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Endometriosis, characterized by macroscopic lesions in the ovaries, is a serious problem for women who desire

conception. Damage to the ovarian cortex is inevitable when lesions are removed via surgery, which finally

decreases the ovarian reserve, thereby accelerating the transition to the menopausal state. Resveratrol, a plant-

derived molecule that promotes the function and expression of the sirtuin, SIRT1, has been attracting attention,

and many reports have shown that resveratrol might exert cardiovascular protective effects. 
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1. Introduction

Endometriosis is defined as the growth of the extrauterine endometrial tissue in the presence of estrogen. Although

many theories have been proposed to explain its pathophysiology, no definitive conclusion has yet been reached.

The frequency of endometriosis is increasing, which is possibly because the frequency of conception in

industrialized countries in recent years is lower than that in the early 1990s. In addition, women tend to hesitate to

go to hospitals, although symptoms of endometriosis may appear early after menarche. Hence, endometriosis is

generally diagnosed later in life, often after years of experiencing symptoms . Unfortunately, the true prevalence

of endometriosis in adolescent girls is unknown, and clinical symptoms and diagnostic challenges may arise when

young girls are examined. This is mainly due to underestimation of the heavy burden for women who desire

conception. Macroscopic lesions of endometriosis most frequently appear in the ovaries. Damage to the ovarian

cortex is inevitable while surgically removing the lesions, and ovarian surgery ultimately decreases ovarian reserve,

thereby accelerating the menopausal state . Climacteric symptoms, osteopenia, and dyslipidemia occur soon

after cessation of ovarian function . Epidemiologically, there are sex-related differences in the frequency of

dyslipidemia, hypertension, and osteoporosis. Females are more susceptible to these diseases than males, and

their prevention is important for extending healthy life expectancy. In premenopausal women, the ovaries are the

main source of estrogen. Menstruation is established at puberty, which indicates initiation of the ovulation cycle.

Periodic changes in the secretion levels of estrogen, the main source of ovarian granulocyte cells, is observed with

ovulation, and secretion of estrogen is generally maintained at high level. However, estrogen production diminishes

with age, as the oocyte reserve is exhausted when women reach menopause. The secretion level of the follicle

stimulating hormone, a pituitary hormone that promotes ovulation, increases significantly, while estrogen levels

decrease significantly (Figure 1).
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Figure 1. Schematic showing changes in estrogen level with age, and subsequent disease patterns. Menopausal

transition period is generally considered between 45 and 55 years. An enigmatic disease, endometriosis is known

to occur in women of reproductive age. The burden of endometriosis persists until menopause. Menopausal

symptoms and vasomotor symptoms occur soon after cessation of menstruation. This is accompanied by

worsening of dyslipidemia and hypertension. Decrease in estrogen level accelerates bone loss because of

increase in bone resorption.

Postmenopausal estrogen level is generally low, and its secretion level is maintained by the presence of P450

aromatase located in peripheral adipose tissues, which converts testosterone into estrogen. Estrogen levels in

postmenopausal women are lower than those in men in all generations. Collectively, women experience an

inevitable decrease in ovarian function, and the presence of endometriosis accelerates the menopausal stage. It is

believed that rapid decrease in estrogen is detrimental for the maintenance of women’s health, and that the

decrease should be more modest. This theory is known as euestrogenemia . In clinical practice, hormone

replacement therapy cannot be prescribed to all women, as it should be optimized individually. Hence, instead

using estrogen, safe administration of supplements to all women should be recommended for maintaining a healthy

lifestyle.

Dyslipidemia and hypertension are associated with the progression of arteriosclerosis, and arteriosclerotic changes

in the large and middle blood vessels are one of the main causes of myocardial and cerebral infarctions. Bone

resorption is accelerated by activated osteoclasts, and rapid bone remodeling reduces bone mineral density.

Osteoporosis is associated with aberrant fractures in the spine and hip, and the latter confines the patients to the

bed. Resveratrol (3,5,40-trihydroxy-trans-stilbene), a plant-derived polyphenol that promotes the function and

expression of SIRT1 (discussed later), has been attracting attention, and many reports have shown that resveratrol

might exert cardiovascular protective effects. Preclinical reports also indicate that it can prevent bone loss and

endometriosis.
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2. Sirtuin Family Molecules and Resveratrol

2.1. Sirtuin Family Molecules and Their Functions

The silent information regulator 2 gene (Sir2) was first discovered in Saccharomyces cerevisiae as a possible

longevity gene, the main function of which was identified to be a nicotinamide adenine dinucleotide (NAD+)-

dependent ADP-ribosyltransferases. After the discovery of Sir2, orthologues of sirtuins (silent mating type

information regulation 2 homolog) were reported, and seven human sirtuins have been identified (Table 1) .

