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Abstract: Menopause is clinically diagnosed as a condition when a woman has not menstruated
for one year. During the menopausal transition period, there is an emergence of various lipid
metabolic disorders due to hormonal changes, such as decreased levels of estrogens and increased
levels of circulating androgens; these may lead to the development of metabolic syndromes including
cardiovascular diseases and type 2 diabetes. Dysregulation of lipid metabolism affects the body
fat mass, fat-free mass, fatty acid metabolism, and various aspects of energy metabolism, such
as basal metabolic ratio, adiposity, and obesity. Moreover, menopause is also associated with
alterations in the levels of various lipids circulating in the blood, such as lipoproteins, apolipoproteins,
low-density lipoproteins (LDLs), high-density lipoproteins (HDL) and triacylglycerol (TG). Alterations
in lipid metabolism and excessive adipose tissue play a key role in the synthesis of excess fatty
acids, adipocytokines, proinflammatory cytokines, and reactive oxygen species, which cause
lipid peroxidation and result in the development of insulin resistance, abdominal adiposity, and
dyslipidemia. This review discusses dietary recommendations and beneficial compounds, such as
vitamin D, omega-3 fatty acids, antioxidants, phytochemicals—and their food sources—to aid the
management of abnormal lipid metabolism in postmenopausal women.
Keywords: menopause; estrogen deficiency; lipid metabolic disorder; beneficial foods

