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Abstract

The cardiorenal metabolic syndrome (CRS) consists of a constellation of cardiac, renal, and 

metabolic disorders including insulin resistance (IR), obesity, metabolic dyslipidemia, high-blood 

pressure, and evidence of early cardiac and renal disease. Mitochondria dysfunction often occurs 

in the CRS, and this dysfunction is promoted by excess reactive oxygen species, genetic factors, 

IR, aging, and altered mitochondrial biogenesis. Recently, it has been shown that there are 

important sex-related differences in mitochondria function and metabolic, cardiovascular, and 

renal components. Sex differences in the CRS have mainly been attributed to the estrogen’s effects 

that are mainly mediated by estrogen receptor (ER) α, ERβ, and G-protein coupled receptor 30. In 

this review, we discuss the effects of estrogen on the mitochondrial function, insulin metabolic 

signaling, glucose transport, lipid metabolism, and inflammatory responses from liver, pancreatic 

β cells, adipocytes, skeletal muscle, and cardiovascular tissue.

1. INTRODUCTION

The cardiorenal metabolic syndrome (CRS) consists of risk factors that include 

asatherogenic dyslipidemia, elevated blood pressure, high plasma glucose, prothrombotic 

disorder, and proinflammatory state (metabolic syndrome).1 There are a number of 

important bidirectional interactions among heart, kidney, brain, liver, muscle, and fat tissues, 

which cause a constellation of cardiac, renal, and metabolic disorders including insulin 

resistance (IR), obesity, metabolic dyslipidemia, high-blood pressure, and evidence of early 

cardiac and renal disease (Fig. 9.1). Epidemiological studies have shown that 36.1% of adult 

men and 32.4% of women had metabolic syndrome in the USA in 2010. This was a 

considerable increase from 21.8% to 23.7%, respectively, in 2002.2 The total number of 

adults with metabolic syndrome ranges from almost 77 million to almost 86 million in 

America.2 The first formal definition of the metabolic syndrome was proposed by the World 

Health Organization in 1998.3 International Diabetes Federation, American Heart 

Association, National Heart, Lung, and Blood Institute, World Heart Federation, 
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International Atherosclerosis Society, and International Association for the Study of Obesity 

in 2009 defined the metabolic syndrome as three of the following elements: enlarged waist 

circumference with different population- and country-specific criteria; elevated triglycerides 

(TG) of ≥1.7 mmol/L (150 mg/dL); reduced high-density lipoprotein (HDL) cholesterol of 

<1.03 mmol/L (40 mg/dL) in men and <1.29 mmol/L (50 mg/dL) in women; elevated blood 

pressure, with a systolic blood pressure ≥130 mm Hg or a diastolic blood pressure ≥85 mm 

Hg; and elevated fasting glucose ≥5.6 mmol/L (100 mg/dL), with the inclusion of those 

individuals using medication to treat hypertriglyceridemia, decrease HDL, hypertension, or 

hyperglycemia.4

Many factors contribute to the genesis of metabolic and cardiovascular and renal 

abnormalities that characterize the CRS, including genetic predisposition, decreased 

physical activity, chronic inflammation, oxidative stress, elevated free fatty acids (FFA), 

hyperglycemia, aldosterone, angiotensin II, western diet as well as mitochondrial 

dysfunction (Fig. 9.2).5 Mitochondria function can benefit from the roles of estrogen 

through binding to estrogen receptor (ER) α/β, such as antioxidant ability and inhibiting 

renin–angiotensin system. Thus, estrogen reduces IR, diabetes, cardiovascular diseases 

(CVDs), and CRS (Fig. 9.2). Recently, our investigative group reported that there is a 

gender difference in mitochondrial function and that this difference contributes to 

development of the CRS in mice fed a western diet high in fat and fructose.6 Indeed, the rate 

of development of CVD related to CRS, such as diastolic dysfunction, coronary vascular 

stiffness, and impaired vasorelaxation are different in males and females. Normally women 

develop CVD approximately 10 years later than men, but women show a marked increase in 

CVD during the postmenopausal period.7 The increased risk of CVD in postmenopausal 

women has been linked to the decrease in plasma estrogen levels.8 However, our 

understanding of the biological relationship between estrogen signaling, mitochondria 

function, and the development CRS is still in its infancy. The objectives of this review are to 

provide a basic overview of the role of estrogen in regulating mitochondrial function and 

how abnormalities of this regulation and function contribute to the development of the CRS.