Table 1. Sirtuin family molecules and their properties. Characteristics of human Sirtuins are described. Among

them, SIRT1 and SIRT5 are postulated to be primary Sirtuins that respond to resveratrol. (a.a: amino acids, CPS-I:

Carbamoyl phosphate synthase I RVT: resveratrol).

Phylogenetic analysis of sirtuin family molecules revealed that they can be divided into four subclasses: class I

(SIRT1: Ia, SIRT2, and SIRT3: Ib), class II (SIRT4), class III (SIRT5), and class IV (SIRT6: IVa and SIRT7: IVb).

They share a common catalytic domain as a unique protein structure and are primarily thought to act as NAD -

dependent histone deacetylases. Sirtuin enzymatic activity results in the formation of deacetylated lysine,

nicotinamide, and O-acetyl-ADP-ribose. Among the sirtuin family molecules, SIRT1, SIRT3, and SIRT6 have been

proposed to be involved in cardiovascular systems . SIRT1 is primarily an NAD -dependent deacetylase

localized in the nucleus, and recent studies have indicated that SIRT1 can influence intracellular signaling by

[5]

  Size
(a.a)

Subcellular
Localization

Physiological
Function Target Physiological

Functions
Response to

RVT

SIRT1 746 Nucleus Deacetylation
PGC1α
FOXO1
NFκB

Metabolism
Anti-inflammation

Anti-
Neurodegeneration

↑

SIRT2 388 Cytosol Deacetylation
H4

α-tublin
Cell cycle

Transcription
ND

SIRT3 399
Nucleus

Mitochondria
Deacetylation AceCS2 Metabolism ↓

SIRT4 314 Mitochondria
ADP-ribosyl
Transferase

GDH Insulin secretion ND

SIRT5 310 Mitochondria
Desuccinylase
Deacetylation?

Cytochrome C,
CPS-I

Oxidative
metabolism
Apoptosis

↑

SIRT6 355 Nucleus
ADP-ribosyl
Transferase

DNA
polymerase β

DNA repair ND

SIRT7 400 Nucleus Unknown
RNA

polymerase I
Transcription

of rDNA
ND

+
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deacetylating factors such as p53, FOXO, PGC-1α, NF-κB, and β-catenin, thereby regulating gene expression, cell

death, stress response, aging, and lipid and glucose metabolism (Figure 1) .

Figure 1. Protective roles of SIRT1 in the human body. The figure on the left denotes a female and that on the right

denotes a male. Notably, several functions of SIRT1 in reproductive organs are beneficial. Resveratrol, a SIRT1

activator, promotes the luteinization function in the ovary , and several studies indicate that calorie restriction

improves ovarian reserve . Another beneficial mechanism is that SIRT1 might improve implantation in females via

its effects on adhesion molecules .

SIRT1 also regulates autophagy flux by controlling FOXO1 and Rab7, which exerts a protective effect on

cardiomyocytes . Cardiac-specific overexpression of SIRT1 in a mouse model revealed that SIRT1 protects

cardiac and renal functions affected by endoplasmic reticulum stress . The regulatory mechanism of SIRT1 is

complicated, as SIRT1 expression is upregulated during pressure overload. Calorie intake limitation, known as

caloric restriction (CR), results in SIRT1 activation, and CR, exercise, and acute ischemic preconditioning stimulate

SIRT1 expression. However, many hypotheses have been put forward to explain the mechanism underlying CR

and SIRT1 activation; for example, CR promotes NAD  production in cells, which suppresses the production of

nicotinamide and promotes the expression of nicotinamide phosphoribosyltransferase and leads to adenosine

monophosphate-activated protein kinase (AMPK) activation. CR is known to exert a protective effect against

ischemic heart diseases. SIRT1 is known for its pleiotropic function, and we have demonstrated that SIRT1 can

control the immune response of endometrial stromal cells by inhibiting TNFα-induced IL-6 secretion . Taken

together, SIRT1 appears to suppress the progression of endometriotic lesions.
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In the sirtuin family, SIRT3 is primarily responsible for antioxidative stress effects and is known to exert a systemic

effect, along with SIRT1. SIRT3 knockout mice exhibit systemic aging phenomena, such as deafness, myocardial

hypertrophy, and blood vessel fibrosis . Furthermore, it reportedly causes capillary abnormalities in the heart due