1. Introduction
1.1. What Is Menopause?
Clinically, menopause is diagnosed when a woman has not menstruated for one year due to the
loss of ovarian follicular activity, which typically occurs at around 45–55 years of age [1]. In the USA,
spontaneous menopause occurs at 51 years of age, on an average. Generally, women live longer than
men, and the global average life span of women has been increasing. The median age of women has
been increasing gradually and is expected to reach 82 years by 2025 in developed countries. Therefore,
approximately one-third of women’s lives would be lived after menopause [2]. Menopause occurs
over several years and not at a single point in time. It is preceded by a stage where women experience
irregular menstrual cycle, referred to as menopausal transition (perimenopause), which involves
coping with the cessation of oocyte production in the ovaries [3].
Hormonal change is among the major physiological changes associated with menopause. Estrogen,
a primary female sex hormone, dictates the secondary sex characteristics and affects the development
and functioning of the female reproductive system. All estrogens are C18 steroids [4]. In addition to its
indispensable role in the development of female reproductive tissues and organs—such as breasts,
vagina, and uterus—estrogen is also involved in maintaining the function of these tissues and organs
during puberty, adulthood, and pregnancy. Estradiol (E2) is almost always present in the body of
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women of reproductive age, whereas estriol (E3)—which is produced by the placenta—is primarily
abundant during pregnancy and plays an important role in maintaining early-stage pregnancy [4].
During pregnancy, the E3 levels increase up to 1000-fold, while the estrone and E2 levels increase up to
100-fold. Thus, E3 can be measured in urine. Throughout the follicular phase of the menstrual cycle,
the thecal cells produce androstenedione, which functions as a metabolic precursor to estrone and
testosterone in the ovaries and peripheral tissues [5].
1.2. Dysregulation of Lipid Metabolism Due to Alterations in E2
During a woman’s fertile life, the average level of total estrogen is 100–250 pg/mL. However,
the concentration of E2 in circulation declines up to 10 pg/mL postmenopause [6]. This hormonal
menopause is associated with pathological menopausal syndromes, such as disturbances in sleep/mood,
vasomotor symptoms (including hot flashes and night sweats), urogenital atrophy, osteopenia and
osteoporosis, psychiatric disorders, sexual dysfunction, skin lesions, cardiovascular diseases (CVDs),
cancer, metabolic disorders, and obesity [7]. Women are at a higher risk of developing CVDs after
menopause due to estrogen deficiency and dysregulated lipid metabolism [8]. Estrogens, especially
E2, exert a protective role in the cardiovascular system and are produced primarily in the ovaries
via a process that uses low-density lipoprotein (LDL) cholesterol (LDL-C) as a substrate. However,
circulatory LDL-C cannot be utilized to synthesize estrogen during menopause, thereby resulting in
decreased estrogen production. Therefore, menopause is associated with increased blood LDL-C levels
and enhanced CVD risk [9].
Experimental data have demonstrated that E2 plays an essential role in the β-oxidation of fatty
acids in the mitochondria. In an aromatase (estrogen synthase) knockout mouse model, E2 was not
detectable in the liver tissue; additionally, decreased expression of mRNA was observed, along with a
lowered activity of enzymes involved in fatty acid metabolism. Importantly, E2 treatment resulted in
recovered mRNA expression and increased the activity of enzymes involved in fatty acid metabolism
in an estrogen synthase knockout mouse model [10]. In a postmenopausal model, female mice (aged
2–4 weeks)—after ovariectomy—exhibited decreased expression of nuclear receptors and proteins
needed for efficient energy expenditure, such as peroxisome proliferator-activated receptor (PPAR)
gamma γ, PPARδ, PCG1α, PCG1β, and ERR1—in the adipose tissue and muscle—relative to that in
the sham-operated control mice. Additionally, the ovariectomized (OVX) mice exhibited decreased
expression of enzymes involved in the β-oxidation of fatty acids and transcription factors required for
lipolysis [11]. Therefore, the depletion of E2 by ovariectomy or after menopause may downregulate the
expression of genes required for efficient energy expenditure as fuel sources in the human body and
genes involved in fatty acid metabolism or lipid catabolism, which may induce obesity or metabolic
disorders in postmenopausal women [12].
Menopause-induced estrogen deficiency may also lead to various metabolic disorders, including
dysregulated lipid metabolism. This review has two distinctive parts. The first part of the review
comprehensively summarizes the definition of menopause and postmenopausal physiology, including
hormonal change and dysregulation of lipid metabolism caused primarily due to alterations in E2
levels. The second half of the review provides practical and applicable daily dietary recommendations
and proposes food sources that would prove to be beneficial for postmenopausal women.
2. Lipid Metabolic Disorders Associated with Menopause
2.1. Menopause-Associated Changes in Fat Mass and Fatty Acid Metabolism
Aging is associated with changes in body composition, which affect physical activity and health
in humans [13]. Most studies suggest that the changes in the composition of the female body coincide
with menopause. Some of these changes can be partly explained by the impairment of the protective
role of estrogens and a relative increase in circulating androgen levels [14]. Previous studies have
demonstrated that endogenous sex hormones can influence the lipid profile in premenopausal and
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postmenopausal women because the receptors for estrogen and androgen are expressed in both
visceral and subcutaneous adipocytes. Therefore, changes in the levels of endogenous sex hormones
may affect lipid metabolism in the fat tissues of middle-aged women [15]. Postmenopausal women
are also reported to exhibit higher total body fat mass, fat percentage, and accumulation of central
fat than premenopausal women [16]. Kim et al. reported that although both premenopausal and
postmenopausal women exhibited similar mean body mass index (BMI) values, postmenopausal
women exhibited larger waist circumference [17]. A controlled longitudinal study reported that
postmenopausal women were at a significantly higher (2.88-fold) risk of developing abdominal obesity
than premenopausal women [18,19].
During menopausal transition—that usually spans 2–7 years—clinical changes occur in the body
composition due to aging and hormonal changes [20]. Ovarian estrogens increase the storage of
peripheral fat mainly in the gluteal and femoral subcutaneous regions, while androgens—primarily
bioavailable testosterones—augment the accumulation of visceral abdominal fat. The marked decrease
in estrogen concentrations accompanying relative hyperandrogenism is regarded as the main factor
that causes weight gain and redistribution of body fat in postmenopausal women [21].
A longitudinal community-based Study of Women’s Health Across the Nation (SWAN)—a
five-year follow-up study—reported that relative androgen excess (a higher baseline testosterone/E2
ratio) can predict incident of metabolic syndrome, including dysregulated lipid metabolism and
obesity, during menopausal transition [22]. This study reported that postmenopausal women had
2-fold higher visceral abdominal fat and subcutaneous adipose tissue (SAT) than premenopausal
women. However, the testosterone levels were similar among premenopausal and postmenopausal
women. This suggested that fat redistribution may be affected by a marked decreased in estrogen
levels but not by increased testosterone level [23]. Estrogen and androgen receptors are expressed in
visceral and subcutaneous fat cells. Therefore, changes in the levels of sex hormones can influence
lipid metabolism [24]. However, the levels of sex hormone-binding globulin also decrease at the onset
of menopause, which increases the levels of bioavailable testosterone. Thus, several studies have
suggested that augmented bioavailable testosterone can directly regulate the accumulation of visceral
fat through androgen receptors in the adipocytes of the abdominal fat [25]. Additionally, Ziaei et al.
reported that free testosterone correlated with the BMI and waist circumference in postmenopausal
women [26]. Oral administration of androgens to postmenopausal women preferentially augmented
the levels of visceral abdominal fat [27].
Excessive visceral abdominal fat can cause metabolic alterations, especially in fatty acid metabolism,
in postmenopausal women. Visceral fat is reported to be associated with a high lipolysis rate (breakdown
of triacylglycerol (TG) into glycerol and free fatty acid (FFA)), which results in an increased flux of
FFA to the liver and enhanced hepatic insulin resistance. One of the strategies for treating insulin
resistance involves elimination of the excess FFAs [21,28]. The adipose tissues of postmenopausal and
premenopausal women exhibit differential lipid metabolism. The basal lipolysis rate in the gluteal
adipose tissue of postmenopausal women was 77% lower than that in the gluteal adipose tissue of
premenopausal women. Further, the activity of adipose tissue lipoprotein lipase (AT-LPL)—which
catalyzes the conversion of TG into FFAs for uptake and storage of TG by the adipocytes and plays a
major role in the accumulation and distribution of fat stores—was significantly higher in the gluteal and
abdominal adipose tissues of postmenopausal women in than that of premenopausal women. Thus,
lower lipolysis rate and higher AT-LPL activity may predispose postmenopausal women to increased
accumulation of body fat after menopause [29,30]. Takahashi et al. comparatively evaluated fatty acid
metabolism between premenopausal and postmenopausal women. Interestingly, postmenopausal
women exhibited significantly higher concentrations of fatty acid metabolites, such as heptanoate
(C7:0), octanoate (C8:0), and pelargonate (C9:0), in the visceral fat (but not in subcutaneous fat) than
premenopausal women. This may result in enhanced fatty acid metabolite accumulation in the visceral
fat due to elevated lipolysis. The expression of transcripts encoding adiponectin, PPAR-γ, and fatty
acid transporter in the gluteal fat of estrogen-depleted postmenopausal women was significantly
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higher than in the gluteal fat of premenopausal women. These findings indicate that gluteal fat may be
insulin-resistant and might contribute to the accumulation of body fat after menopause, which may be
related to the development of metabolic syndrome [30,31]. Metabolic syndrome is defined as a cluster
of conditions characterized by impaired glucose metabolism, high blood pressure, central obesity,
and low LDL-C and high triglyceride levels [32]. Recent studies indicate that metabolic syndrome is
more prevalent among postmenopausal women than premenopausal women [33]. Importantly, half
of the postmenopausal, Iranian women have been reported to suffer from metabolic syndrome [34].
Therefore, preventive strategies must be devised for combating the impaired metabolic changes in
postmenopausal women.
2.2. Menopause-Associated Changes in Fat-Free Mass (FFM) and Basal Metabolism
One of the noticeable changes in body composition that is associated with the age of women is the
loss of FFM, or lean body mass (LBM). Generally, there is increased intra-abdominal adipose tissue and
decreased fat in the hip–thigh area among women [31]. Many cross-sectional studies using dual-energy
X-ray absorptiometry (DEXA) have reported that postmenopausal women exhibit lower FFM or LBM
in the whole body, trunk, and lower extremity regions than premenopausal women [35]. The loss of
FFM or LBM is likely to coincide with menopausal transition, which suggests that sarcopenia may be
related to the menopausal status [36]. Sarcopenia refers to the degenerative loss of skeletal muscle
that occurs at a rate of 3%–8% every 10 years after the age of 30 years, and accelerates with age. This
condition is associated with increased risk of functional disability, falls, fracture, and overall mortality
among the elderly [37]. Women develop sarcopenia earlier than men, and the incidence of sarcopenia
increases rapidly during the menopausal period [38]. Interestingly, a six-year follow-up study by
Poehlman et al. reported that menopausal women lost more FFM than age-matched premenopausal
women [36]. Recently, Kim et al. reported that one out of five relatively healthy Korean menopausal
women aged over 65 years exhibited a decrease in muscle mass, and 7.6% of the women exhibited a
decrease in muscle mass and strength. The study also reported that sarcopenia also intensified with
aging [39].
The loss of FFM or skeletal muscle induces an age-related decline in the basal metabolic rate
(BMR) [40]. The loss of FFM or LBM and gain of adipose tissue can alter the BMR. The BMR or
resting energy expenditure (REE)—which is the product of energy exchanges occurring in all human
cells—is the amount of energy—in calories—required to maintain biological life functions, including
the regulation of body temperature, contraction and relaxation of muscles, breathing, blood circulation,
cell growth, and functions of the brain and neurons [16]. Generally, BMR constitutes approximately
60%–75% of the diurnal calorie expenditure. However, BMR can vary highly among individuals [41].
FFM or skeletal muscle accounts for approximately 60%–85% of the body mass, which is regarded
as an energy consumer and a major determinant of REE [42], whereas fat mass acts as a storage site
for surplus energy. Therefore, changes in the body composition in women—around the menopausal
period—such as the loss of FFM leads to a decrease in the BMR. Thus, the physical body of menopausal
women expends less energy to maintain the basic life processes [43].
Although the causality between the incidence of sarcopenia and menopausal status is still
controversial [44], it is generally accepted that natural age-related menopause is associated with an
accelerated loss of FFM or skeletal muscle, which is associated with decreased energy expenditure
during rest and physical activity [45]. These changes may indicate alterations in energy metabolism.
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3. Menopause-Associated Changes in Lipid Metabolism
3.1. Lipids: Lipoproteins, Apolipoproteins, LDL-C, High-Density Lipoprotein (HDL) Cholesterol (HDL-C), and
TGs (Triglycerides)
3.1.1. Lipoproteins
Lipoproteins, which comprise proteins and lipids, play a major role in transporting the endogenous
lipids. These are circulating lipids that are not directly absorbed from the intestine but are processed
through various tissues, especially the liver. The lipoprotein fractions are classified as follows, based on
increasing density: chylomicrons, very-low-density lipoproteins (VLDLs), LDLs, and HDLs7 [46,47].
3.1.2. Apolipoproteins
Apolipoproteins are the protein components of lipoproteins that stabilize the lipoproteins when
they pass through the blood. Additionally, apolipoproteins are involved in several important functions,
such as conferring specificity to the lipoprotein complexes, which are recognized by specific receptors
expressed on cell surfaces.
3.1.3. LDL-C
LDL fraction—a major carrier of cholesterol—binds about 60% of the total serum cholesterol. The
function of LDL is to transport cholesterol to the tissues. Additionally, LDL-C forms a part of the plasma
membrane or can be converted into various metabolites, including steroid hormones [28]. Therefore,
the function of LDL is not restricted to depositing cholesterol and other lipids in the peripheral cells.
Furthermore, peripheral cells also express the LDL receptor, apoB-100. As LDL-targeted cells include
cells of the vascular endothelium, high concentration and activity of LDL have serious implications in
the etiology of CVDs [48]. LDL contributes to the formation of plaque, which is a thick, hard deposit that
can clog the arteries, thereby compromising the flexibility of arteries, resulting in atherosclerosis [49].
Patients with type 2 diabetes exhibit dyslipidemia characterized by low HDL and high TG levels due
to insulin resistance and increased levels of LDL [50].
3.1.4. HDL-C
The HDL fraction of serum lipoproteins inhibits the deposition of LDL-C. The major functions of
HDL are removing unesterified cholesterol (free cholesterol) from cells and removing cholesterol from
other lipoproteins. HDL delivers the cholesterol accumulated in various cells and lipoproteins to the
liver, where it is excreted via bile [51]. This is accomplished via two key properties of HDL. The first is
that HDL can bind to the receptors expressed on both hepatic and extrahepatic cells. These cells contain
receptors specific for HDL or LDL that can be bound by HDL through its apoE component. The second
property of HDL is by virtue of its apoA-1 component, which activates LCAT (lecithin-cholesterol
acyltransferase, also called phosphatidylcholine–sterol O-acyltransferase) [51], an enzyme that converts
free cholesterol into cholesteryl esters. The free cholesterol (recipient) substrate is derived from the
plasma membrane of cells or surfaces of other lipoproteins. Subsequently, the cholesteryl esters can be
exchanged between the plasma lipoproteins, which is mediated by a transfer protein, cholesterol ester
transfer protein (CETP). LCAT-mediated conversion of free cholesterol to cholesteryl esters facilitates
the delivery of cholesterol from nonhepatic cells as well as from other lipoproteins [51]. The cholesteryl
esters can be directly transported to the liver by HDL, or indirectly by LDL after the ester is transferred
from HDL to LDL by CETP. The esters accumulated in the liver cells can be hydrolyzed by cholesterol
esterase to release free cholesterol, which is excreted as a bile salt in the bile through a process called
reverse cholesterol transport. This is the main pathway for cholesterol excretion from the body [52].
HDL decreases the levels of accumulated cholesterol in the endothelium of blood vessels, which is
beneficial for the cardiovascular system and aids in preventing the formation of fatty plaques and
atherosclerosis [52]. One-fourth to one-third of blood cholesterol can be transported by HDL. Thus, an
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optimal HDL level may protect against heart attack and stroke, while low HDL levels are reported to
increase the incidence of coronary heart disease (CHD) [53].
3.1.5. Triglycerides
TGs (Triglycerides) are another type of fats that differ from lipoproteins in that TGs are involved in
energy metabolism. Most stored body fat is in the form of TGs, which represent a highly concentrated
form of energy and account for nearly 95% of dietary fat. To generate energy, fatty acids are released in
nonesterified form, which is the FFAs, from TGs in the adipose tissue. The FFAs are then transported
by binding albumin to various tissues for oxidation. Elevated blood TG levels are reported to be
associated with CVDs, type 2 diabetes, and atherosclerosis [54].
3.2. Menopause-Associated Alterations in Various Lipids
Menopausal women are at high risk for developing CVDs due to dysregulated lipid metabolism
and estrogen deficiency [55]. The SWAN study involved 2659 women with baseline ages ranging from
42 to 52 years who were in the premenopausal or menopausal transition states. The study reported
that the alterations in various body fats were related to the changes in the menopausal status and
concentrations of E2 and follicle-stimulating hormone (FSH). The alterations in various fats were
initiated during the late phases of menopause. The levels of total cholesterol, LDL, triglycerides,
and lipoprotein peaked during menopausal transition and the early postmenopausal stage [22,25].
The SWAN study also reported that the middle-aged women with the highest quartile E2 levels had
the lowest levels of total cholesterol and LDL, whereas women with the lowest quartile FSH levels
had the highest levels of total cholesterol and LDL-C. Lower levels of E2 and sex hormone-binding
globulin were associated with medium to low LDL concentrations, while higher levels of FAI (free
androgen index) were associated with higher cholesterol, TG, and LDL levels and lower HDL levels in
middle-aged premenopausal women [56]. The changes in sex hormone levels and lipid metabolism
may also increase the risk of CHD in women [23].
Moreover, several studies have reported that there is a positive correlation between menopausal
status and high levels of total cholesterol, LDL, apo-B, and high total cholesterol-to-HDL ratio [57,58].
Recently, Anagnostis et al. reported that the total cholesterol-to-HDL ratio also increased with
menopause. The total cholesterol-to-HDL ratio is a better indicator of CVD than total cholesterol
itself [59]. A community-based cohort study explored the changes in serum lipid profile during
menopausal transition in Chinese women. In total, 593 healthy women aged 35–64 years were
followed-up annually for up to 3 years. Menopausal transition in these women exhibited a correlation
with the serum lipid profile. The total cholesterol, TG levels, and total cholesterol-to-HDL ratio peaked
in women exhibiting menopausal transition compared with those in the premenopausal women.
Contrastingly, there was no significant change in HDL-C among the different menopausal status
groups [60]. LDL particle size and density also changed with the menopausal status. The levels of
small and dense LDL particles increased from 10%–13% in premenopausal women to 30%–49% in
postmenopausal women [16]. The small and dense LDL is reported to be an important determinant of
atherosclerosis and CVDs in postmenopausal women [61].
3.3. Correlation between Menopausal Status and HDL-C
Some studies have reported that HDL-C levels increase after menopause. The longitudinal
SWAN study reported that the HDL-C levels increase gradually from premenopause and peak during
menopausal transition. Subsequently, HDL-C levels gradually decline till late postmenopause [57].
However, some studies have indicated a decrease in the levels of plasma HDL-C. A cohort study on
541 healthy middle-aged women followed up through menopause reported that postmenopausal
women exhibit a decline in HDL-C levels (mean, 0.53–0.43 mmol/L) and a gradual increase in LDL-C
levels (mean, 3.14–3.33 mmol/L) [62]. Similarly, the Women’s Health in the Lund Area (WHILA) study
involving 6908 women reported that postmenopausal women exhibit significantly lower levels of
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plasma HDL-C than premenopausal women [63]. Additionally, follow-up data from the Healthy
Women Study demonstrated that menopausal transition was associated with decreased HDL-C levels
and increased LDL-C and TG levels relative to that in the postmenopausal stage [64]. The changes
in HDL-C accompanying the menopausal status may be more complex than that indicated by the
measurement of plasma levels of total HDL-C. Recent studies have suggested that the changes in
the proportion of HDL subclasses are more strongly associated with the menopausal status than the
changes in the total HDL-C. Most of the available evidence suggests that menopausal transition period
and menopause are characterized by increased levels of small HDL subfraction 3 cholesterol (HDL 3-C)
and decreased levels (by 25%) of large, buoyant, cardioprotective HDL subfraction 2 cholesterol (HDL
2-C). Additionally, the levels of small dense LDL particles increased up to 30%–49% in menopause [65].
Some studies suggest that HDL 2-C is more active in reverse cholesterol transport and has better
antiatherogenic properties than HDL 3-C [52].
3.4. Adiposity Associated with Menopause
The degree of accumulation of body fat is referred to as adiposity, which is commonly used
to indicate excess body fat [66]. A well-documented metabolic phenotypic feature observed after
menopause is an increased tendency for body fat deposition in the abdominal region with greater
waist circumference [43]. The rapid decline in ovarian function and the subsequent decline in the
production of circulating steroid-based sex hormones—such as estrogen—associated with menopause
results in increased overall adiposity, especially the abdominal visceral adiposity [67,68]. Increased
adiposity in postmenopausal women is significantly associated with hyperinsulinemia, which suggests
that insulin resistance may be responsible for the development of the key features of postmenopausal
dyslipidemia [69], obesity [70], metabolic syndrome [71], and type 2 diabetes [72].
Age-related loss of ovarian hormones was examined in human (menopause) and animal models.
Menopause induces the loss of ovarian hormones that contributes to alterations in the distribution of
adipose tissue. The significant decrease in both estrogen and progesterone due to follicular depletion
results in a more androgenic pattern of fat distribution (central or abdominal adiposity) [20]. OVX
mice—a surgical menopause model—exhibit a significant increase in body weight due to reduced
energy expenditure and increased food consumption. Additionally, several clinical disorders, such
as increased peripheral inflammation, augmented insulin resistance, and magnified adipose tissue
cells, have also been observed in the OVX mice [73,74]. However, the OVX mice recovered from these
clinical features upon being supplemented with estrogen (E2). Estrogen is also reported to exhibit a
strong inhibitory effect on key adipogenic genes, such as PPAR-γ, CEBPb (CCAAT-enhancer-binding
proteins), and lipin1 in non-OVX female and OVX female mice supplemented with estrogen [74].
The function of estrogens can be transduced by nuclear receptors—which belong to the superfamily
of nuclear receptors—that also act as transcription factors. There are two types of estrogen receptors:
estrogen alpha (ER α) and estrogen beta (ER β) receptors [75]. Both ER α and ER β are expressed in
the human subcutaneous and visceral adipose tissues [76]. The specificity of ER α lies in its ability
to regulate the activity of adipose tissue cells and fat distribution underlying sexual dimorphism.
Studies on male and female ER α whole-body knockout mice reported that the absence of ER α causes
a near doubling of adipocyte hyperplasia and hypertrophy, insulin resistance, hyperlipidemia with
smaller LDL particles, and glucose intolerance in both sexes, which suggests that estrogens play a
protective role against these phenomenon [77,78]. The knockdown of adipocyte-specific ER α (Adipo
ER α) is reported to increase the body weight, adipose tissue mass, and adipocyte size in females. This
indicated that adipocyte ER α regulates body fat distribution, adipose tissue inflammation, and fibrosis.
Thus, adipocyte ER α is necessary for mediating the beneficial effects of estrogen on metabolism [79].
Adipokines such as leptin, adiponectin, resistin, and ghrelin can modulate the size and number of
adipocytes and angiogenesis through the paracrine system, and are thus involved in regulating the
fat mass [80]. Moreover, adipokines are also involved in the regulation of blood pressure, blood clot
formation, lipoprotein metabolism, immune function, and inflammatory reactions [81]. Menopause is
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associated with marked elevation in the levels of leptin and resistin and downregulation of ghrelin and