2. MITOCHONDRIA IN CRS

Mitochondria are essential for intermediary metabolism as well as adenosine triphosphate 

(ATP) production, and normally provide more than 90% of cellular energy.9 It has been 

established that mitochondrial respiratory chain function is responsible for energy 

metabolism and ATP production through the tricarboxylic acid (TCA) cycle, coupling of 

oxidative phosphorylation (OXPHOS), and electron transfer.10 In the past decade, research 

has demonstrated that mitochondria play a key role in modulating cell cycle progression, 

cell survival, apoptosis, as well as reactive oxygen species (ROS) generation which is a 

“side product” in metabolism.9 Mitochondria dysfunction is recognized as playing a central 

role in the development of various abnormalities, including disturbed glucose homeostasis, 

IR, abdominal fat accumulation, dyslipidemia, hypertension and associated cardiac and renal 

pathology.
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2.1. Mitochondria structure and function

The TCA cycle and electron transport chain (ETC) are two important mitochondrial 

processes in cellular ATP production. The overall pathway for TCA cycle is as follows: 

catabolism of glucose in the cytosol produces two molecules of pyruvate, which pass 

through the mitochondrion’s double membrane and enter the TCA cycle.11 When there are 

relatively high concentrations of ATP, pyruvate carboxylase is activated and shuttles 

pyruvate in the direction of gluconeogenesis. When energy demands and the concentration 

of ATP are relatively low, two pyruvate molecules pass through the pyruvate dehydrogenase 

(PDH) complex to produce two molecules of acetyl-coenzyme A (acetyl CoA), which enter 

the TCA cycle. Subsequently, each acetyl CoA produces three molecules of nicotinamide 

adenine dinuceotide (NADH) and two molecules of flavin adenine dinucleotide (FADH), for 

a total of six NADH and four FADH per one molecule of pyruvate.12 Additionally, acetyl 

CoA can be produced by oxidation of FFA, which then requires the nutrient L-carnitine to 

shuttle the acetyl CoA into the mitochondria to enter the TCA cycle.13 The ETC consists of 

five enzymatic complexes (I–V) of integral membrane proteins. They are NADH-CoQ 

reductase (complex I), succinate-CoQ reductase (complex II), CoQ-cytochrome c reductase 

(complex III), cytochrome c oxidase (complex IV), and ATP synthase (complex V).9 

Electrons from NADH or FADH2 are transferred through a series of respiratory chain 

complexes to O2, which finally generates H2O. A proton gradient across the membrane is 

the driving force of F0F1-ATPase to produce ATP from adenosine diphosphate (ADP). ATP 

is transported to the cytosol by exchanging ADP through an adenine nucleotide translocator 

and is important for various biological events.14 Additionally, mitochondria generate heat by 

a mechanism called the “proton leak.” Proton leak from the intermembrane space to the 

matrix reduces proton-motive force and generates heat instead of ATP. Much of the proton 

leak is a catalytic property of specific molecules termed uncoupling proteins (UCPs), such 

as UCP1, UCP2, and UCP3. UCPs play an important role in reducing the proton gradient 

and mitochondrial function by regulating both heat and ROS generation.14

Oxygen consumed in mitochondrial is associated with production of oxygen free radicals 

(ROS) in most cells and tissues. Mitochondrial electron transport generates superoxide 

radical (O2
•−) as an inevitable by-product in complex I and complex III.15 Biologically, 

ROS include O2
•−, hydrogen peroxide (H2O2), and the hydroxyl radical (OH•). It has been 

estimated that about 0.2–2% of oxygen consumed are converted into O2
•− by ETC in human 

cells.16 However, the mitochondria of cardiomyocytes have high respiratory rates, and 

approximately 90% of basal cellular ROS are from mitochondria.17 Moreover, seven other 

sites were also suggested to generate O2
•− in the mitochondria. They are cytochrome b five 

reductase, monoamine oxidase, dihydroorotate dehydrogenase, dehydrogenase of α-

glycerophosphate, succinate dehydrogenase, aconitase, and α-ketoglutarate dehydrogenase 

complex.9 Although this review is concerned with mitochondrial generation of ROS, it 

should be recognized that ROS are derived from outside of mitochondria, such as oxygen 

radicals from peroxisomal β-oxidation of fatty acids, NAD(P)H oxidase, xanthine oxidase, 

arachidonic acid metabolism, microsomal P-450 enzymes, and prooxidant heme molecule.18 

