrocarbon receptor in immunity. Trends Immunol. 2009, 30,
447–454. [CrossRef]

80. Casper, R.F.; Quesne, M.; Rogers, I.M.; Shirota, T.; Jolivet, A.; Milgrom, E.; Savouret, J.F. Resveratrol has
antagonist activity on the aryl hydrocarbon receptor: Implications for prevention of dioxin toxicity. Mol.
Pharmacol. 1999, 56, 784–790.

81. Ciolino, H.P.; Yeh, G.C. Inhibition of aryl hydrocarbon-induced cytochrome P-450 1A1 enzyme activity and
CYP1A1 expression by resveratrol. Mol. Pharmacol. 1999, 56, 760–767.

82. Quintana, F.J.; Basso, A.S.; Iglesias, A.H.; Korn, T.; Farez, M.F.; Bettelli, E.; Weiner, H.L. Control of T(reg) and
T(H)17 cell differentiation by the aryl hydrocarbon receptor. Nature 2008, 453, 65–71. [CrossRef]

83. Bettelli, E.; Carrier, Y.; Gao, W.; Korn, T.; Strom, T.B.; Oukka, M.; Kuchroo, V.K. Reciprocal developmental
pathways for the generation of pathogenic effector TH17 and regulatory T cells. Nature 2006, 441, 235–238.
[CrossRef] [PubMed]

84. Lanzilli, G.; Cottarelli, A.; Nicotera, G.; Guida, S.; Ravagnan, G.; Fuggetta, M.P. Anti-inflammatory effect of
resveratrol and polydatin by in vitro IL-17 modulation. Inflammation 2011, 35, 240–248. [CrossRef] [PubMed]

85. Švajger, U.; Jeras, M. Anti-inflammatory effects of resveratrol and its potential use in therapy of
immune-mediated diseases. Int. Rev. Immunol. 2012, 31, 202–222. [CrossRef]

86. Wang, Z.Y.; Sato, H.; Kusam, S.; Sehra, S.; Toney, L.M.; Dent, A.L. Regulation of IL-10 gene expression in Th2
cells by Jun proteins. J. Immunol. 2005, 174, 2098–2105. [CrossRef] [PubMed]

87. Meixner, A.; Karreth, F.; Kenner, L.; Wagner, E.F. JunD regulates lymphocyte proliferation and T helper cell
cytokine expression. EMBO J. 2004, 23, 1325–1335. [CrossRef]

88. Chun, K.S.; Kim, S.H.; Song, Y.S.; Surh, Y.J. Celecoxib inhibits phorbol ester-induced expression of COX2
and activation of AP-1 and p38 MAP kinase in mouse skin. Carcinogenesis 2004, 25, 713–722. [CrossRef]
[PubMed]

89. Kim, A.L.; Zhu, Y.; Zhu, H.; Han, L.; Kopelovich, L.; Bickers, D.R.; Athar, M. Resveratrol inhibits proliferation
of human epidermoid carcinoma A431 cells by modulating MEK1 and AP-1 signalling pathways. Exp.
Dermatol. 2006, 15, 538–546. [CrossRef]

90. Ghosh, S.; May, M.J.; Kopp, E.B. NF-kappa B and Rel proteins: Evolutionarily conserved mediators of
immune responses. Ann. Rev. Immunol. 1998, 16, 225–260. [CrossRef]

91. Ghosh, S.; Karin, M. Missing pieces in the NF-kappaB puzzle. Cell 2002, 109, S81–S96. [CrossRef]
92. Manna, S.K.; Mukhopadhyay, A.; Aggarwal, B.B. Resveratrol suppresses TNF-induced activation of nuclear

transcription factors NF-kappa B, activator protein-1, and apoptosis: Potential role of reactive oxygen
intermediates and lipid peroxidation. J. Immunol. 2000, 164, 6509–6519. [CrossRef] [PubMed]

93. Estrov, Z.; Shishodia, S.; Faderl, S.; Harris, D.; Van, Q.; Kantarjian, H.M.; Aggarwal, B.B. Resveratrol blocks
interleukin-1beta-induced activation of the nuclear transcription factor NF-kappaB, inhibits proliferation,
causes S-phase arrest, and induces apoptosis of acute myeloid leukemia cells. Blood 2003, 102, 987–995.
[CrossRef] [PubMed]