adiponectin. Postmenopausal women with a history of hypertension exhibited increased blood leptin
levels [82]. Further, postmenopausal women with low bone mineral density exhibited significantly
high circulatory levels of adipocyte-secreted hormones (adiponectin, resistin, PAI-1, and adipsin) [83].
This indicated that altered adipokine levels may play a crucial role in the pathogenesis of metabolic
disorders, such as hypertension, CVD, and osteoporosis. High leptin levels along with low adiponectin
levels exert a positive effect on insulin resistance markers. Thus, adipocytokine levels may account for
postmenopausal dyslipidemia resulting from insulin resistance [84].
3.5. Obesity Associated with Menopause
Obesity is mostly defined as per the established classification metrics with respect to the BMI [66,85]
and as an abnormal or excess total body fat that presents a health risk [86]. BMI is a simple
index of weight-to-height (kg/m2 ), and the World Health Organization (WHO) defines obesity as
a BMI ≥ 30 kg/m2 , overweight as BMI 25–29.9 kg/m2 , and underweight as BMI < 18.5 kg/m2 [86].
Obesity is a precursor condition for various disorders, such as CVD, metabolic syndrome, and type 2
diabetes [87,88]. It is caused by a combination of both hereditary and environmental factors [89].
Women in midlife exhibit continuous weight gain. However, the reasons for increased obesity
among menopausal women are not fully understood and are contradictory. There are several
inconsistencies among studies that have reported a correlation between body mass and age among
postmenopausal women due to differences in study design, analysis, or the verifying control of
confounding variables [12].
One of the major reasons for increased obesity among menopausal women is the decreased level
of estrogens. Obesity is associated with a higher probability of surgical menopause, where the ovaries
are surgically removed by bilateral oophorectomy [2]. Clegg et al. demonstrated that the absence of
estrogens may be an important obesity-triggering factor [90]. Moreover, some studies have reported
that estrogen deficiency enhances metabolic dysfunction and predisposes the individual to type 2
diabetes, metabolic syndrome, and CVD [16]. Aromatase (estrogen synthase) knockout mice—that
cannot synthesize E2—are obese and insulin-resistant [91]. As described previously, ERα appears to be
a key regulator of obesity because ERα knockout mice exhibit increased obesity and glucose intolerance
compared with wild-type female mice [77,92]. A recent study reported that postmenopausal women
who have received aromatase inhibitors for the treatment of breast cancer exhibited higher body fat
percentage and insulin resistance than control subjects without a history of breast cancer [93].
A reduction in energy expenditure during midlife can also cause obesity during menopause.
According to a four-year follow-up study, women undergoing menopause exhibited a greater decrease
in energy expenditure than premenopausal women [94], which may be attributed to the reduction in
physical activity. The loss of LBM leads to a reduction in basal energy metabolism with aging [95]. A
population-based cross-sectional study involving 292 Brazilian women reported that a higher risk of
overweight/obesity was associated with (odds ratio (OR), 2.1; 95% confidence interval (CI) 1.233–3.622;
p = 0.006) a waist circumference >88 cm (OR, 1.7; 95% CI 1.054–2.942; p = 0.03) for inactive women.
Even after adjustment for age, menopause status, smoking, and hormone therapy, inactive women
were associated with a higher risk of diabetes mellitus (OR, 2.7; 95% CI 1.233–6.295; p = 0.014) and
metabolic syndrome (OR, 2.5; 95% CI 1.443–4.294; p = 0.001). These results suggest that the reduction in
energy expenditure due to a sedentary lifestyle before menopause may be associated with an increased
risk of developing obesity [96].
4. Menopause-Associated Alleviation of Dysregulated Lipid Metabolism
Dysregulation of lipid metabolism and accumulation of visceral adipose tissue after menopause
can be caused by estrogen deficiency. However, the effect of diet on obesity and metabolic syndrome is
still unclear. In this section, we would discuss diets that would help postmenopausal obese women
introduce important nutrients and beneficial compounds in their food.
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4.1. Dietary Recommendations
Hormonal and metabolic changes in women undergoing menopause are associated with increased
body weight and visceral fat accumulation, which results in the prevalence of high abdominal obesity.
As mentioned previously, insulin, total cholesterol, LDL-C, HDL-C, and total cholesterol-to-HDL ratio
are usually altered in postmenopausal women with a 50% risk of having metabolic syndrome [33]. In
this section, we will discuss the recommended diets for obese postmenopausal women. According
to the North American reference standards for nutrients, macronutrient portions should consist of
approximately 10%–35% protein-derived energy, 45%–65% carbohydrate-derived energy, and 20%–35%
fat-derived energy [97]. The requirements of several key nutrients, such as protein, vitamin D, vitamin
B-12, fiber, and fluid, must be met in a hypocaloric diet for older obese adults [98]. The 2013 American
Heart Association (AHA)/American College of Cardiology (ACC) Guideline for Obesity prescribed
the following methods to reduce food and calorie intake for weight loss: (a) 1200–1500 kcal/day for
women (kilocalorie levels are usually adjusted for the individual’s body weight), (b) a 500 kcal/day or
750 kcal/day energy deficit, (c) one of the evidence-based diets that restricts certain food types (such as
high-carbohydrate foods, low-fiber foods, or high-fat foods) to create an energy deficit and reduce
food intake. One of the above methods can be used to reduce food and calorie intake [99].
The current recommended dietary allowance (RDA) for dietary protein intake is 0.8 g/kg/day for
adults [100]. As per dietary reference intakes for Koreans 2015, the current dietary recommendation for
protein is 40–45 g/day for Korean women [101]. However, the prevalence of sarcopenia was recently
observed among postmenopausal women. Women develop sarcopenia earlier than men, and the
incidence of sarcopenia increases rapidly during the menopausal period [102]. Therefore, the loss of
skeletal muscle can lead to significant changes in amino acid metabolism as the skeletal muscle contains
53%–75% of all proteins present in the human body. Thus, low dietary protein intake may limit weight
loss and result in sarcopenia. However, this can be acutely reversed using nutritional adjustments and
exercise [103]. Moreover, several intervention trials have reported that the partitioning of weight loss
between fat and lean mass with a greater fat-to-lean mass ratio is present in middle-aged and older
women on a high-protein hypocaloric diet. Therefore, higher protein intake (1.0–1.2 g/kg/day) may
compensate for some loss of muscle mass during weight loss [104–106].
Low-energy diet is also recommended for postmenopausal women to prevent metabolic alterations.
A cross-sectional study involving 4984 Korean women reported that the traditional healthy diet
involving high consumption of sea fish, seaweeds, dairy products, cereals, fresh vegetables, and fruits
and low consumption of fast foods, animal fat-rich foods, sweets, and fried foods has a protective effect
against the dysregulation of lipid metabolism (lower TG and higher HDL-C). A healthy diet exhibits a
significant protective effect against metabolic syndrome among postmenopausal women relative to
that of a Western diet, which is unbalanced and has high energy, and abundant carbohydrates and
saturated fats (OR (95% CI) for highest vs. lowest quartile = 0.60 (0.41–0.86); p for trend = 0.004).
Additionally, a healthy diet exerts protective effects against blood pressure and TG levels—during
menopausal transition—and obesity and HDL-C among postmenopausal women [107].
4.2. Beneficial Foods and Their Sources for Postmenopausal Women
4.2.1. Vitamin D
Vitamin D is a unique nutrient as it can be synthesized by the body with the help of sunlight.
Therefore, vitamin D is not an essential nutrient. Most people do not require dietary vitamin D if they
are exposed to sufficient sunlight every day. Vitamin D—synthesized from sunlight or obtained from
food—is activated via chemical transformations in the liver and kidneys [108]. Although vitamin
D can be easily obtained, recent surveys indicate that many people, particularly African Americans
and Mexican Americans, suffer from vitamin D insufficiency [109]. According to a Korean National
Health and Nutrition Examination Survey 2010–2011, 65.9% of Korean men and 77.7% of Korean
women (age ≥ 10 years) exhibited below optimal levels of blood serum vitamin D (25-hydroxyvitamin
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D; 25(OH)D; 20 ng/mL) [110]. The prevalence of 25(OH)D deficiency (<10 ng/mL) was significantly
higher among women than that among men [111].
It is important to understand the role of vitamin D to examine the deficiency of vitamin D. Vitamin
D is the best-known nutrient among the various micronutrients and hormones which interact to
regulate the balance between blood calcium and phosphorus levels. Therefore, vitamin D is essential
for maintaining bone integrity [112]. Calcium is indispensable for the proper functioning of cells in all
body tissues, including muscles, nerves, and glands, which obtain calcium from the blood. Vitamin
D acts at three sites in the body to replenish the blood calcium levels [113]. The skeleton serves as a
vast warehouse of stored calcium that can be utilized when the blood calcium levels decrease. Only
two other organs can increase blood calcium, the digestive tract, which provides dietary calcium and
kidneys, which recycle calcium that would otherwise be excreted in the urine. Vitamin D functions
as a hormone as it is synthesized by one organ and acts on others [114]. In addition to regulation of
the bone mass, vitamin D functions at the genetic level to regulate cell growth, multiplication, and
specialization. Moreover, vitamin D affects over 30 body tissues, including hair follicles, reproductive
system cells, and immune cells [115].
Studies on the role of vitamin D suggest that vitamin D deficiency may cause several diseases,
including high blood pressure, CVD [116], some common cancers [117], infections (such as tuberculosis
and flu) [118], inflammatory conditions, autoimmune diseases (such as type 1 diabetes and rheumatoid
arthritis) [119], psoriasis [120], and multiple sclerosis [121], and that it is even associated with a higher
risk of mortality [122].
A recent study reported the correlation between serum 25(OH)D levels and the alteration of
lipid profile among postmenopausal women [123]. Vitamin D is a fat-soluble vitamin that can be
stored in the SATs. Interestingly, Holick et al. reported that the bioavailability of vitamin D decreases
in obese individuals. Thus, obesity—a major outcome of lipid metabolism dysregulation—is one
of the causes of vitamin D deficiency in obesity-related diseases [109]. A cross-sectional analysis of
292 postmenopausal women aged 50–79 years in the Women’s Health Initiative Calcium–Vitamin
D trial revealed that higher serum 25(OH)D levels were inversely correlated with adiposity, BMI,
and waist–hip ratio. This indicated that postmenopausal obese women are susceptible to vitamin
D deficiency [124]. Vitamin D deficiency is also associated with high TG levels in the blood. A
cross-sectional study involving 778 postmenopausal Korean women reported that women in the
lowest quartile 25(OH)D level (4.2–9.7 ng/mL) group were associated with a significantly increased
risk of metabolic syndrome (OR = 2.44, 95% CI: 1.32–4.48, p < 0.05) compared with that in women in
the highest quartile 25(OH)D level (19.9–55.9 ng/mL) group. Low serum 25(OH)D levels were also
associated with some metabolic disorders, especially elevated blood pressure (95% CI, 1.15–2.85) and
high TG level (95% CI, 1.64–4.57) [125]. The Korean National Health and Nutrition Examination Survey
(KNHANES 2008–2010) revealed that postmenopausal women in the highest quartile serum 25(OH)D
level group exhibited a significant decrease in the prevalence of elevated blood pressure, elevated
TGs, and reduced HDL-D when compared with the postmenopausal women in the lowest quartile
serum 25(OH)D level (p = 0.02, 0.014, and 0.002, respectively) group. This suggests that serum levels of
25(OH)D are significantly associated with a decrease in elevated blood pressure, elevated TG, and
reduced HDL-C levels in postmenopausal women [126].
In adults, inadequate vitamin D intake may lead to poor mineralization of the bone, which results
in osteomalacia, a painful bone disease in which the bones become increasingly soft, flexible, brittle, and
deformed. Low vitamin D levels among elderly individuals may result in painful joints and muscles.
Vitamin D deficiency also causes loss of calcium from the bones, which can result in osteoporotic
fractures [127]. Vitamin D supplementation is indispensable for menopausal women as it promotes
bone metabolism and prevents osteomalacia and osteoporosis [123].
A randomized controlled trial involving 76 healthy postmenopausal women with vitamin D
deficiency (defined as a 25(OH)D level < 75 nmol/L)—in which the vitamin D deficiency group
randomly received vitamin D 2000 IU once daily for 12 weeks—revealed that the lipid profile and
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blood pressure of the vitamin D deficiency group were not significantly different from those of
the control groups [128]. Various studies have demonstrated that low serum vitamin D levels are
correlated to several metabolic conditions, such as elevated TG, low HDL-C, and high blood pressure,
in postmenopausal women [129].
Interestingly, vitamin D has been reported to be important not only in alleviating metabolic
diseases, but also in improving the quality of life in postmenopausal women [130]. The intake of
calcium, vitamin D, and insulin along with isoflavones is reported to have a positive effect on the
quality of life parameters (hot flashes, anxiety, and depressive symptoms), sexual life [131], body
composition, and metabolic parameters in menopausal women. The ingestion of equal and resveratrol
is also recommended to improve the quality of life parameters, such as dryness of vagina, heart
discomfort, and sexual problems, in healthy postmenopausal women [132].
However, the role of vitamin D supplementation in preventing the alteration of lipid metabolism
in menopausal transition and postmenopausal women needs to be investigated further.
4.2.2. Dietary Reference Intake (DRI) and Food Sources of Vitamin D
DRI recommendations for vitamin D among adults are as follows: 5 µg/day (19–50 years),
10 µg/day (51–70 years), 15 µg/day (>70 years). The tolerable upper vitamin D intake for adults is
50 µg/day [133]. In the USA and Canada, milk (fluid, dried, or evaporated) is fortified with vitamin
D. Furthermore, 3/4 cup of enriched cereal, 3 oz (85 g) of sardines, 3 oz of salmon, 3 oz of tuna (light,
canned), 1 tablespoon of cod liver oil, and 1 cup of fortified milk contain 1, 5.8, 15.3, 5.7, 11, and 3.2 µg
of vitamin D, respectively. Additionally, exposure to sunlight promotes vitamin D synthesis in the
skin [134].
4.2.3. Omega-3 Fatty Acids
The human body can use carbohydrate, fat, or protein to synthesize almost all fatty acids, except
linoleic acid and linolenic acid [135]. The human cells cannot synthesize these two polyunsaturated
fatty acids (PUFAs) from starch. Moreover, the cells cannot convert linoleic acid to linolenic acid and
vice versa [135]. Therefore, linoleic and linolenic acids are essential fatty acids that must be obtained
from the diet.
Linoleic acid is a polyunsaturated omega-6 fatty acid family member that belongs to one of the
two families of essential fatty acids. Thus, the human body cannot synthesize linoleic acid from
other nutrients. If linoleic acid is consumed as a part of the diet, the human body can synthesize
other necessary omega-6 fatty acids, such as arachidonic acid, prostaglandins, leukotrienes, and
thromboxane [136]. Among them, arachidonic acid is the starting material for the synthesis of several
eicosanoids. Omega-6 fatty acids are abundant in various nuts and fatty seeds, such as flax seeds,
poppy seeds, sesame seeds, and their derived vegetable oils [137].
Linolenic acid is a polyunsaturated omega-3 fatty acid family member. Linolenic acid is an
essential fatty acid and thus must be acquired through dietary intake. Both linoleic and linolenic
acid fatty acids are members of a family of fatty acids, namely eicosapentaenoic acids (EPAs; 20:5
omega-3 fatty acid) and docosahexaenoic acid (DHA; 22:6 omega-3 fatty acid), that are of great interest
to scientists in relation to CVDs and human development. Although the human body can synthesize a
very small amount of these omega-3 fatty acids, they can be supplied through the consumption of oily
fishes (cod liver, herring, mackerel, salmon, menhaden, and sardine) or fish oils. These essential fatty
acids serve as raw materials for the synthesis of eicosanoids that function as hormones. EPA is a PUFA
that acts as a precursor for prostaglandin-3 (that inhibits platelet aggregation), thromboxane-3, and
leukotriene-5 eicosanoids. Eicosanoids affect multiple human body functions, such as the contraction
and expansion of blood vessels or muscles, blood coagulation, regulation of blood lipid metabolism,
and immune response to injury and infections, such as fever, inflammation, and pain, by slowing the
synthesis [138].
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Omega-3 fatty acids exert anti-inflammatory, cardioprotective, and insulin-sensitizing effects,
whereas omega-6 fatty acids exert proinflammatory effects and increase the risk of cardiometabolic
disorders and cancer [139]. A 25 year follow-up study reported that the supplementation of long-chain
omega-3 fatty acid and non-fried fish in young adulthood is inversely associated with the incidence
of metabolic syndromes later in life [140]. A 16 year follow-up study involving 84,688 female
nurses reported that women with a higher intake of omega-3 fatty acids had a lower risk of CHD.
Moreover, the inverse correlation of omega-3 fatty acid intake via fish consumption with CHD deaths
(multivariable relative risks for fish consumption five times per week, 0.55 (95% CI, 0.33–0.90) for CHD
deaths vs. 0.73 (0.51–1.04) was stronger than that for nonfatal myocardial infarction [141]. Western
diets are insufficient in omega-3 fatty acids and contain excessive amounts of omega-6 fatty acids.
Additionally, the ratio of omega-6/omega-3 fatty acids in the Western diet ranges from 15/1 to 16.7/1.
An omega-6/omega-3 fatty acids ratio of 4/1 is associated with a 70% decrease in total mortality. A
lower omega-6/omega-3 ratio was associated with decreased risk of breast cancer in women, while
the ratio of 2–3/1 suppressed inflammation in patients with rheumatoid arthritis [135]. Therefore,
supplementation of low omega-6/omega-3 fatty acids can be useful in the prevention of CVD, cancer,
and inflammation [135]. Postmenopausal women are reported to exhibit lower omega-6/omega-3 fatty
acid ratio than premenopausal women. Healthy postmenopausal women exhibited higher omega-3
fatty acid levels than women with diabetes or CHD. A significant shift in increased omega-6 and
decreased omega-3 was observed in diabetes and CHD [142]. Recently, omega-3 fatty acids were
reported to protect against obesity and metabolic syndrome, including the lipid alteration. Tardivo
et al. reported that oral supplementation of 900 mg omega-3 per day significantly decreased BMI,
waist circumference, blood pressure, serum triglyceride, interleukin (IL)-6, and insulin resistance in a
randomized controlled trial involving 87 postmenopausal Brazilian women [143].
4.2.4. Recommendations for Omega-3 Fatty Acid Intake
The consumption of optimal amounts of omega-3 and omega-6 fatty acids is required for obtaining
health benefits from essential fatty acids. In the cells, both types compete for the same metabolic
enzymes. Thus, excess omega-6 fatty acids prevent omega-3 fatty acids from interacting with the
enzymes that convert them to the required compounds [135]. A previous study suggested that rationing
between omega-3 and omega-6 fatty acids can promote health, but this is still controversial [144]. The
AHA recommends including two fatty fish servings totaling 8 oz (227 g) a week for a heart-healthy
diet [145].
4.2.5. Food Sources of Omega-6 and Omega-3 Fatty Acids
The food sources of linoleic acid, an omega-6 fatty acid, are seeds, nuts, vegetable oils (corn,
cottonseed, safflower, sesame, soybean, and sunflower), and poultry fat. Linolenic acid, an omega-3
fatty acid, is abundant in oils (canola, flaxseed, soybean, walnut, wheat germ; liquid or soft margarine
made from canola or soybean oil), nuts, and seeds (flaxseeds, walnuts, soybeans). The food sources of
omega-3 EPA and DHA are human milk, fish, and seafood (>500 mg per 3.5 oz serving), European
seabass (bronzini), herring (Atlantic and Pacific), mackerel, oyster (Pacific wild), salmon (wild and
farmed), sardines, toothfish (includes Chilean seabass), and trout (wild and farmed). Black bass,
catfish (wild and farmed), clam, cod (Atlantic), crab (Alaskan king), croakers, flounder, haddock, hake,
halibut, oyster (eastern and farmed), perch, scallop, shrimp (mixed varieties), sole, swordfish, and
tilapia (farmed) provide 150–500 mg omega-3 EPA and DHA per 3.5 oz serving. Cod (Pacific), grouper,
lobster, mahimahi, monkfish, red snapper, skate, triggerfish, tuna, and wahoo provide less than 150 mg
per 3.5 oz serving [135].
4.2.6. Antioxidants and Their Food Sources
Antioxidants are compounds that protect biomolecules from oxidation-mediated damage.
Oxidation can potentially damage the chemical components of the normal cell. Oxidative stress
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is defined as a derangement in the balance between oxidants and antioxidants, which damages
biological structures and contributes to disease progression [146]. Oxidative stress is reported to
cause damages to the cellular components, such as proteins, lipids, and DNA [147], and increases
the levels of proinflammatory cytokines, such as tumor necrosis factor and IL-1β [146]. Moreover,
oxidative stress is associated with various diseases, such as obesity, diabetes, metabolic syndrome,
insulin resistance, atherosclerosis, and CVD, as it is closely associated with chronic inflammation
and endocrine function of adipocyte [148]. Most recent studies have reported that estrogens exert
antioxidant activity by modulating the expression of antioxidant enzymes [6]. Sack et al. reported
that endocrine disruption in systemic oxidative stress at menopause could be attributed to a change in
the levels of E2, which exerts antioxidant activity [149]. Postmenopausal women administered with
E2 exhibited increased resistance to LDL oxidative modification and pro-atherogenic transformation.
However, this antioxidant action was reversed upon discontinuation of E2 administration [149]. Several
studies have reported that E2 dose-dependently inhibits the oxidation of LDL in various ex vivo
models [150]. Furthermore, E2 is reported to decrease the concentration of atherogenic plasma lipids,
ameliorate endothelial function and inflammatory homeostasis, and increases neuronal survival at
the metabolic level [151]. Therefore, postmenopausal women usually have less effective antioxidative
defense due to the loss of estrogens. Postmenopausal women are recommended to increase their intake
of exogenous antioxidants, such as vitamins (vitamin A, β-carotene, vitamin C, and vitamin E), plant
flavonoids, and soy isoflavones. These nutrients are commonly found in fruits, vegetables, soybean,
cocoa, and tea leaf extracts. The highest antioxidant content is found in almonds [152], artichokes,
blackberries, blueberries, cherries (sour), chokeberry [153], chocolate (dark, unsweetened), cloves,
ground cranberry juice, coffee, cranberries, grape juice, cranberry juice, pomegranate juice, pecans,
raspberries, spinach, strawberries, walnuts [154], and red wine [134]. Recently, the administration of
olive leaf extract [155] and Hawthorn fruit extract [156] was reported to improve serum lipid profiles in
OVX mice via elevating mRNA expression of adiponectin and PPAR-α. Generally, antioxidants have
characteristic molecular structures with multiple bonds and aromatic rings. This enables antioxidants
to function as reducing agents and to terminate oxidative chain reactions by binding free radicals
and inhibiting various oxidative reactions, such as lipid peroxidation [6]. Free radicals are atoms or
molecules with one or more unpaired electrons that render the atom or molecule unstable and highly
reactive [157]. Lipid peroxidation is initiated on the double bonds of plasma membrane fatty acids via
free radical attack. The lipid peroxidation products are highly reactive and dose-dependently affect cell
signaling, protein, and DNA [146]. Therefore, the oxidative stress-related diseases in postmenopausal
women can be prevented by oral administration of antioxidants. The oral administration of vitamin C
(ascorbic acid) and vitamin E (alpha-tocopherol) decreases TC, LDL-C, TG, lipid peroxide, glucose, and
glycated hemoglobin levels in diabetic and nondiabetic postmenopausal women receiving hormone
therapy [158]. This indicated that the co-administration of both vitamins can further enhance the
defense against oxidative stress, not only in the aqueous phase, but also in the lipid phase of the
mitochondrial membranes [159]. Supplementation with antioxidative vitamins A, C, E, and omega-3
fatty acids significantly decreased serum lipid peroxide levels in Korean postmenopausal women with
hypercholesterolemia. Furthermore, the dietary intervention might be more effective than hormone
replacement therapy (HRT). Additionally, the group subjected to a combination of HRT and dietary
intervention exhibited reduced levels of thromboxane B2 (TBX2), which is a strong prothrombotic
factor [160].
4.2.7. Phytochemicals and Probiotics
Phytochemicals are the nutrient components of plants that contain bioactive components, which
can alter the physiology of an organism. They have been used in foods for their sensory properties, such
as taste, color, texture, and aroma. However, the ability of phytochemicals to regulate physiology is
recently gaining attention. Several phytochemicals function as antioxidants, which protect DNA, lipids,
and other cellular components from oxidative stress. Some phytochemicals bind to gene sequences
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to regulate protein synthesis, mimic hormones, and affect blood chemistry [161]. One of the largest
phytochemical groups is the flavonoids. These are detected in several plant foods, such as whole
grains, vegetables, fruits, nuts, red wine, spices, and even dark chocolate.
Probiotics are microorganisms that can be used as dietary supplements. Probiotics aid in digesting
food, producing vitamins [162], or preventing intestinal infections. Interestingly, recent studies
have demonstrated that multistrain probiotic uptake improved iron uptake [163] and positively
modified vascular endothelial function among postmenopausal obese women by decreasing arterial
stiffness [164]. Here, we summarize various phytochemicals and probiotics among the natural food
sources that can exert antioxidant and anticancer effects, attenuate alterations in lipid profile, and
protect DNA [165].
1.