to mitochondrial dysfunction. Enhancement of SIRT3 expression in cardiomyocytes possibly reduces the risk of

heart failure, as it increases the expression of antioxidant factors, reverses fibrosis, and improves vascular

endothelial cell function, thereby improving heart function . Many studies have demonstrated the positive effects

of SIRT3 on the cardiovascular system. In addition to its cardioprotective effect, recent studies have implicated the

possible role of SIRT3 in maintaining bone metabolism, especially in bone resorption. Sirt3 deletion did not affect

the skeleton of young mice; however, SIRT3 inhibited osteoclast differentiation, and deletion of SIRT3 increased

trabecular bone mass in female mice. Another study also suggested the involvement of SIRT3 in maintaining

healthy bone metabolism, as SIRT3 protects against advanced glycation end product-induced bone marrow

mesenchymal stem cell (BMSC) senescence and contributes to improvement of bone mineral density. We

speculated that SIRT3 activation might play dual roles in protecting bone metabolism, which varies with the age of

the subjects. Although no report has suggested the role of SIRT3 in endometriosis, we have previously shown the

role of SIRT3 in the ovaries. Significant oxidative stress appears after SIRT3 depletion in ovarian granulosa cells,

which reduced the mRNA levels of aromatase, StAR, 17β-HSD, p450scc, and 3β-HSD .

As discussed, the sirtuin family has been found to be responsible for specific functions, which depend on the

subtype. However, the mechanism of sirtuin stimulation by small-molecule compounds is poorly understood. A

previous report using substrates and fluorophore-labeled peptides revealed a possible mechanism via which

resveratrol inhibits human SIRT3. This was further confirmed using crystal structure analysis. The compound that

activated SIRT3 acted as the top cover, and the binding pocket of the polypeptide was closed as a result of this

binding, which enabled efficient and direct interaction with this substrate .

2.2. Function and Efficacy of Resveratrol in Cardiovascular Diseases and Osteoporosis

Resveratrol, a polyphenol present in red wine, can regulate vascular endothelial cells, pathological growth of

smooth muscle cells, infiltration into the vascular walls of immune cells, and vascular remodeling .

Resveratrol might improve arterial stiffness and lower blood pressure in vivo. Resveratrol suppresses the

expression of anti-apoptotic factors by increasing SIRT1 activation and expression both in vivo and in vitro.

Resveratrol-induced SIRT1 activation not only increases the expression level of SIRT1 directly, but also enhances

intracellular NAD  concentration . In addition, the activation of SIRT1 by resveratrol is also important for

controlling autophagy, as autophagy flux positively acts on myocardial protection. In experiments using vascular

smooth muscle cells (VSMCs), expression of the AT1 receptor is suppressed by the activation of SIRT1, which is

induced by overexpression or resveratrol . Resveratrol also suppresses cell death in cardiomyocytes via Ang II

signaling, which is reported to increase superoxide dismutase (SOD) and SIRT1 expression levels . In

experiments using 24-month-old aging mice, AngII, prorenin receptor (PRR), and angiotensin converting enzyme

(ACE) expression was suppressed by resveratrol administration . Interestingly, the precise molecular

mechanism via which resveratrol activates SIRT1 remains controversial . High-throughput screening of

chemicals that activate sirtuin revealed more than 14,000 compounds. SRT1720, SRT1460, SRT2183, and
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resveratrol were used in biochemical assays such as nuclear magnetic resonance, surface plasmon resonance,

and isothermal calorimetry, in which they did not show any apparent activation with native peptide or full-length

protein substrates . Thus, the mechanism via which resveratrol activates SIRT1 is complicated, and the

functions of resveratrol are now considered pleiotropic as they affect multiple receptors and substrates. A

computational and biochemical analysis demonstrated that resveratrol can activate the deacetylase activity of

SIRT3 and SIRT5, whereas resveratrol can inhibit the desuccinylase activity of SIRT5 . This suggested that

resveratrol can modulate sirtuins; thus, determining whether the effects of resveratrol are a central or peripheral

issue in the human body is challenging.