94. Soleas, G.J.; Diamandis, E.P.; Goldberg, D.M. Wine as a biological fluid: History, production, and role in
disease prevention. J. Clin. Lab. Anal. 1997, 11, 287–313. [CrossRef]

http://dx.doi.org/10.2174/156802607779941314
http://dx.doi.org/10.1016/j.fertnstert.2010.01.013
http://www.ncbi.nlm.nih.gov/pubmed/20188363
http://dx.doi.org/10.2174/1573404813666170306163448
http://www.ncbi.nlm.nih.gov/pubmed/29861704
http://dx.doi.org/10.1016/S0140-6736(04)17403-5
http://dx.doi.org/10.1074/jbc.273.34.21875
http://www.ncbi.nlm.nih.gov/pubmed/9705326
http://dx.doi.org/10.1074/jbc.270.46.27622
http://dx.doi.org/10.1016/j.envres.2005.12.003
http://dx.doi.org/10.1016/j.it.2009.06.005
http://dx.doi.org/10.1038/nature06880
http://dx.doi.org/10.1038/nature04753
http://www.ncbi.nlm.nih.gov/pubmed/16648838
http://dx.doi.org/10.1007/s10753-011-9310-z
http://www.ncbi.nlm.nih.gov/pubmed/21369944
http://dx.doi.org/10.3109/08830185.2012.665108
http://dx.doi.org/10.4049/jimmunol.174.4.2098
http://www.ncbi.nlm.nih.gov/pubmed/15699140
http://dx.doi.org/10.1038/sj.emboj.7600133
http://dx.doi.org/10.1093/carcin/bgh076
http://www.ncbi.nlm.nih.gov/pubmed/14729583
http://dx.doi.org/10.1111/j.1600-0625.2006.00445.x
http://dx.doi.org/10.1146/annurev.immunol.16.1.225
http://dx.doi.org/10.1016/S0092-8674(02)00703-1
http://dx.doi.org/10.4049/jimmunol.164.12.6509
http://www.ncbi.nlm.nih.gov/pubmed/10843709
http://dx.doi.org/10.1182/blood-2002-11-3550
http://www.ncbi.nlm.nih.gov/pubmed/12689943
http://dx.doi.org/10.1002/(SICI)1098-2825(1997)11:5&lt;287::AID-JCLA6&gt;3.0.CO;2-4


Molecules 2019, 24, 667 20 of 21

95. Baur, J.A.; Sinclair, D.A. Therapeutic potential of resveratrol: The in vivo evidence. Nat. Rev. Drug Discov.
2006, 5, 493–506. [CrossRef]

96. Jang, M.; Cai, L.; Udeani, G.O.; Slowing, K.V.; Thomas, C.F.; Beecher, C.W. Cancer chemopreventive activity
of resveratrol, a natural product derived from grapes. Science 1997, 275, 218–220. [CrossRef]

97. Vignali, M.; Infantino, M.; Matrone, R. Endometriosis: Novel etiopathogenetic concepts and clinical
perspectives. Fertil. Steril. 2002, 78, 665–678. [CrossRef]

98. Murphy, A.A.; Santanam, N.; Parthasarathy, S. Endometriosis: A disease of oxidative stress? Semin. Reprod.
Endocrinol. 1998, 16, 263–273. [CrossRef]

99. Murphy, A.A.; Palinski, W.; Rankin, S.; Morales, A.J.; Parthasarathy, S. Macrophage scavenger receptor (s)
and oxidatively modified proteins in endometriosis. Fertil. Steril. 1998, 69, 1085–1091. [CrossRef]

100. Polak, G.; Mazurek, D.; Rogala, E.; Nowicka, A.; Derewianka-Polak, M.; Kotarski, J. Increased oxidized LDL
cholesterol levels in peritoneal fluid of women with advanced-stage endometriosis. Ginekol. Pol. 2011, 82,
191–194. [PubMed]

101. Liu, Y.; Luo, L.; Zhao, H. Levels of lipid peroxides and superoxide dismutase in peritoneal fluid of patients
with endometriosis. J. Tongji Med. Univ. 2001, 21, 166–167. [PubMed]

102. Szczepanska, M.; Koz’lik, J.; Skrzypczak, J.; Mikoajczyk, M. Oxidative stress may be a piece in the
endometriosis puzzle. Fertil. Steril. 2003, 79, 1288–1293. [CrossRef]

103. Chen, Z.H.; Hurh, Y.J.; Na, H.K. Resveratrol inhibits TCDD induced expression of CYP1A1 and CYP1B1
and catechol estrogen-mediated oxidative DNA damage in cultured human mammary epithelial cells.
Carcinogenesis 2004, 25, 2005–2013. [CrossRef] [PubMed]