2.
3.

4.
5.

6.

7.

8.

9.

10.

Alkylresorcinols (phenolic lipids) in grains may exert a protective effect by decreasing the risks of
CVD, diabetes, and several cancers. The food sources of alkylresorcinols are whole grain, wheat,
and rye [166].
Allicin (organosulfur compound) exerts antimicrobial effects that may reduce ulcers and lower
blood cholesterol. The food sources of allicin are chives, leeks, garlic, and onions [167].
Carotenoids (including beta-carotene, lycopene, lutein, and hundreds of related compounds)
act as antioxidants and may reduce the risks of cancer and other diseases. The food sources of
carotenoids are highly pigmented fruits and vegetables (apricot, broccoli, cantaloupe, carrots,
pumpkin, spinach, sweet potatoes, and tomatoes) [168].
Capsaicin inhibits blood coagulation by decreasing the risk of fatal clots in the heart and arteries.
The food sources of capsaicin are peppers [169].
Curcumin acts as an antioxidant and anti-inflammatory agent, which may decrease blood
coagulation and suppress enzymes that activate carcinogens. The food source of curcumin is
turmeric, a yellow-colored spice [170].
Flavonoids (including flavones, flavanols, isoflavones, and catechins) exert an antioxidant effect.
They scavenge reactive oxygen species and carcinogens and bind to nitrates in the stomach, which
prevents the conversion to nitrosamines. Additionally, flavonoids inhibit cell proliferation. The
food sources of flavonoids are berries, black tea, celery, citrus fruits, green tea, olives, onions,
oregano, purple grapes, purple grape juice, soybean, soy products, vegetables, whole wheat, and
wine [165].
Genistein and daidzein (isoflavones) are phytoestrogens that are structurally similar to the female
sex hormone, estrogen and weakly mimic or modulate estrogen in the human body [171]. They
inhibit cell proliferation in the gastrointestinal (GI) tract, which may reduce the risk of breast,
colon, ovarian, prostate, and other estrogen-sensitive cancers and osteoporosis [172]. The food
sources of genistein and daidzein are soybeans, soy flour, soymilk, tofu, textured vegetable
protein, and other legume products.
Indoles (organosulfur compound) may trigger the production of enzymes that inhibit
carcinogen-mediated DNA damage and estrogen activity. The food sources of indoles are
cruciferous vegetables, such as broccoli, Brussels sprouts, cabbage, cauliflower, horseradish,
mustard greens, and kale [173].
Isothiocyanates (organosulfur compounds that include sulforaphane) function as antioxidants,
inhibit enzymes that activate carcinogens [174], and activate enzymes that detoxify carcinogens,
and thus reduce the risk of breast cancer and prostate cancer. The food sources of isothiocyanates
are cruciferous vegetables, such as broccoli, Brussels sprouts, cabbage, cauliflower, horseradish,
mustard greens, and kale.
Monoterpenes (including limonene) may trigger enzyme production to detoxify carcinogens and
inhibit cancer progression and cell proliferation. The food sources of monoterpenes are citrus
fruit peels and oils [175].
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Phenolic acids may promote enzyme production that increases the water solubility and excretion
of carcinogens. The food sources of phenolic acids are coffee beans, fruits (apples, blueberries,
cherries, grapes, oranges, pears, and prunes), oats, potatoes, and soybeans [176].
Resveratrol functions as an antioxidant and can suppress cancer cell growth. Additionally,
resveratrol reduces inflammation, LDL oxidation, and blood clot formation. The food sources of
resveratrol are red wine, peanuts, grapes, and raspberries [177].
Saponins (glucosides) may interfere with DNA replication and prevent cancer cell [178]
proliferation and stimulate immune response [179]. The food sources of saponins are soybean,
alfalfa sprouts, other sprouts, green vegetables, potatoes, and tomatoes.
Tannins act as antioxidants that may inhibit carcinogen activation and cancer progression [180].
The food sources of tannins are black-eyed peas, grapes, lentils, red and white wine, and tea [134].
Probiotics promote the digestion of food, produce vitamins [162], or protect probiotic bacteria
from intestinal infections. The food sources for probiotics are yogurt and other fermented foods.
The multi-strain probiotics also improve insulin resistance, endothelial dysfunction, and iron
uptake [164].