In addition, resveratrol activates the transcription of ER as a phytoestrogen. Phytoestrogens can activate ER in the

order of approximately 10 ~10  M in in vitro studies. Generally, phytoestrogens mainly act as ERα antagonist,

but can weakly activate ERβ; therefore, phytoestrogens are considered to be SERM . Resveratrol is known to

possess polyphenolic properties; similar to catechins, resveratrol might possess antioxidative stress function and

may activate nuclear factor-erythroid-derived-derived 2-related factor-2 (Nrf2), which is known to promote potent

antioxidative stress effects. In a study using rat VSMCs, resveratrol promoted the expression of SIRT1 and Nrf2,

resulting in the suppression of vascular calcification . Nrf2 itself can be activated by resveratrol, and

approximately 1 nM resveratrol is required for SIRT1 activation, indicating that the antioxidant effect of resveratrol

depends on Nrf2. Thus, Nrf2 activation by dietary compounds is more realistic than SIRT1 activation, which

requires micromolar levels of resveratrol. Nrf2 is a transcriptional factor that is degraded by Keap1 in the steady

state. After exposure to oxidative stress, it translocates to the nucleus and binds to a specific lesion known as the

antioxidant responsive element (ARE). After Nrf2 binds to ARE, downstream genes such as SOD, glutathione

peroxidase (GPX), and heme oxygenase-1 (HO-1) are transcribed, resulting in a clear protective effect on blood

vessels. Resveratrol activates SIRT1, ERβ, and Nrf2 concomitantly, and promotes the differentiation of many cell

types; thus, resveratrol might have the potential to inhibit cell growth. A recent study indicated that resveratrol

activates SIRT1 and SIRT5, while it has been suggested to suppress the function of SIRT3 using computational

structural analysis. Resveratrol also contributes to the activation of AMPK . Activation of AMPK has been shown

to increase NO production  resulting in the activation of eNOS in murine models of high blood pressure . In

addition, PPARα is known to possess anti-inflammatory, anti-angiogenesis, and antioxidative stress properties.

Resveratrol is known to activate PPARα, which results in activation of the AMPK pathway . In a study using

human umbilical vein endothelial cells (HUVECs), resveratrol suppressed HUVEC migration and monocyte

chemotaxis by inhibiting monocyte chemoattractant protein-1 . Resveratrol not only increased the expression of

eNOS via AMPK, but also promoted the phosphorylation of eNOS.

Resveratrol has also been shown to exert beneficial effects on cultured cells, primary mesenchymal stem cells,

preosteoblasts, and osteoclast progenitors in in vitro assays. Detailed reviews concluded that resveratrol might

perform dual positive roles in bone, as it promotes osteoblastogenesis and inhibits osteoclastogenesis.

Considering its dual positive role, treatment with resveratrol is ideal for maintaining bone mineral density in women

at risk of osteoporosis. Previous studies have proposed various molecular mechanisms of resveratrol action.

Cultured human BMSCs showed increased thymidine incorporation, maturation (as determined using alkaline

phosphatase activity assay), and expression of osteoblastic markers (RUNX2/CBFA1, osterix, and osteocalcin).
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The effects were thought to be similar to those of 17β estradiol and were antagonized by ICI182,780, an ER

antagonist. Resveratrol induced the activation of AMPK and suppressed the formation of tartrate-resistant acid

phosphatase (TRAP)-positive multinucleated cells in mouse bone marrow macrophage-derived osteoclasts. This

mechanism was translated as negative regulation of RANKL by AMPK, and its function is related to

Ca /calmodulin kinase (CaMK) and TGF-β-activated kinase-1 (TAK1). Effect of resveratrol on the Wnt signaling

pathway has been investigated and resveratrol treatment of BMSCs dose-dependently enhanced β-catenin nuclear

accumulation and positively regulated downstream TCF/LEF transcription, which induced osteoblastic cell

differentiation; the increase in β-catenin accumulation was partially because resveratrol reduced the level of

glycogen synthase kinase 3β. As explained above, resveratrol activated SIRT1 potently, which might play a

prominent role in alleviating bone metabolism. One of the underlying mechanisms is that resveratrol promotes the

interaction between SIRT1 and p300, a transcription coactivator, and represses RANK expression .

Low bioavailability is one of the major problems associated with resveratrol use. Although the concentration of

resveratrol that can effectively activate SIRT1 in the experimental system is approximately in the micromolar range,

this concentration could not be reached via oral administration. Topical administration may be an alternative

approach. Reports show that stenosis of the rat carotid artery improved upon using stents containing resveratrol. If

resveratrol is used for treating heart disease, we might expect prevention of arteriosclerosis, cardiac hypertrophy,

and myocardial fibrosis. Currently, few reports have shown prevention of blood vessel calcification , and further

investigation is necessary. As mentioned previously, resveratrol is a powerful natural antioxidant factor with

potential for clinical application; in addition, other antioxidant substances might positively affect lipid metabolism. In

future, we intend to use resveratrol to suppress cardiovascular events. Many reports have shown that resveratrol is

a phytoestrogen; however, other phytoestrogens might also possess cardiovascular protective functions. Plants

contain estrogen, such as isoflavones, stilbenes, flavones, and lignans. Among isoflavones, genistein, daidzein,

and equol are used to alleviate symptoms of menopause. It is generally known that phytoestrogens can bind to

ERα and ERβ and exhibit both agonistic and antagonistic actions against ER, although their binding capacity to

ERβ is generally stronger than that to ERα. Therefore, phytoestrogens are considered to resemble SERM.