104. Yavuz, S.; Aydin, N.E.; Celik, O.; Yilmaz, E.; Ozerol, E.; Tanbek, K. Resveratrol successfully treats
experimental endometriosis through modulation of oxidative stress and lipid peroxidation. J. Cancer
Res. Therapeut. 2014, 10, 324–329. [CrossRef] [PubMed]

105. Tekin, B.Y.; Guven, S.; Kirbas, A.; Kalkan, Y.; Tumkaya, L.; Guvendag Guven, E.S. Is resveratrol a potential
substitute for leuprolide acetate in experimental endometriosis? Eur. J. Obstet. Gynecol. Reprod. Biol. 2015,
184, 1–6. [CrossRef] [PubMed]

106. Amaya, S.C.; Savaris, R.F.; Filipovic, C.J.; Wise, J.D.; Hestermann, E.; Young, S.L.; Lessey, B.A. Resveratrol
and Endometrium. A Closer Look at an Active Ingredient of Red Wine Using In Vivo and In Vitro Models.
Reprod. Sci. 2014, 21, 1362–1369. [CrossRef] [PubMed]

107. Ergenoglu, A.M.; Yeniel, A.O.; Erbas, O. Regression of endometrial implants by resveratrol in an
experimentally induced endometriosis model in rats. Reprod. Sci. 2013, 20, 1230–1236. [CrossRef] [PubMed]

108. Henry, L.A.; Witt, D.M. Resveratrol: Phytoestrogen effects on reproductive physiology and behavior in
female rats. Hormones Behav. 2002, 41, 220–228. [CrossRef] [PubMed]

109. Taguchi, A.; Koga, K.; Kawana, K.; Makabe, T.; Sue, F.; Miyashita, M. Resveratrol enhances apoptosis in
endometriotic stromal cells. Am. J. Reprod. Immunol. 2016, 75, 486–492. [CrossRef] [PubMed]

110. Flower, A.; Andrew, F.; Liu, J.P.; Lewith, G.; Little, P.; Li, Q. Chinese herbal medicine for endometriosis.
Cochrane Database Syst. Rev. 2012, 5, CD006568. [CrossRef] [PubMed]

111. Shakibaei, M.; Buhrmann, C.; Mobasheri, A. Resveratrol-mediated SIRT-1 interactions with p300
modulate receptor activator of NF-kappaB ligand (RANKL) activation of NF-kappaB signaling and inhibit
osteoclastogenesis in bone-derived cells. J. Biol. Chem. 2011, 286, 11492–11505. [CrossRef] [PubMed]

112. Ryu, J.; Ku, B.M.; Lee, Y.K. Resveratrol reduces TNF-α-induced U373M human glioma cell invasion through
regulating NF-κB activation and uPA/uPAR expression. Anticancer Res. 2011, 31, 4223–4230. [PubMed]

113. Kitawaki, J.; Kado, N.; Ishihara, H.; Koshiba, H.; Kitaoka, Y.; Honjo, H. Endometriosis: The pathophysiology
as estrogen-dependent diseases. J. Steroid Biochem. Mol. Biol. 2002, 83, 149–155. [CrossRef]

114. Maia, H., Jr.; Casoy, J.; Correia, T. Activation of NF-KappaB and Cox-2 expression is associated with
breakthrough bleeding in patients using oral contraceptives in extended regimens. Gynecol. Endocrinol. 2010,
26, 265–269. [CrossRef] [PubMed]

115. Edwards, P.A.; Lan, S.F.; Tanaka, R.D.; Fogelman, A.M. Mevalonolactone inhibits the rate of synthesis and
enhances the rate of degradation of 3-hydroxy-3-methylglutaryl coenzyme A reductase in rat hepatocytes.
J. Biol. Chem. 1983, 258, 7272–7275. [PubMed]

116. Maia, H., Jr.; Haddad, C.; Pinheiro, N.; Casoy, J. Advantages of the association of resveratrol with oral
contraceptives for management of endometriosis-related pain. Int. J. Women’s Health 2012, 4, 543–549.
[CrossRef]