4.2.8. Whole Foods: Best Antioxidant Supplements
Generally, the body absorbs nutrients from a complex mixture in foods [181]. If the nutrients are
consumed in a purified and concentrated form, they are likely to interfere with the absorption of other
nutrients or with the absorption of other nutrients from foods consumed at the same time. These effects
are especially well-documented in case of minerals. For instance, zinc disrupts absorption of copper
and calcium, iron disrupts absorption of zinc, and calcium disrupts absorption of magnesium and
iron [182]. Among vitamins, vitamin C supplements enhance the absorption of iron, which may result
in enhanced iron absorption in susceptible individuals. A high dose of vitamin E interferes with the
functions of vitamin K, which delays blood clotting and increases the risk of brain hemorrhage [182] and
blocks the entry of useful vitamin E isomers into the bone [183]. The vitamin A precursor, beta-carotene,
impairs vitamin E metabolism [182]. These interactions serve as a drawback for the use of purified
supplements. Therefore, natural, whole foods are the best source of nutrients.
5. Conclusions
Women experience menopause with aging. Menopause may lead to various changes in lipid
metabolism due to reduced estrogen secretion. These changes include enhanced fat mass and decreased
FFM, which affects the BMR. Additionally, these changes increase the susceptibility to adiposity and
obesity. As menopause is associated with altered lipid levels and increased risk of metabolic disorders,
including CVD, postmenopausal women must consume recommended diets and beneficial foods.
The strength of this study is that the lipid metabolic disorders associated with menopause were
comprehensively summarized right from the basic physiological modifications, including alterations
in E2 to dysregulated lipid metabolism along with references. However, the limitation of this review is
that physical activity, which is a prominent factor affecting metabolic changes in menopausal women,
was not reviewed.
The correlation between the menopausal state and alterations in lipid metabolism should be
understood to prevent growing problems of obesity-related disorders, including metabolic syndrome.
To protect the cellular components from oxidative stress caused due to estrogen deficiency, further
studies are needed to develop energy-balanced dietary interventions, antioxidative foods—and their
sources—depending on the menopausal status. Menopause is associated with various alterations
in lipid metabolism due to estrogen deficiency. Therefore, supplying beneficial foods such as those
described in this review will enable postmenopausal women to counteract these changes.
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adipose tissue lipoprotein lipase
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lean body mass
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very-low-density lipoproteins
low-density lipoproteins
high-density lipoproteins
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cholesterol ester transfer protein
coronary heart disease
follicle-stimulating hormone
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CCAAT-enhancer-binding proteins
estrogen receptor α
estrogen receptor β
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American Heart Association
American College of Cardiology
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cardiovascular disease
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eicosapentaenoic acid
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thromboxane B2

Nutrients 2020, 12, 202

17 of 25

References
1.

2.
3.
4.
5.

6.
7.

8.
9.
10.

11.

12.
13.
14.

15.

16.

17.

18.
19.

20.

Landgren, B.M.; Collins, A.; Csemiczky, G.; Burger, H.G.; Baksheev, L.; Robertson, D.M. Menopause transition:
Annual changes in serum hormonal patterns over the menstrual cycle in women during a nine-year period
prior to menopause. J. Clin. Endocrinol. Metab. 2004, 89, 2763–2769. [CrossRef] [PubMed]
Takahashi, T.A.; Johnson, K.M. Menopause. Med. Clin. N. Am. 2015, 99, 521–534. [CrossRef] [PubMed]
Potter, B.; Schrager, S.; Dalby, J.; Torell, E.; Hampton, A. Menopause. Prim. Care 2018, 45, 625–641. [CrossRef]
[PubMed]
Patel, S. Disruption of aromatase homeostasis as the cause of a multiplicity of ailments: A comprehensive
review. J. Steroid Biochem. Mol. Biol. 2017, 168, 19–25. [CrossRef] [PubMed]
Dewailly, D.; Robin, G.; Peigne, M.; Decanter, C.; Pigny, P.; Catteau-Jonard, S. Interactions between androgens,
FSH, anti-Mullerian hormone and estradiol during folliculogenesis in the human normal and polycystic
ovary. Hum. Reprod. Update 2016, 22, 709–724. [CrossRef] [PubMed]
Cervellati, C.; Bergamini, C.M. Oxidative damage and the pathogenesis of menopause related disturbances
and diseases. Clin. Chem. Lab. Med. 2016, 54, 739–753. [CrossRef]
Lobo, R.A.; Davis, S.R.; De Villiers, T.J.; Gompel, A.; Henderson, V.W.; Hodis, H.N.; Lumsden, M.A.;
Mack, W.J.; Shapiro, S.; Baber, R.J. Prevention of diseases after menopause. Climacteric 2014, 17, 540–556.
[CrossRef]
Sobenin, I.A.; Myasoedova, V.A.; Orekhov, A.N. Phytoestrogen-Rich Dietary Supplements in
Anti-Atherosclerotic Therapy in Postmenopausal Women. Curr. Pharm. Des. 2016, 22, 152–163. [CrossRef]
Thaung Zaw, J.J.; Howe, P.R.C.; Wong, R.H.X. Postmenopausal health interventions: Time to move on from
the Women’s Health Initiative? Ageing Res. Rev. 2018, 48, 79–86. [CrossRef]
Toda, K.; Takeda, K.; Akira, S.; Saibara, T.; Okada, T.; Onishi, S.; Shizuta, Y. Alternations in hepatic expression
of fatty-acid metabolizing enzymes in ArKO mice and their reversal by the treatment with 17beta-estradiol
or a peroxisome proliferator. J. Steroid Biochem. Mol. Biol. 2001, 79, 11–17. [CrossRef]
Kamei, Y.; Suzuki, M.; Miyazaki, H.; Tsuboyama-Kasaoka, N.; Wu, J.; Ishimi, Y.; Ezaki, O. Ovariectomy in
mice decreases lipid metabolism-related gene expression in adipose tissue and skeletal muscle with increased
body fat. J. Nutr. Sci. Vitaminol. 2005, 51, 110–117. [CrossRef] [PubMed]
Al-Safi, Z.A.; Polotsky, A.J. Obesity and menopause. Best Pract. Res. Clin. Obstet. Gynaecol. 2015, 29, 548–553.
[CrossRef] [PubMed]
Russell, N.; Grossmann, M. Management of bone and metabolic effects of androgen deprivation therapy.
Urol. Oncol. 2018. [CrossRef] [PubMed]
Spangenberg, A.; Maghsoodi, N.; Dulnoan, D.; Moore, A.E.; Edwards, S.; Frost, M.L.; Hampson, G.
Bone Mineral Density and Body Composition are Associated with Circulating Angiogenic Factors in
Post-menopausal Women. Calcif. Tissue Int. 2016, 99, 608–615. [CrossRef]
Marchand, G.B.; Carreau, A.M.; Weisnagel, S.J.; Bergeron, J.; Labrie, F.; Lemieux, S.; Tchernof, A. Increased
body fat mass explains the positive association between circulating estradiol and insulin resistance in
postmenopausal women. Am. J. Physiol. Endocrinol. Metab. 2018, 314, E448–E456. [CrossRef]
Razmjou, S.; Abdulnour, J.; Bastard, J.P.; Fellahi, S.; Doucet, E.; Brochu, M.; Lavoie, J.M.; Rabasa-Lhoret, R.;
Prud’homme, D. Body composition, cardiometabolic risk factors, physical activity, and inflammatory markers
in premenopausal women after a 10-year follow-up: A MONET study. Menopause 2018, 25, 89–97. [CrossRef]
Kim, H.M.; Park, J.; Ryu, S.Y.; Kim, J. The effect of menopause on the metabolic syndrome among Korean
women: The Korean National Health and Nutrition Examination Survey, 2001. Diabetes Care 2007, 30,
701–706. [CrossRef]
Kozakowski, J.; Gietka-Czernel, M.; Leszczynska, D.; Majos, A. Obesity in menopause-our negligence or an
unfortunate inevitability? Prz. Menopauzalny Menop. Rev. 2017, 16, 61–65. [CrossRef]
Schubert, C.M.; Rogers, N.L.; Remsberg, K.E.; Sun, S.S.; Chumlea, W.C.; Demerath, E.W.; Czerwinski, S.A.;
Towne, B.; Siervogel, R.M. Lipids, lipoproteins, lifestyle, adiposity and fat-free mass during middle age: The
Fels Longitudinal Study. Int. J. Obes. 2006, 30, 251–260. [CrossRef]
Liedtke, S.; Schmidt, M.E.; Vrieling, A.; Lukanova, A.; Becker, S.; Kaaks, R.; Zaineddin, A.K.; Buck, K.;
Benner, A.; Chang-Claude, J.; et al. Postmenopausal sex hormones in relation to body fat distribution. Obesity
2012, 20, 1088–1095. [CrossRef]

Nutrients 2020, 12, 202

21.
22.

23.

24.

25.

26.
27.
28.
29.
30.
31.

32.
33.
34.

35.

36.
37.
38.

39.
40.

41.

18 of 25

Stefanska, A.; Bergmann, K.; Sypniewska, G. Metabolic Syndrome and Menopause: Pathophysiology, Clinical
and Diagnostic Significance. Adv. Clin. Chem. 2015, 72, 1–75. [CrossRef]
Torrens, J.I.; Sutton-Tyrrell, K.; Zhao, X.; Matthews, K.; Brockwell, S.; Sowers, M.; Santoro, N. Relative
androgen excess during the menopausal transition predicts incident metabolic syndrome in midlife women:
Study of Women’s Health Across the Nation. Menopause 2009, 16, 257–264. [CrossRef]
Perry, A.; Wang, X.; Goldberg, R.; Ross, R.; Jackson, L. Androgenic sex steroids contribute to metabolic
risk beyond intra-abdominal fat in overweight/obese black and white women. Obesity 2013, 21, 1618–1624.
[CrossRef]
Laforest, S.; Pelletier, M.; Denver, N.; Poirier, B.; Nguyen, S.; Walker, B.R.; Durocher, F.; Homer, N.Z.M.;
Diorio, C.; Tchernof, A.; et al. Simultaneous quantification of estrogens and glucocorticoids in human adipose
tissue by liquid-chromatography-tandem mass spectrometry. J. Steroid Biochem. Mol. Biol. 2019, 195, 105476.
[CrossRef]
Janssen, I.; Powell, L.H.; Kazlauskaite, R.; Dugan, S.A. Testosterone and visceral fat in midlife women:
The Study of Women’s Health Across the Nation (SWAN) fat patterning study. Obesity 2010, 18, 604–610.
[CrossRef]
Ziaei, S.; Mohseni, H. Correlation between Hormonal Statuses and Metabolic Syndrome in Postmenopausal
Women. J. Fam. Rep. Health 2013, 7, 63–66.
Blouin, K.; Boivin, A.; Tchernof, A. Androgens and body fat distribution. J. Steroid Biochem. Mol. Biol. 2008,
108, 272–280. [CrossRef]
Sareen, S.; Gropper, J.L.S.; James, L. Groff. In Advanced Nutrition and Human Metabolism, 4th ed.; Gropper, S.S.,
Smith, J.L., Groff, J.L., Eds.; Wadsworth, Inc.: Belmont, CA, USA, 2005; pp. 159–161.
Dmitruk, A.; Czeczelewski, J.; Czeczelewska, E.; Golach, J.; Parnicka, U. Body composition and fatty tissue
distribution in women with various menstrual status. Rocz. Panstw. Zakl. Hig. 2018, 69, 95–101.
Yamatani, H.; Takahashi, K.; Yoshida, T.; Soga, T.; Kurachi, H. Differences in the fatty acid metabolism of
visceral adipose tissue in postmenopausal women. Menopause 2014, 21, 170–176. [CrossRef] [PubMed]
Greendale, G.A.; Sternfeld, B.; Huang, M.; Han, W.; Karvonen-Gutierrez, C.; Ruppert, K.; Cauley, J.A.;
Finkelstein, J.S.; Jiang, S.F.; Karlamangla, A.S. Changes in body composition and weight during the menopause
transition. JCI Insight 2019, 4. [CrossRef] [PubMed]
Prasad, H.; Ryan, D.A.; Celzo, M.F.; Stapleton, D. Metabolic syndrome: Definition and therapeutic
implications. Postgrad. Med. 2012, 124, 21–30. [CrossRef] [PubMed]
Ebtekar, F.; Dalvand, S.; Gheshlagh, R.G. The prevalence of metabolic syndrome in postmenopausal women:
A systematic review and meta-analysis in Iran. Diabetes Metab. Syndr. 2018, 12, 955–960. [CrossRef] [PubMed]
Amirkalali, B.; Fakhrzadeh, H.; Sharifi, F.; Kelishadi, R.; Zamani, F.; Asayesh, H.; Safiri, S.; Samavat, T.;
Qorbani, M. Prevalence of Metabolic Syndrome and Its Components in the Iranian Adult Population: A
Systematic Review and Meta-Analysis. Iran. Red Crescent Med. J. 2015, 17, e24723. [CrossRef] [PubMed]
Douchi, T.; Kuwahata, R.; Yamasaki, H.; Yamamoto, S.; Oki, T.; Nakae, M.; Nagata, Y. Inverse relationship
between the changes in trunk lean and fat mass during gonadotropin-releasing hormone agonist therapy.
Maturitas 2002, 42, 31–35. [CrossRef]
Poehlman, E.T.; Toth, M.J.; Gardner, A.W. Changes in energy balance and body composition at menopause:
A controlled longitudinal study. Ann. Intern. Med. 1995, 123, 673–675. [CrossRef]
Collins, B.C.; Laakkonen, E.K.; Lowe, D.A. Aging of the musculoskeletal system: How the loss of estrogen
impacts muscle strength. Bone 2019, 123, 137–144. [CrossRef]
Moreira, M.A.; Zunzunegui, M.V.; Vafaei, A.; da Camara, S.M.; Oliveira, T.S.; Maciel, A.C. Sarcopenic obesity
and physical performance in middle aged women: A cross-sectional study in Northeast Brazil. BMC Public
Health 2016, 16, 43. [CrossRef]
Lee, E.S.; Park, H.M. Prevalence of Sarcopenia in Healthy Korean Elderly Women. J. Bone Metab. 2015, 22,
191–195. [CrossRef]
Lazzer, S.; Bedogni, G.; Lafortuna, C.L.; Marazzi, N.; Busti, C.; Galli, R.; De Col, A.; Agosti, F.; Sartorio, A.
Relationship between basal metabolic rate, gender, age, and body composition in 8780 white obese subjects.
Obesity 2010, 18, 71–78. [CrossRef]
McMurray, R.G.; Soares, J.; Caspersen, C.J.; McCurdy, T. Examining variations of resting metabolic rate of
adults: A public health perspective. Med. Sci. Sports Exerc. 2014, 46, 1352–1358. [CrossRef]

Nutrients 2020, 12, 202

42.