Several enzymatic means may protect against ROS in mitochondria. These include 

conversion of superoxide to H2O2 by superoxide dismutase (SOD), scavenging of H2O2 by 

catalase, glutathione peroxidase, and peroxiredoxin III.18 Ca2+ transport can cross the 
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mitochon-drial inner membrane and is taken up by mitochondria both through a uniporter 

and a pulsed or rapid mode.19 The most studied Ca2+ influx mechanism is the uniporter, 

which transports Ca2+ down its electrochemical gradient.20 Several important functions have 

been proposed for these processes, including control of the metabolic rate for cellular energy 

production, modulation of cytosolic Ca2+ transients, and induction of apoptosis through 

release of cytochrome c.21

2.2. Risk factors in mitochondria function

Mitochondrial dysfunction, such as mitochondrial loss and overproduction of oxidants, has 

been suggested to be involved in the development of impaired insulin metabolic 

signaling/IR in various tissues of skeletal muscle, liver, fat, heart, and the kidney. Sedentary 

lifestyle, genetic factors, oxidative stress, maladaptive immunomodulation, and aging may 

adversely affect mitochondrial function, leading to impaired insulin metabolic signaling and 

progression of the CRS (Fig. 9.2). Physical activity plays an important role in the regulation 

of muscle mitochondrial function because aerobic exercise potently activates mitochondrial 

function. On the contrary, sedentary behavior is linked with reduced activity, with obesity 

and other metabolic disorders.22 Thus, it is likely that some mitochondrial defects in 

overweight or obese insulin-resistant subjects can be explained by low levels of physical 

activity. Mitochondrial proteins are encoded by both nuclear and mitochondrial genomes, 

and there is some evidence to suggest that mitochondria DNA (mtDNA) deletions or 

mutations in nuclear-encoded genes are linked with various abnormalities characterizing the 

CRS. It has been hypothesized that the mitochondrial genome is more susceptible to various 

mutagenic stressors because mitochondrial genes are more proximal to the ROS source.23 

Our previous research showed that a naturally occurring thymidine-to-cytidine mutation in 

the mitochondrial tRNAILE gene is associated with phenotypes of hypertension, 

hypercholesterolemia, and hypomagnesemia.14 A3243G, another mutation gene on mtDNA 

that encodes tRNA and causes impaired insulin secretion. In addition, patients with defects 

in acyl CoA dehydrogenase have phenotypes of cardiomyopathy, liver dysfunction, and 

neurological disorders.24 Furthermore, polymorphisms in the promoter of UCP2 are 

associated with decreased incidence of obesity, reduced insulin secretion, and a high 

prevalence of type 2 diabetes mellitus (T2DM).14 Thus, genetic factors that are inherited 

through nuclear or mitochondrial genes may influence the pathogenesis of the CRS and 

associated CVD through functional impairment of mitochondria.

ROS production occurs mainly at complex I and complex III in mitochondria.25 Under 

conditions of glucose and fatty acid overnutrition, nutrient overflow into cells prompts 

electrons transferring to oxygen without ATP production and further favors a state of 

increased ROS, which potentially leads to oxidative damage within mitochondria.26 

Therefore, ROS generated from mitochondria damages proteins, DNA, and lipid membrane 

components, which results in mitochondrial dysfunction. In aging, increasing mutations in 

mitochondrial DNA have been found.27 Old mitochondria have changes in morphology in 

addition to increased ROS production and decreased ATP production. Abnormalities in 

aging include cumulative DNA damage, mitochondrial dysfunction, telomere loss, altered 

gene expression, and oxidative damages.14 In addition, mitochondrial biogenesis may be 

impaired by age-dependent accumulations of point mutations in human.14 Thus, increased 
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ROS production associated with aging also contribute to mitochondrial dysfunction in the 

CRS.