http://dx.doi.org/10.1038/nrd2060
http://dx.doi.org/10.1126/science.275.5297.218
http://dx.doi.org/10.1016/S0015-0282(02)03233-8
http://dx.doi.org/10.1055/s-2007-1016286
http://dx.doi.org/10.1016/S0015-0282(98)00088-0
http://www.ncbi.nlm.nih.gov/pubmed/21735686
http://www.ncbi.nlm.nih.gov/pubmed/11523228
http://dx.doi.org/10.1016/S0015-0282(03)00266-8
http://dx.doi.org/10.1093/carcin/bgh183
http://www.ncbi.nlm.nih.gov/pubmed/15142886
http://dx.doi.org/10.4103/0973-1482.136619
http://www.ncbi.nlm.nih.gov/pubmed/25022386
http://dx.doi.org/10.1016/j.ejogrb.2014.10.041
http://www.ncbi.nlm.nih.gov/pubmed/25462211
http://dx.doi.org/10.1177/1933719114525271
http://www.ncbi.nlm.nih.gov/pubmed/24604232
http://dx.doi.org/10.1177/1933719113483014
http://www.ncbi.nlm.nih.gov/pubmed/23536571
http://dx.doi.org/10.1006/hbeh.2001.1754
http://www.ncbi.nlm.nih.gov/pubmed/11855907
http://dx.doi.org/10.1111/aji.12489
http://www.ncbi.nlm.nih.gov/pubmed/26782781
http://dx.doi.org/10.1002/14651858.CD006568.pub3
http://www.ncbi.nlm.nih.gov/pubmed/22592712
http://dx.doi.org/10.1074/jbc.M110.198713
http://www.ncbi.nlm.nih.gov/pubmed/21239502
http://www.ncbi.nlm.nih.gov/pubmed/22199285
http://dx.doi.org/10.1016/S0960-0760(02)00260-1
http://dx.doi.org/10.3109/09513590903247832
http://www.ncbi.nlm.nih.gov/pubmed/19757243
http://www.ncbi.nlm.nih.gov/pubmed/6863245
http://dx.doi.org/10.2147/IJWH.S36825


Molecules 2019, 24, 667 21 of 21

117. Mendes da Silva, D.; Gross, L.A.; De Paula Guedes Neto, E.; Lessey, B.A.; Francalacci Savaris, R. The Use of
Resveratrol as an Adjuvant Treatment of Pain in Endometriosis: A Randomized Clinical Trial. J. Endocrine
Soc. 2017, 359–369. [CrossRef]

118. Ford, J.; Jiang, M.; Milner, J. Cancer-specifific functions of SIRT1 enable Human epithelial cancer cell growth
and survival. Cancer Res. 2005, 65, 10457–10463. [CrossRef]

119. Taguchi, A.; Wada-Hiraike, O.; Kawana, K.; Koga, K.; Yamashita, A.; Shirane, A.; Urata, Y.; Kozuma, S.;
Osuga, Y.; Fujii, T. Resveratrol suppresses inflammatory responses in endometrial stromal cells derived from
endometriosis: A possible role of the sirtuin 1 pathway. J. Obstet. Gynaecol. Res. 2014, 40, 770–778. [CrossRef]

120. Franzoni, F.; Quinones-Galvan, A.; Regoli, F. A comparative study of the in vitro antioxidant activity of
statins. Int. J. Cardiol. 2003, 90, 317–321. [CrossRef]

121. Villanueva, J.A.; Sokalska, A.; Cress, A.B.; Ortega, I.; Bruner-Tran, K.L.; Osteen, K.G.; Duleba, A.J. Resveratrol
Potentiates Effect of Simvastatin on Inhibition of Mevalonate Pathway in Human Endometrial Stromal Cells.
J. Clin. Endocrinol. Metab. 2013, 98, E455–E462. [CrossRef]

122. Harikumar, K.B.; Aggarwal, B.B. Resveratrol: A multitargeted agent for age-associated chronic diseases.
Cell Cycle 2008, 7, 1020–1035. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1210/js.2017-00053
http://dx.doi.org/10.1158/0008-5472.CAN-05-1923
http://dx.doi.org/10.1111/jog.12252
http://dx.doi.org/10.1016/S0167-5273(02)00577-6
http://dx.doi.org/10.1210/jc.2012-3387
http://dx.doi.org/10.4161/cc.7.8.5740
http://www.ncbi.nlm.nih.gov/pubmed/18414053
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Biochemistry of Resveratrol 
	Development of the Endometriosis-Role of Inflammation 
	Anti-Inflammatory Molecular Mechanisms of Resveratrol 
	Arachidonic Acid Pathway 
	Aryl Hydrocarbon Receptor (AhR) 
	Activator Protein 1 Pathway 
	NF-B Pathway 

	Studies of Resveratrol as Anti-Inflammatory Agent in Endometriosis 
	Preclinical Studies 
	Clinical Studies 

	Conclusions and Future Perspectives 
	References