43.

44.
45.
46.
47.
48.

49.
50.

51.

52.

53.
54.

55.

56.

57.

58.

59.
60.

19 of 25

Geisler, C.; Braun, W.; Pourhassan, M.; Schweitzer, L.; Gluer, C.C.; Bosy-Westphal, A.; Muller, M.J.
Gender-Specific Associations in Age-Related Changes in Resting Energy Expenditure (REE) and MRI
Measured Body Composition in Healthy Caucasians. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2016, 71, 941–946.
[CrossRef] [PubMed]
Dube, M.C.; Lemieux, S.; Piche, M.E.; Corneau, L.; Bergeron, J.; Riou, M.E.; Weisnagel, S.J. The contribution of
visceral adiposity and mid-thigh fat-rich muscle to the metabolic profile in postmenopausal women. Obesity
2011, 19, 953–959. [CrossRef] [PubMed]
Lee, J.Y.; Lee, D.C. Muscle strength and quality are associated with severity of menopausal symptoms in
peri- and post-menopausal women. Maturitas 2013, 76, 88–94. [CrossRef] [PubMed]
Greco, E.A.; Pietschmann, P.; Migliaccio, S. Osteoporosis and Sarcopenia Increase Frailty Syndrome in the
Elderly. Front. Endocrinol. 2019, 10, 255. [CrossRef] [PubMed]
Ahotupa, M. Oxidized lipoprotein lipids and atherosclerosis. Free Radic. Res. 2017, 51, 439–447. [CrossRef]
[PubMed]
Ooi, E.M.; Watts, G.F.; Ng, T.W.; Barrett, P.H. Effect of dietary Fatty acids on human lipoprotein metabolism:
A comprehensive update. Nutrients 2015, 7, 4416–4425. [CrossRef] [PubMed]
Cannon, C.P.; de Lemos, J.A.; Rosenson, R.S.; Ballantyne, C.M.; Liu, Y.; Yazdi, D.; Elliott-Davey, M.; Mues, K.E.;
Bhatt, D.L.; Kosiborod, M.N. Getting to an ImprOved Understanding of Low-Density Lipoprotein-Cholesterol
and Dyslipidemia Management (GOULD): Methods and baseline data of a registry of high cardiovascular
risk patients in the United States. Am. Heart J. 2019, 219, 70–77. [CrossRef]
Nichols, T.C. Bad cholesterol breaking really bad. Blood 2013, 122, 3551–3553. [CrossRef]
Lim, Y.; Yoo, S.; Lee, S.A.; Chin, S.O.; Heo, D.; Moon, J.C.; Moon, S.; Boo, K.; Kim, S.T.; Seo, H.M.; et al.
Apolipoprotein B Is Related to Metabolic Syndrome Independently of Low Density Lipoprotein Cholesterol
in Patients with Type 2 Diabetes. Endocrinol. Metab. 2015, 30, 208–215. [CrossRef]
Dobiasova, M. Atherogenic impact of lecithin-cholesterol acyltransferase and its relation to cholesterol
esterification rate in HDL (FER(HDL)) and AIP [log(TG/HDL-C)] biomarkers: The butterfly effect? Physiol.
Res. 2017, 66, 193–203. [CrossRef]
Rosales, C.; Gillard, B.K.; Xu, B.; Gotto, A.M., Jr.; Pownall, H.J. Revisiting Reverse Cholesterol Transport in
the Context of High-Density Lipoprotein Free Cholesterol Bioavailability. Methodist DeBakey Cardiovasc. J.
2019, 15, 47–54. [CrossRef] [PubMed]
Silva, I.T.; Almeida-Pititto, B.; Ferreira, S.R. Reassessing lipid metabolism and its potentialities in the
prediction of cardiovascular risk. Arch. Endocrinol. Metab. 2015, 59, 171–180. [CrossRef] [PubMed]
Reiner, Z. Managing the residual cardiovascular disease risk associated with HDL-cholesterol and triglycerides
in statin-treated patients: A clinical update. Nutr. Metab. Cardiovasc. Dis. 2013, 23, 799–807. [CrossRef]
[PubMed]
Rhee, Y.; Paik, M.J.; Kim, K.R.; Ko, Y.G.; Kang, E.S.; Cha, B.S.; Lee, H.C.; Lim, S.K. Plasma free fatty acid
level patterns according to cardiovascular risk status in postmenopausal women. Clin. Chim. Acta 2008, 392,
11–16. [CrossRef] [PubMed]
Sutton-Tyrrell, K.; Wildman, R.P.; Matthews, K.A.; Chae, C.; Lasley, B.L.; Brockwell, S.; Pasternak, R.C.;
Lloyd-Jones, D.; Sowers, M.F.; Torrens, J.I.; et al. Sex-hormone-binding globulin and the free androgen index
are related to cardiovascular risk factors in multiethnic premenopausal and perimenopausal women enrolled
in the Study of Women Across the Nation (SWAN). Circulation 2005, 111, 1242–1249. [CrossRef] [PubMed]
Derby, C.A.; Crawford, S.L.; Pasternak, R.C.; Sowers, M.; Sternfeld, B.; Matthews, K.A. Lipid changes during
the menopause transition in relation to age and weight: The Study of Women’s Health Across the Nation.
Am. J. Epidemiol. 2009, 169, 1352–1361. [CrossRef]
Zago, V.; Sanguinetti, S.; Brites, F.; Berg, G.; Verona, J.; Basilio, F.; Wikinski, R.; Schreier, L. Impaired high
density lipoprotein antioxidant activity in healthy postmenopausal women. Atherosclerosis 2004, 177, 203–210.
[CrossRef]
Anagnostis, P.; Stevenson, J.C.; Crook, D.; Johnston, D.G.; Godsland, I.F. Effects of menopause, gender and
age on lipids and high-density lipoprotein cholesterol subfractions. Maturitas 2015, 81, 62–68. [CrossRef]
Zhou, J.L.; Lin, S.Q.; Shen, Y.; Chen, Y.; Zhang, Y.; Chen, F.L. Serum lipid profile changes during the
menopausal transition in Chinese women: A community-based cohort study. Menopause 2010, 17, 997–1003.
[CrossRef]

Nutrients 2020, 12, 202

61.

62.

63.

64.

65.
66.

67.

68.

69.
70.
71.
72.
73.

74.
75.
76.
77.
78.
79.

80.
81.

20 of 25

Ruiz-Cabello, P.; Coll-Risco, I.; Acosta-Manzano, P.; Borges-Cosic, M.; Gallo-Vallejo, F.J.; Aranda, P.;
Lopez-Jurado, M.; Aparicio, V.A. Influence of the degree of adherence to the Mediterranean diet on the
cardiometabolic risk in peri and menopausal women. The Flamenco project. Nutr. Metab. Cardiovasc. Dis.
NMCD 2017, 27, 217–224. [CrossRef]
Matthews, K.A.; Wing, R.R.; Kuller, L.H.; Meilahn, E.N.; Plantinga, P. Influence of the perimenopause on
cardiovascular risk factors and symptoms of middle-aged healthy women. Arch. Intern. Med. 1994, 154,
2349–2355. [CrossRef]
Nerbrand, C.; Lidfeldt, J.; Nyberg, P.; Schersten, B.; Samsioe, G. Serum lipids and lipoproteins in relation to
endogenous and exogenous female sex steroids and age. The Women’s Health in the Lund Area (WHILA)
study. Maturitas 2004, 48, 161–169. [CrossRef]
Hall, G.; Collins, A.; Csemiczky, G.; Landgren, B.M. Lipoproteins and BMI: A comparison between women
during transition to menopause and regularly menstruating healthy women. Maturitas 2002, 41, 177–185.
[CrossRef]
Mogarekar, M.R.; Kulkarni, S.K. Small Dense Low Density Lipoprotein Cholesterol, Paraoxonase 1 and Lipid
Profile in Postmenopausal Women: Quality or Quantity? Arch. Med. Res. 2015, 46, 534–538. [CrossRef]
Bays, H.E.; Toth, P.P.; Kris-Etherton, P.M.; Abate, N.; Aronne, L.J.; Brown, W.V.; Gonzalez-Campoy, J.M.;
Jones, S.R.; Kumar, R.; La Forge, R.; et al. Obesity, adiposity, and dyslipidemia: A consensus statement from
the National Lipid Association. J. Clin. Lipidol. 2013, 7, 304–383. [CrossRef]
Tchernof, A.; Desmeules, A.; Richard, C.; Laberge, P.; Daris, M.; Mailloux, J.; Rheaume, C.; Dupont, P. Ovarian
hormone status and abdominal visceral adipose tissue metabolism. J. Clin. Endocrinol. Metab. 2004, 89,
3425–3430. [CrossRef]
Wildman, R.P.; Tepper, P.G.; Crawford, S.; Finkelstein, J.S.; Sutton-Tyrrell, K.; Thurston, R.C.; Santoro, N.;
Sternfeld, B.; Greendale, G.A. Do changes in sex steroid hormones precede or follow increases in body weight
during the menopause transition? Results from the Study of Women’s Health Across the Nation. J. Clin.
Endocrinol. Metab. 2012, 97, E1695–E1704. [CrossRef]
Lovegrove, J.A.; Silva, K.D.; Wright, J.W.; Williams, C.M. Adiposity, insulin and lipid metabolism in
post-menopausal women. Int. J. Obes. Relat. Metab. Disord. 2002, 26, 475–486. [CrossRef]
Rachon, D.; Teede, H. Ovarian function and obesity-interrelationship, impact on women’s reproductive
lifespan and treatment options. Mol. Cell. Endocrinol. 2010, 316, 172–179. [CrossRef]
Carr, M.C. The emergence of the metabolic syndrome with menopause. J. Clin. Endocrinol. Metab. 2003, 88,
2404–2411. [CrossRef]
Wajchenberg, B.L. Subcutaneous and visceral adipose tissue: Their relation to the metabolic syndrome.
Endocr. Rev. 2000, 21, 697–738. [CrossRef]
Rogers, N.H.; Perfield, J.W., 2nd; Strissel, K.J.; Obin, M.S.; Greenberg, A.S. Reduced energy expenditure and
increased inflammation are early events in the development of ovariectomy-induced obesity. Endocrinology
2009, 150, 2161–2168. [CrossRef]
Stubbins, R.E.; Holcomb, V.B.; Hong, J.; Nunez, N.P. Estrogen modulates abdominal adiposity and protects
female mice from obesity and impaired glucose tolerance. Eur. J. Nutr. 2012, 51, 861–870. [CrossRef]
Simons, S.S., Jr.; Edwards, D.P.; Kumar, R. Minireview: Dynamic structures of nuclear hormone receptors:
New promises and challenges. Mol. Endocrinol. 2014, 28, 173–182. [CrossRef]
Miller, W.L.; Auchus, R.J. The molecular biology, biochemistry, and physiology of human steroidogenesis
and its disorders. Endocr. Rev. 2011, 32, 81–151. [CrossRef]
Heine, P.A.; Taylor, J.A.; Iwamoto, G.A.; Lubahn, D.B.; Cooke, P.S. Increased adipose tissue in male and
female estrogen receptor-alpha knockout mice. Proc. Natl. Acad. Sci. USA 2000, 97, 12729–12734. [CrossRef]
Cooke, P.S.; Heine, P.A.; Taylor, J.A.; Lubahn, D.B. The role of estrogen and estrogen receptor-α in male
adipose tissue. Mol. Cell. Endocrinol. 2001, 178, 147–154. [CrossRef]
Davis, K.E.; Neinast, M.D.; Sun, K.; Skiles, W.M.; Bills, J.D.; Zehr, J.A.; Zeve, D.; Hahner, L.D.; Cox, D.W.;
Gent, L.M.; et al. The sexually dimorphic role of adipose and adipocyte estrogen receptors in modulating
adipose tissue expansion, inflammation, and fibrosis. Mol. Metab. 2013, 2, 227–242. [CrossRef]
Waki, H.; Tontonoz, P. Endocrine functions of adipose tissue. Annu. Rev. Pathol. 2007, 2, 31–56. [CrossRef]
Reaven, G.; Abbasi, F.; McLaughlin, T. Obesity, insulin resistance, and cardiovascular disease. Recent Prog.
Horm. Res. 2004, 59, 207–223. [CrossRef]

Nutrients 2020, 12, 202

82.