2.3. Mitochondria dysfunction in CRS

Mitochondrial abnormalities in diabetes were initially described in the maternally inherited 

diabetes and deafness syndrome, which is associated with A3243G mtDNA mutation. Loss 

of pancreas β-cells due to increased apoptosis, influx of fatty acids, and activation of stress-

related kinases have been reported in T2DM, which is also named secondary mitochondria 

dysfunction.28 A decrease in mitochondrial fatty acid oxidation results in increased levels of 

fatty acyl CoA and diacylglycerol, which in turn activate stress-related serine (ser)/threonine 

(thr) kinase activity and inhibit glucose transport.29 Oxidative stress contributes to impaired 

insulin signaling by increased UCP2 activity. Activated UCP2 induces a proton leak across 

the inner mitochondrial membrane; thereby resulting in the uncoupling of glucose oxidative 

metabolism from mitochondrial ATP production.30 Furthermore, T2DM and IR have a 

profound effect on lipid profiles. IR results in the increased production of FFA through loss 

of its inhibition of hormone-sensitive lipase of adipocytes and decreased endothelial 

lipoprotein lipase function. The increased influx of FFAs to the liver and insulin stimulation 

of hepatic lipogenesis lead to increased hepatic TG production in the form of very low-

density lipoprotein (VLDL) and steatosis as the TG are stored in the liver.4 Adipocyte 

production of cholesterol ester transferase protein allows for the transfer of cholesteryl esters 

from HDL to VLDL. There is increased clearance of HDL by the kidneys, and the liver 

takes up HDL and produces VLDL, therefore leading to the low HDL and elevated TG 

levels seen in CRS.4 Moreover, it is known that an abnormal lipid profile is considered to 

initiate atherosclerosis by impairing the bioactivity of endothelial nitric oxide (NO) and 

promoting leukocyte adhesion, inflammation, thrombosis, and vascular smooth muscle cell 

(VSMC) proliferation.31 Taken together, these abnormalities in mitochondria are involved in 

the pathophysiology of lipid accumulation, IR, T2DM, and CVD.

The molecular mechanism of mitochondrial dysfunction in CRS is driven via abnormalities 

involving the nuclear respiratory factors (NRF) 1 and 2, the cyclic adenosine 

monophosphate (AMP) response element binding protein (CREB), and transcription factor 

A.23 Upstream, the transcriptional coactivator peroxisome proliferators activated receptor 

gamma coactivator 1 (PGC-1) has been known as an inducible integrator of transcriptional 

circuits controlling mitochondrial biogenesis and function in a variety of tissue and cell 

types.32 PGC-1α is a coactivator of nuclear transcription factors in NRF 1 and peroxisome 

proliferators activated receptors (PPARs).33 PGC-1α is also regulated by the endothelial NO 

synthase (eNOS)/NO/cyclic guanosine monophosphate (cGMP). The activation of eNOS 

plays an important role in mitochondrial biogenesis.34 Meanwhile, NRF 1 regulates the 

expression of many mitochondrial genes including OXPHOS genes and mitochondrial 

transcription factor A, which are crucial for mitochondrial gene expression and replication 

(Fig. 9.3).35 Another important factor related to mitochondrial biogenesis is AMP-activated 

protein kinase (AMPK).36 Studies have shown that decreased expression of PGC-1α-

associated impairment of mitochondrial biogenesis may be responsible for various metabolic 

abnormalities in the CRS.32 Thus, the impairment of any of the complex steps in regulation 

of mitochondria biogenesis may contribute to the pathogenesis of IR and CVD in CRS.
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3. ESTROGEN AND MITOCHONDRIAL FUNCTION

Normal estrogen signaling through its receptors ERα and ERβ regulates mitochondrial 

structure, promotes mitochondrial ETC efficiency, preserves mitochondrial integrity, and 

maintains normal physiological function in various tissue types, such as vascular, fat, brain, 

and heart.

3.1. Estrogen, ERs, and their signaling pathways

In premenopausal women, natural estrogens are synthesized in the ovaries from cholesterol. 