Phytoestrogens regulate the proliferation of vascular endothelial cells, vascular permeability, NO production, and

eNOS expression. It also suppresses the growth of VSMCs and inhibits AngII production.

2.3. Function and Efficacy of Resveratrol in Endometriosis

Resveratrol might improve the pathogenesis of endometriosis, and various mechanisms have been proposed using

data derived from experimental preclinical studies. We have previously shown that SIRT1 can control the immune

response of endometriotic stromal cells by inhibiting TNFα-induced IL-8 secretion , and that resveratrol can

promote TNF-related apoptosis-inducing ligand-induced apoptosis in endometriotic stromal cells . Studies using

endometrial cancer cells also showed that resveratrol induced apoptosis but decreased cellular proliferation.

Inhibition of COX-2 expression  and activation of AMPK pathway  are considered as possible mechanisms of

action of resveratrol. Women with endometriosis possess poorer antioxidative stress ability, as evidenced by the

decreased level of antioxidants in their peritoneal fluid compared to healthy women . An experimental rodent

model of endometriosis showed that resveratrol might play crucial roles in the resolution of endometriosis
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accompanied by improved antioxidative stress ability. Therefore, resveratrol is considered to prevent, treat, and

cure endometriosis by attenuating reactive oxygen species. In addition, suppression of inflammatory cytokine

secretion and modulation of M1/M2 macrophage polarization  may be another possible mechanism that explains

the beneficial effects of resveratrol because increased inflammation is thought to induce oxidative stress in the

peritoneal cavity . Peritoneal invasion of endometrial tissues is suggested to play a crucial role in the inhibition of

cellular invasion. Matrix metalloproteinases (MMPs) and their inhibitors known as tissue inhibitors of

metalloproteinases (TIMPs) play fundamental roles in the establishment of peritoneal invasion of endometrial

tissues and the ratio of MMPs/TIMPs is suggested to be important to determine the degree of peritoneal invasion

. Resveratrol may suppress the expression of MMP-2 and MMP-9 by enhancing SIRT1 expression, thus

suppressing the invasion of endometrial tissues . Sufficient blood supply is crucial for the invasion of endometrial

tissues; thus, angiogenesis is regarded as an important factor to establish the implantation of ectopic endometrial

tissues. Resveratrol could repress the angiogenic process by inhibiting both proangiogenic and angiogenic factors,

which includes vascular endothelial growth factor and hypoxia-inducible factor 1α. Resveratrol could also inhibit

capillary endothelial cell growth, thereby inhibiting new blood vessel formation .

Unfortunately, these observations are limited to in vitro or animal studies. Two clinical studies have utilized

resveratrol as an adjunctive therapy for endometriosis. A study including 42 surgically confirmed patients with

endometriosis prospectively received oral contraceptives (OCs) alone or together with resveratrol at the dose of 30

mg/body . In another randomized clinical trial including 44 surgically confirmed patients with endometriosis, OCs

with 40 mg/body resveratrol did not show any additive effect on dysmenorrhea-related pain relief . The former

research included women aged 22–37 years, and the treatment period of resveratrol was 2 months, while the latter

included women aged 20–50 years, and the treatment period of resveratrol was 42 days. However, the study

period for investigating the efficacy of resveratrol might be too short, and these studies used OCs and resveratrol

concomitantly. Therefore, the beneficial role of resveratrol may still be ambiguous. Furthermore, these studies

included patients with surgically confirmed endometriosis but the clinical details about the presence of

endometrioma, deep infiltrating endometriosis, and superficial peritoneal lesions were not illustrated. We opted to

use OCs for the treatment of endometriosis or primary dysmenorrhea in women aged less than 40 years. In fact,

although it is not contraindicated, the World Health Organization recommends the use of OCs as medical eligibility

category II for women aged more than 40 years . Considering healthy aging, resveratrol may be used as an

adjunctive therapy for maintaining cardiovascular systems and bone metabolism, and for preventing the

development of endometriosis.
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