21 of 25

Olszanecka, A.; Posnik-Urbanska, A.; Kawecka-Jaszcz, K.; Czarnecka, D.; Fedak, D. Adipocytokines and
blood pressure, lipids and glucose metabolism in hypertensive perimenopausal women. Kardiol. Pol. 2010,
68, 753–760.
83. Azizieh, F.Y.; Shehab, D.; Al Jarallah, K.; Mojiminiyi, O.; Gupta, R.; Raghupathy, R. Circulatory pattern of
cytokines, adipokines and bone markers in postmenopausal women with low BMD. J. Inflamm. Res. 2019, 12,
99–108. [CrossRef]
84. Matsuzawa, Y. Therapy Insight: Adipocytokines in metabolic syndrome and related cardiovascular disease.
Nat. Clin. Pract. Cardiovasc. Med. 2006, 3, 35–42. [CrossRef]
85. National Institutes of Health, National Heart, Lung, and Blood Institute in cooperation with the National
Institute of Diabetes and Digestive and Kidney Diseases. Clinical Guidelines on the Identification, Evaluation,
and Treatment of Overweight and Obesity in Adults: The Evidence Report; Bethesda (MD); National Heart, Lung,
and Blood Institute: Bethesda, MD, USA, 1998.
86. WHO. Obesity and Overweight. Available online: https://www.who.int/en/news-room/fact-sheets/detail/
obesity-and-overweight (accessed on 16 December 2019).
87. Kim, B.; Feldman, E.L. Insulin resistance as a key link for the increased risk of cognitive impairment in the
metabolic syndrome. Exp. Mol. Med. 2015, 47, e149. [CrossRef]
88. Bonomini, F.; Rodella, L.F.; Rezzani, R. Metabolic syndrome, aging and involvement of oxidative stress.
Aging Dis. 2015, 6, 109–120. [CrossRef]
89. Damcott, C.M.; Sack, P.; Shuldiner, A.R. The genetics of obesity. Endocrinol. Metab. Clin. N. Am. 2003, 32,
761–786. [CrossRef]
90. Clegg, D.J. Minireview: The year in review of estrogen regulation of metabolism. Mol. Endocrinol. 2012, 26,
1957–1960. [CrossRef]
91. Jones, M.E.; Thorburn, A.W.; Britt, K.L.; Hewitt, K.N.; Wreford, N.G.; Proietto, J.; Oz, O.K.; Leury, B.J.;
Robertson, K.M.; Yao, S.; et al. Aromatase-deficient (ArKO) mice have a phenotype of increased adiposity.
Proc. Natl. Acad. Sci. USA 2000, 97, 12735–12740. [CrossRef]
92. Bryzgalova, G.; Gao, H.; Ahren, B.; Zierath, J.R.; Galuska, D.; Steiler, T.L.; Dahlman-Wright, K.; Nilsson, S.;
Gustafsson, J.A.; Efendic, S.; et al. Evidence that oestrogen receptor-alpha plays an important role in the
regulation of glucose homeostasis in mice: Insulin sensitivity in the liver. Diabetologia 2006, 49, 588–597.
[CrossRef]
93. Gibb, F.W.; Dixon, J.M.; Clarke, C.; Homer, N.Z.; Faqehi, A.M.M.; Andrew, R.; Walker, B.R. Higher Insulin
Resistance and Adiposity in Postmenopausal Women With Breast Cancer Treated With Aromatase Inhibitors.
J. Clin. Endocrinol. Metab. 2019, 104, 3670–3678. [CrossRef]
94. Lovejoy, J.C.; Champagne, C.M.; de Jonge, L.; Xie, H.; Smith, S.R. Increased visceral fat and decreased energy
expenditure during the menopausal transition. Int. J. Obes. 2008, 32, 949–958. [CrossRef]
95. Polotsky, H.N.; Polotsky, A.J. Metabolic implications of menopause. Semin. Reprod. Med. 2010, 28, 426–434.
[CrossRef]
96. Colpani, V.; Oppermann, K.; Spritzer, P.M. Association between habitual physical activity and lower
cardiovascular risk in premenopausal, perimenopausal, and postmenopausal women: A population-based
study. Menopause 2013, 20, 525–531. [CrossRef]
97. Zello, G.A. Dietary Reference Intakes for the macronutrients and energy: Considerations for physical activity.
Appl. Physiol. Nutr. Metab. Physiol. Appl. Nutr. Metab. 2006, 31, 74–79. [CrossRef]
98. Weaver, A.A.; Houston, D.K.; Shapses, S.A.; Lyles, M.F.; Henderson, R.M.; Beavers, D.P.; Baker, A.C.;
Beavers, K.M. Effect of a hypocaloric, nutritionally complete, higher-protein meal plan on bone density and
quality in older adults with obesity: A randomized trial. Am. J. Clin. Nutr. 2019, 109, 478–486. [CrossRef]
99. Jensen, M.D.; Ryan, D.H.; Apovian, C.M.; Ard, J.D.; Comuzzie, A.G.; Donato, K.A.; Hu, F.B.; Hubbard, V.S.;
Jakicic, J.M.; Kushner, R.F.; et al. 2013 AHA/ACC/TOS Guideline for the Management of Overweight and
Obesity in Adults: A Report of the American College of Cardiology/American Heart Association Task Force
on Practice Guidelines and The Obesity Society. J. Am. Coll. Cardiol. 2014, 63, 2985–3023. [CrossRef]
100. Groenendijk, I.; den Boeft, L.; van Loon, L.J.C.; de Groot, L. High Versus low Dietary Protein Intake and
Bone Health in Older Adults: A Systematic Review and Meta-Analysis. Comput. Struct. Biotechnol. J. 2019,
17, 1101–1112. [CrossRef]
101. Ministry of Health and Welfare. Dietary Reference Intakes for Koreans; Sejong: Seoul, Korea, 2015.

Nutrients 2020, 12, 202

22 of 25

102. Janssen, I.; Heymsfield, S.B.; Ross, R. Low relative skeletal muscle mass (sarcopenia) in older persons
is associated with functional impairment and physical disability. J. Am. Geriatr. Soc. 2002, 50, 889–896.
[CrossRef]
103. Timmerman, K.L.; Volpi, E. Amino acid metabolism and regulatory effects in aging. Curr. Opin. Clin. Nutr.
Metab. Care 2008, 11, 45–49. [CrossRef]
104. Layman, D.K.; Evans, E.; Baum, J.I.; Seyler, J.; Erickson, D.J.; Boileau, R.A. Dietary protein and exercise have
additive effects on body composition during weight loss in adult women. J. Nutr. 2005, 135, 1903–1910.
[CrossRef]
105. Bopp, M.J.; Houston, D.K.; Lenchik, L.; Easter, L.; Kritchevsky, S.B.; Nicklas, B.J. Lean mass loss is associated
with low protein intake during dietary-induced weight loss in postmenopausal women. J. Am. Diet. Assoc.
2008, 108, 1216–1220. [CrossRef] [PubMed]
106. Gordon, M.M.; Bopp, M.J.; Easter, L.; Miller, G.D.; Lyles, M.F.; Houston, D.K.; Nicklas, B.J.; Kritchevsky, S.B.
Effects of dietary protein on the composition of weight loss in post-menopausal women. J. Nutr. Health Aging
2008, 12, 505–509. [CrossRef] [PubMed]
107. Cho, Y.A.; Kim, J.; Cho, E.R.; Shin, A. Dietary patterns and the prevalence of metabolic syndrome in Korean
women. Nutr. Metab. Cardiovasc. Dis. 2011, 21, 893–900. [CrossRef] [PubMed]
108. Lips, P. Vitamin D physiology. Prog. Biophys. Mol. Biol. 2006, 92, 4–8. [CrossRef]
109. Holick, M.F. Vitamin D deficiency. N. Engl. J. Med. 2007, 357, 266–281. [CrossRef]
110. Jung, I.K. Prevalence of vitamin D deficiency in Korea: Results from KNHANES 2010 to 2011. J. Nutr. Health
2013, 46, 540–551. [CrossRef]
111. Nah, E.H.; Kim, S.; Cho, H.-I. Vitamin D Levels and Prevalence of Vitamin D Deficiency Associated with Sex,
Age, Region, and Season in Koreans. Lab. Med. Online 2015, 5, 84–91. [CrossRef]
112. Bronner, F. Recent developments in intestinal calcium absorption. Nutr. Rev. 2009, 67, 109–113. [CrossRef]
113. Heaney, R.P. Vitamin D and calcium interactions: Functional outcomes. Am. J. Clin. Nutr. 2008, 88, 541S–544S.
[CrossRef]
114. Haussler, M.R.; Haussler, C.A.; Bartik, L.; Whitfield, G.K.; Hsieh, J.C.; Slater, S.; Jurutka, P.W. Vitamin D
receptor: Molecular signaling and actions of nutritional ligands in disease prevention. Nutr. Rev. 2008, 66,
S98–S112. [CrossRef]
115. Van Etten, E.; Stoffels, K.; Gysemans, C.; Mathieu, C.; Overbergh, L. Regulation of vitamin D homeostasis:
Implications for the immune system. Nutr. Rev. 2008, 66, S125–S134. [CrossRef] [PubMed]
116. Kilkkinen, A.; Knekt, P.; Aro, A.; Rissanen, H.; Marniemi, J.; Heliovaara, M.; Impivaara, O.; Reunanen, A.
Vitamin D status and the risk of cardiovascular disease death. Am. J. Epidemiol. 2009, 170, 1032–1039.
[CrossRef] [PubMed]
117. Gombart, A.F.; Luong, Q.T.; Koeffler, H.P. Vitamin D compounds: Activity against microbes and cancer.
Anticancer Res. 2006, 26, 2531–2542. [PubMed]
118. Ginde, A.A.; Mansbach, J.M.; Camargo, C.A., Jr. Association between serum 25-hydroxyvitamin D level
and upper respiratory tract infection in the Third National Health and Nutrition Examination Survey. Arch.
Intern. Med. 2009, 169, 384–390. [CrossRef]
119. Mullin, G.E.; Dobs, A. Vitamin d and its role in cancer and immunity: A prescription for sunlight. Nutr. Clin.
Pract. 2007, 22, 305–322. [CrossRef]
120. Holick, M.F. Vitamin D: A D-Lightful health perspective. Nutr. Rev. 2008, 66, S182–S194. [CrossRef]
121. Cantorna, M.T. Vitamin D and multiple sclerosis: An update. Nutr. Rev. 2008, 66, S135–S138. [CrossRef]
122. Zittermann, A.; Gummert, J.F.; Borgermann, J. Vitamin D deficiency and mortality. Curr. Opin. Clin. Nutr.
Metab. Care 2009, 12, 634–639. [CrossRef]
123. Lee, C.J.; Kim, S.S. The Effect of Education and Vitamin D Supplementation on the Achievement of Optimal
Vitamin D Level in Korean Postmenopausal Women. J. Bone Metab. 2019, 26, 193–199. [CrossRef]
124. Chacko, S.A.; Song, Y.; Manson, J.E.; Van Horn, L.; Eaton, C.; Martin, L.W.; McTiernan, A.; Curb, J.D.;
Wylie-Rosett, J.; Phillips, L.S.; et al. Serum 25-hydroxyvitamin D concentrations in relation to cardiometabolic
risk factors and metabolic syndrome in postmenopausal women. Am. J. Clin. Nutr. 2011, 94, 209–217.
[CrossRef]
125. Song, H.R.; Park, C.H. Low serum vitamin D level is associated with high risk of metabolic syndrome in
post-menopausal women. J. Endocrinol. Investig. 2013, 36, 791–796. [CrossRef] [PubMed]

Nutrients 2020, 12, 202

23 of 25

126. Chon, S.J.; Yun, B.H.; Jung, Y.S.; Cho, S.H.; Choi, Y.S.; Kim, S.Y.; Lee, B.S.; Seo, S.K. Association between
vitamin D status and risk of metabolic syndrome among Korean postmenopausal women. PLoS ONE 2014,
9, e89721. [CrossRef] [PubMed]
127. Dadra, A.; Aggarwal, S.; Kumar, P.; Kumar, V.; Dibar, D.P.; Bhadada, S.K. High prevalence of vitamin D
deficiency and osteoporosis in patients with fragility fractures of hip: A pilot study. J. Clin. Orthop. Trauma
2019, 10, 1097–1100. [CrossRef] [PubMed]
128. Moghassemi, S.; Marjani, A. The effect of short-term vitamin D supplementation on lipid profile and blood
pressure in post-menopausal women: A randomized controlled trial. Iran. J. Nurs. Midwifery Res. 2014, 19,
517–521. [PubMed]
129. Branco, J.; Smoraog, D.C.; Bentes, C.M.; Netto, C.C.; Marinheiro, L.P.F. Association between vitamin D
status and glycemic profile in postmenopausal women with type 2 diabetes. Diabetes Metab. Syndr. 2019, 13,
1685–1688. [CrossRef] [PubMed]
130. Vitale, S.G.; Caruso, S.; Rapisarda, A.M.C.; Cianci, S.; Cianci, A. Isoflavones, calcium, vitamin D and inulin
improve quality of life, sexual function, body composition and metabolic parameters in menopausal women:
Result from a prospective, randomized, placebo-controlled, parallel-group study. Prz. Menopauzalny Menop.
Rev. 2018, 17, 32–38. [CrossRef]
131. Lagana, A.S.; Vitale, S.G.; Stojanovska, L.; Lambrinoudaki, I.; Apostolopoulos, V.; Chiofalo, B.; Rizzo, L.;
Basile, F. Preliminary results of a single-arm pilot study to assess the safety and efficacy of visnadine,
prenylflavonoids and bovine colostrum in postmenopausal sexually active women affected by vulvovaginal
atrophy. Maturitas 2018, 109, 78–80. [CrossRef]
132. Davinelli, S.; Scapagnini, G.; Marzatico, F.; Nobile, V.; Ferrara, N.; Corbi, G. Influence of equol and resveratrol
supplementation on health-related quality of life in menopausal women: A randomized, placebo-controlled
study. Maturitas 2017, 96, 77–83. [CrossRef]
133. Newberry, S.J.; Chung, M.; Shekelle, P.G.; Booth, M.S.; Liu, J.L.; Maher, A.R.; Motala, A.; Cui, M.; Perry, T.;
Shanman, R.; et al. Vitamin D and Calcium: A Systematic Review of Health Outcomes (Update). Evid. Rep.
Technol. Assess. 2014, 1–929. [CrossRef]
134. Sizer, F.; Whitney, E.N. Nutrition Concepts and Controversies, 12th ed.; Rose, N., Ed.; Cengage Learning: Boston,
MA, USA, 2011.
135. Saini, R.K.; Keum, Y.S. Omega-3 and omega-6 polyunsaturated fatty acids: Dietary sources, metabolism, and
significance—A review. Life Sci. 2018, 203, 255–267. [CrossRef]
136. Shearer, G.C.; Walker, R.E. An overview of the biologic effects of omega-6 oxylipins in humans. Prostaglandins
Leukot. Essent. Fatty Acids 2018, 137, 26–38. [CrossRef] [PubMed]
137. Ahuja, J.K.C.; Moshfegh, A.J.; Holden, J.M.; Harris, E. USDA Food and Nutrient Databases Provide the
Infrastructure for Food and Nutrition Research, Policy, and Practice. J. Nutr. 2012, 143, 241S–249S. [CrossRef]
[PubMed]
138. Wiktorowska-Owczarek, A.; Berezinska, M.; Nowak, J.Z. PUFAs: Structures, Metabolism and Functions.
Adv. Clin. Exp. Med. 2015, 24, 931–941. [CrossRef] [PubMed]
139. Kris-Etherton, P.M.; Richter, C.K.; Bowen, K.J.; Skulas-Ray, A.C.; Jackson, K.H.; Petersen, K.S.; Harris, W.S.
Recent Clinical Trials Shed New Light on the Cardiovascular Benefits of Omega-3 Fatty Acids. Methodist
DeBakey Cardiovasc. J. 2019, 15, 171–178. [CrossRef] [PubMed]
140. Kim, Y.S.; Xun, P.; Iribarren, C.; Van Horn, L.; Steffen, L.; Daviglus, M.L.; Siscovick, D.; Liu, K.; He, K. Intake
of fish and long-chain omega-3 polyunsaturated fatty acids and incidence of metabolic syndrome among
American young adults: A 25-year follow-up study. Eur. J. Nutr. 2016, 55, 1707–1716. [CrossRef]
141. Hu, F.B.; Bronner, L.; Willett, W.C.; Stampfer, M.J.; Rexrode, K.M.; Albert, C.M.; Hunter, D.; Manson, J.E. Fish
and omega-3 fatty acid intake and risk of coronary heart disease in women. JAMA 2002, 287, 1815–1821.
[CrossRef]
142. Simopoulos, A.P. An Increase in the Omega-6/Omega-3 Fatty Acid Ratio Increases the Risk for Obesity.
Nutrients 2016, 8, 128. [CrossRef]
143. Tardivo, A.P.; Nahas-Neto, J.; Orsatti, C.L.; Dias, F.B.; Poloni, P.F.; Schmitt, E.B.; Nahas, E.A.P. Effects of
omega-3 on metabolic markers in postmenopausal women with metabolic syndrome. Climacteric 2015, 18,
290–298. [CrossRef]