In postmenopausal women, the major precursors of estrogen from peripheral tissues are 

from circulating androstenedione, testosterone, and estrogen through aromatase activity.8 

There are four distinct ERs: two ligand-activated transcription factors ERα and ERβ, one G-

protein coupled receptor 30 (GPR30), and a less defined ER-X in the brain.37 It is 

remarkable that abnormalities of ER signaling in the mitochondria and nucleus can promote 

the pathophysiological abnormalities characteristic of the CRS (Figs. 9.2 and 9.3). The 

mitochondrial genome contains DNA sequences that resemble half the palindromic nuclear 

estrogen response element (ERE) sequence. In an early experiment, ERα and ERβ were 

shown to directly bind mtDNA in vitro through mitochondrial EREs and the binding 

response was increased with 17β-estradiol treatment.38 ERs are also widely expressed in the 

vascular system, specifically in endothelial cells (ECs) and VSMCs. Some studies suggest 

that ERβ predominates in ECs, whereas ERα expression is greater in VSMCs.8 GPR30 is 

widely distributed in the brain and peripheral tissues. GPR30 has also been found in human 

internal mammary arteries and saphenous veins.8

Classical estrogen signaling occurs through a direct binding of ER dimers to EREs in the 

regulatory regions of estrogen target genes. Estrogen also modulates gene expression by ERs 

interacting with other transcription factors, such as activating protein-1 and stimulating 

protein-1.39 Estrogen exerts rapid nongenomic actions by activating plasma membrane-

associated ERs, leading to intracellular protein kinase-mediated phosphorylation signaling 

cascades, such as protein kinase A (PKA), protein kinase C (PKC), and mitogen-activated 

protein kinase (MAPK).40 GPR30 is structurally unrelated to ERα and ERβ. Recently, 

GPR30 was reported to mediate nongenomic and rapid estrogen signaling, including release 

of intracellular Ca2+, activation of Ca2+–calmodulin-dependent kinases, activation of 

MAPK, and phosphoinositide 3-kinase (PI3K) signaling pathways.41

3.2. Roles of estrogen in mitochondria function

Estrogen may exert direct or indirect effects on mitochondrial function. It has been shown 

that estrogen increases levels of several mitochondrial respiratory chain proteins, including 

cytochrome c and complex IV subunits in ECs.42 It is noted that estrogen has been 

recognized as antioxidants in a variety of in vivo and in vitro models, including ischemic 

refusion injury, heart failure, brain injury, and neurodegenerative disorders where the 

delivery of oxygen and glucose are inadequate and mitochondrial OXPHOS is inhibited 

resulting in more ROS generation.43 Mitochondria are not only a primary source of ROS, 

but also a main target of ROS. Mitochondria undergo several prominent alterations in the 

early phase of OXPHOS that may contribute to eventual cell death, including changes in 
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production of ROS, loss of mitochondrial membrane potential, and disruption of energy 

metabolism.42 ERα and ERβ have been identified in mitochondria and to bind to the D-loop 

of mouse and human mtDNA, which encode three subunits of cytochrome oxidase, seven 

subunits of NADH-CoQ reductase, one subunit of cytochrome b, two subunits of ATP 

synthase, rRNAs, and tRNAs.44 It is not clear whether ERα and ERβ directly regulate 

mtDNA transcription or whether this effect is mediated through nuclear effects on nuclear-

encoded genes that in turn regulate mtDNA transcription.45 Nonetheless, the presence of 

ERs in both nucleus and mitochondria provide a possible mechanism for estrogen 

coordination of the expression of mtDNA and nuclear-encoded mitochondrial respiratory 

complex genes.45 Mitochondria ERα and ERβ participate in the coordination of the cell’s 

energy requirement and in the OXPHOS biosynthesis, affecting ROS generation and 

induction of apoptosis (Fig. 9.2).46

In addition to roles in mitochondria, estrogen also suppresses ROS through other sites. 

Estrogen treatment reduces angiotensin II (Ang II)—and aldosterone signaling through the 

Ang II receptor 1 (AT1R) and the mineralocorticoid receptor (MR), respectively (Fig. 

9.2).47 Normally stimulation of the AT1R and the MR induces free radical, superoxide 

production, NADPH oxidase activity, and intracellular generation of ROS in VSMCs and 

ECs.47 Some of our studies confirmed a critical role for increased AT1R and MR in 

conjunction with an altered redox-mediating impaired endothelial, cardiac, and renal 

function in the CRS.48 Furthermore, in VSMCs estrogen treatment increases protein levels 

of SOD.37 Although estrogen has only weak radical scavenging activity, estrogen is able to 

inhibit oxidative stress markers such as lipid peroxidation, protein oxidation, and DNA 

damage. In cell-free systems, estrogen inhibits iron-induced lipid peroxidation, LDL 

oxidation, cholesterol oxidation, and conjugated diene formation.49 These potent antioxidant 

activities are likely due to a novel redox cycling mechanism. Thus, it could be expected that 

estrogen plays a crucial role in prevention of mitochondrial dysfunction and the associated 

development of the CRS.