Nutrients 2020, 12, 202

24 of 25

144. Zanoaga, O.; Jurj, A.; Raduly, L.; Cojocneanu-Petric, R.; Fuentes-Mattei, E.; Wu, O.; Braicu, C.; Gherman, C.D.;
Berindan-Neagoe, I. Implications of dietary omega-3 and omega-6 polyunsaturated fatty acids in breast
cancer. Exp. Ther. Med. 2018, 15, 1167–1176. [CrossRef]
145. Siscovick, D.S.; Barringer, T.A.; Fretts, A.M.; Wu, J.H.; Lichtenstein, A.H.; Costello, R.B.; Kris-Etherton, P.M.;
Jacobson, T.A.; Engler, M.B.; Alger, H.M.; et al. Omega-3 Polyunsaturated Fatty Acid (Fish Oil)
Supplementation and the Prevention of Clinical Cardiovascular Disease: A Science Advisory From the
American Heart Association. Circulation 2017, 135, e867–e884. [CrossRef]
146. Solleiro-Villavicencio, H.; Rivas-Arancibia, S. Effect of Chronic Oxidative Stress on Neuroinflammatory
Response Mediated by CD4(+)T Cells in Neurodegenerative Diseases. Front. Cell. Neurosci. 2018, 12, 114.
[CrossRef] [PubMed]
147. Ko, S.H.; Lee, J.K.; Lee, H.J.; Ye, S.K.; Kim, H.S.; Chung, M.H. 8-Oxo-20 -deoxyguanosine ameliorates features
of metabolic syndrome in obese mice. Biochem. Biophys. Res. Commun. 2014, 443, 610–616. [CrossRef]
[PubMed]
148. Bonomini, F.; Tengattini, S.; Fabiano, A.; Bianchi, R.; Rezzani, R. Atherosclerosis and oxidative stress. Histol.
Histopathol. 2008, 23, 381–390. [PubMed]
149. Sack, M.N.; Rader, D.J.; Cannon, R.O., 3rd. Oestrogen and inhibition of oxidation of low-density lipoproteins
in postmenopausal women. Lancet 1994, 343, 269–270. [CrossRef]
150. Bhavnani, B.R.; Cecutti, A.; Gerulath, A.; Woolever, A.C.; Berco, M. Comparison of the antioxidant effects of
equine estrogens, red wine components, vitamin E, and probucol on low-density lipoprotein oxidation in
postmenopausal women. Menopause 2018, 25, 1214–1223. [CrossRef]
151. Weitzmann, M.N.; Pacifici, R. Estrogen deficiency and bone loss: An inflammatory tale. J. Clin. Investig.
2006, 116, 1186–1194. [CrossRef]
152. Liu, Y.; Hwang, H.J.; Ryu, H.; Lee, Y.S.; Kim, H.S.; Park, H. The effects of daily intake timing of almond on the
body composition and blood lipid profile of healthy adults. Nutr. Res. Pract. 2017, 11, 479–486. [CrossRef]
153. Park, H.; Liu, Y.; Kim, H.S.; Shin, J.H. Chokeberry attenuates the expression of genes related to de novo
lipogenesis in the hepatocytes of mice with nonalcoholic fatty liver disease. Nutr. Res. 2016, 36, 57–64.
[CrossRef]
154. Hwang, H.J.; Liu, Y.; Kim, H.S.; Lee, H.; Lim, Y.; Park, H. Daily walnut intake improves metabolic syndrome
status and increases circulating adiponectin levels: Randomized controlled crossover trial. Nutr. Res. Pract.
2019, 13, 105–114. [CrossRef]
155. Yoon, L.; Liu, Y.N.; Park, H.; Kim, H.S. Olive Leaf Extract Elevates Hepatic PPAR alpha mRNA Expression
and Improves Serum Lipid Profiles in Ovariectomized Rats. J. Med. Food 2015, 18, 738–744. [CrossRef]
156. Yoo, J.H.; Liu, Y.; Kim, H.S. Hawthorn Fruit Extract Elevates Expression of Nrf2/HO-1 and Improves Lipid
Profiles in Ovariectomized Rats. Nutrients 2016, 8, 283. [CrossRef] [PubMed]
157. Mattson, M.P. Roles of the lipid peroxidation product 4-hydroxynonenal in obesity, the metabolic syndrome,
and associated vascular and neurodegenerative disorders. Exp. Gerontol. 2009, 44, 625–633. [CrossRef]
[PubMed]
158. Naziroglu, M.; Simsek, M.; Simsek, H.; Aydilek, N.; Ozcan, Z.; Atilgan, R. The effects of hormone replacement
therapy combined with vitamins C and E on antioxidants levels and lipid profiles in postmenopausal women
with Type 2 diabetes. Clin. Chim. Acta 2004, 344, 63–71. [CrossRef] [PubMed]
159. Miquel, J.; Ramírez-Boscá, A.; Ramírez-Bosca, J.V.; Alperi, J.D. Menopause: A review on the role of oxygen
stress and favorable effects of dietary antioxidants. Arch. Gerontol. Geriatr. 2006, 42, 289–306. [CrossRef]
160. Jung, K.; Kim, S.; Woo, J.; Chang, Y. The Effect of Dietary Intervention Through the Modification of Fatty
Acids Composition and Antioxidant Vitamin Intake on Plasma TXB Level in Korean Postmenopausal Women
with Hypercholesterolemia. J. Korean Med. Sci. 2002, 17, 307–315. [CrossRef]
161. Hasler, C.M.; Brown, A.C.; American Dietetic, A. Position of the American Dietetic Association: Functional
foods. J. Am. Diet. Assoc. 2009, 109, 735–746.
162. Hatti-Kaul, R.; Chen, L.; Dishisha, T.; Enshasy, H.E. Lactic acid bacteria: From starter cultures to producers
of chemicals. FEMS Microbiol. Lett. 2018, 365. [CrossRef]
163. Skrypnik, K.; Bogdanski, P.; Sobieska, M.; Suliburska, J. The effect of multistrain probiotic supplementation
in two doses on iron metabolism in obese postmenopausal women: A randomized trial. Food Funct. 2019, 10,
5228–5238. [CrossRef]

Nutrients 2020, 12, 202

25 of 25

164. Szulinska, M.; Loniewski, I.; Skrypnik, K. Multispecies Probiotic Supplementation Favorably Affects Vascular
Function and Reduces Arterial Stiffness in Obese Postmenopausal Women-A 12-Week Placebo-Controlled
and Randomized Clinical Study. Nutrients 2018, 10, 1672. [CrossRef]
165. Yeon, J.Y.; Kim, H.S.; Sung, M.K. Diets rich in fruits and vegetables suppress blood biomarkers of metabolic
stress in overweight women. Prev. Med. 2012, 54, S109–S115. [CrossRef]
166. Oishi, K.; Yamamoto, S.; Itoh, N.; Nakao, R.; Yasumoto, Y.; Tanaka, K.; Kikuchi, Y.; Fukudome, S.; Okita, K.;
Takano-Ishikawa, Y. Wheat alkylresorcinols suppress high-fat, high-sucrose diet-induced obesity and glucose
intolerance by increasing insulin sensitivity and cholesterol excretion in male mice. J. Nutr. 2015, 145, 199–206.
[CrossRef] [PubMed]
167. Lee, B.; Jung, J.H.; Kim, H.S. Assessment of red onion on antioxidant activity in rat. Food Chem. Toxicol. Int. J.
Publ. Br. Ind. Biol. Res. Assoc. 2012, 50, 3912–3919. [CrossRef] [PubMed]
168. Bai, C.; Zheng, J.; Zhao, L.; Chen, L.; Xiong, H.; McClements, D.J. Development of Oral Delivery Systems
with Enhanced Antioxidant and Anticancer Activity: Coix Seed Oil and beta-Carotene Coloaded Liposomes.
J. Agric. Food Chem. 2019, 67, 406–414. [CrossRef] [PubMed]
169. Srinivasan, K. Biological Activities of Red Pepper (Capsicum annuum) and Its Pungent Principle Capsaicin:
A Review. Crit. Rev. Food Sci. Nutr. 2016, 56, 1488–1500. [CrossRef]
170. Keihanian, F.; Saeidinia, A. Curcumin, hemostasis, thrombosis, and coagulation. J. Cell. Physiol. 2018, 233,
4497–4511. [CrossRef]
171. Hong, J.; Kim, S.; Kim, H.S. Hepatoprotective Effects of Soybean Embryo by Enhancing Adiponectin-Mediated
AMP-Activated Protein Kinase alpha Pathway in High-Fat and High-Cholesterol Diet-Induced Nonalcoholic
Fatty Liver Disease. J. Med. Food 2016, 19, 549–559. [CrossRef]
172. Basu, P.; Maier, C. Phytoestrogens and breast cancer: In vitro anticancer activities of isoflavones, lignans,
coumestans, stilbenes and their analogs and derivatives. Biomed. Pharmacother. 2018, 107, 1648–1666.
[CrossRef]
173. Wang, X.; Yan, M.; Wang, Q.; Wang, H.; Wang, Z.; Zhao, J.; Li, J.; Zhang, Z. In Vitro DNA-Binding, Anti-Oxidant
and Anticancer Activity of Indole-2-Carboxylic Acid Dinuclear Copper(II) Complexes. Molecules 2017, 22,
171. [CrossRef]
174. Esfandiari, A.; Saei, A.; McKenzie, M.J.; Matich, A.J.; Babalar, M.; Hunter, D.A. Preferentially enhancing
anti-cancer isothiocyanates over glucosinolates in broccoli sprouts: How NaCl and salicylic acid affect their
formation. Plant Physiol. Biochem. PPB 2017, 115, 343–353. [CrossRef]
175. Nair, S.A.; Sr, R.K.; Nair, A.S.; Baby, S. Citrus peels prevent cancer. Phytomed. Int. J. Phytother. Phytopharmacol.
2018, 50, 231–237. [CrossRef]
176. Hazafa, A.; Rehman, K.U.; Jahan, N.; Jabeen, Z. The Role of Polyphenol (Flavonoids) Compounds in the
Treatment of Cancer Cells. Nutr. Cancer 2019, 1–12. [CrossRef] [PubMed]
177. Buhrmann, C.; Yazdi, M.; Popper, B. Resveratrol Chemosensitizes TNF-beta-Induced Survival of 5-FU-Treated
Colorectal Cancer Cells. Nutrients 2018, 10, 888. [CrossRef] [PubMed]
178. Kim, H.Y.; Yu, R.; Kim, J.S.; Kim, Y.K.; Sung, M.K. Antiproliferative crude soy saponin extract modulates the
expression of IkappaBalpha, protein kinase C, and cyclooxygenase-2 in human colon cancer cells. Cancer
Lett. 2004, 210, 1–6. [CrossRef] [PubMed]
179. Jun, H.S.; Kim, S.E.; Sung, M.K. Protective effect of soybean saponins and major antioxidants against aflatoxin
B1-induced mutagenicity and DNA-adduct formation. J. Med. Food 2002, 5, 235–240. [CrossRef]
180. Smeriglio, A.; Barreca, D.; Bellocco, E.; Trombetta, D. Proanthocyanidins and hydrolysable tannins:
Occurrence, dietary intake and pharmacological effects. Br. J. Pharmacol. 2017, 174, 1244–1262. [CrossRef]
181. Jacobs, D.R., Jr.; Gross, M.D.; Tapsell, L.C. Food synergy: An operational concept for understanding nutrition.
Am. J. Clin. Nutr. 2009, 89, 1543S–1548S. [CrossRef]
182. Corte-Real, J.; Bohn, T. Interaction of divalent minerals with liposoluble nutrients and phytochemicals during
digestion and influences on their bioavailability—A review. Food Chem. 2018, 252, 285–293. [CrossRef]
183. Chin, K.Y.; Ima-Nirwana, S. The effects of alpha-tocopherol on bone: A double-edged sword? Nutrients 2014,
6, 1424–1441. [CrossRef]
© 2020 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/).