Estrogen moderates a Ca2+-induced permeability transition during excitoxicity that would 

clearly be beneficial in mitochondria function. Studies have found that estradiol augments 

sequestration of cytosolic Ca2+ in mitochondria since estrogen promotes influx of Ca2+ via 

L-type Ca2+ channels, which in turns activates the Src/ERK/CREB signaling pathways 

through activating the PI3K.50 Further, estrogen increases mitochondrial sequestration of 

Ca2+, preventing adverse consequences of excess cytoplasmic Ca2+, and subsequently 

inhibit the cell apoptosis.49 The death receptor pathway and mitochondrial pathway have 

been characterized to mediate apoptosis via bcl-2 family protein. Once the mitochondrial 

apoptotic pathway is activated, the mitochondrial permeability transition pore is open due to 

elevated mitochondrial calcium levels and excessive ROS. This is followed by cytochrome c 

release from mitochondria to cytosol with subsequent caspase activation initiating cell self-

digestion and nuclear DNA fragmentation.9,51 Therefore, estrogen may prevent cell 

apoptosis by suppressing mitochondrial oxidative stress, maintaining Ca2+ homeostasis, and 

increasing bcl-2 family expression in regulation of mitochondria function.
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4. ABNORMALITIES IN ESTROGEN SIGNALING PROMOTES 

DEVELOPMENT OF THE CRS

Our investigation has shown that there are important sex-related differences in the 

development of diet-induced IR and other key components of the CRS.6 Normally 

premenopausal women have a lower prevalence of heart and kidney disease relative to age-

matched men. Estrogen participates in the modulation of insulin sensitivity, energy balance, 

and body composition as estrogen regulates the activity and expression of the key enzymes 

involved in glucose transport, glycolysis, the citric acid cycle, the mitochondrial respiratory 

chain, and fatty acid oxidation.52

4.1. Estrogen and ERs in CVD

Estrogen plays an important role in the regulation of vascular tone and in the 

pathophysiology of CVD. Physiological effects of estrogen are mediated through ERα and 

ERβ, which are both expressed in VSMCs and ECs.53 Estrogen may promote endothelium-

dependent vasodilation by increasing the releases of NO, prostacyclin (PGI2), and 

endothelium-derived hyperpolarizing factor (EDHF). In comparison, estrogen decreases the 

release of endothelin (ET-1) and Ang II, which are potent vasoconstrictors and 

procoagulants.8 Furthermore, estrogen can decrease sympathetic activity, circulating levels 

of norepinephrine, and blood pressure.37 The mechanisms in estrogen-induced eNOS 

activation and NO expression on ECs are that estrogen activates PI3K/protein kinase B 

(Akt) pathways, which lead to phosphorylation and activation of eNOS and increases NO 

production.54 Estrogen also increases eNOS activity by causing rapid ER-dependent 

activation of MAPK.55 Furthermore, NO induced by estrogen in ECs diffuses into the 

smooth muscle cells of the blood vessel and interacts with soluble guanylate cyclase. NO 

stimulates the soluble guanylate cyclase to generate the second messenger cGMP from 

guanosine triphosphate (GTP). The soluble cGMP activates cyclic nucleotide-dependent 

protein kinase G (PKG).56 PKG, a kinase in phosphorylating a number of proteins, regulates 

Ca2+ concentrations and sensitization, hyperpolarizes cell through potassium channels, and 

causes actin filament and myosin dynamic alterations, and subsequently results in smooth 

muscle relaxation.57 Meanwhile, estrogen may activate ATP-sensitive K+ channels or Ca2+-

activated K+ channels in VSMCs, leading to membrane hyperpolarization, and decreased 

Ca2+ entry.8 Additionally, estrogen may promote efflux of Ca2+ via plasmalemmal Ca2+ 

pump in VSMCs through inhibiting PKC signal pathway and Rho-kinase activity.8 Thus, the 

decrease in estrogen levels in aging women is likely to cause an increase in the expression of 

Ca2+ channels and decreased Ca2+ pumps, leading to increased VSMC Ca2+, 

vasoconstriction, and thereby increase the incidence of hypertension and CVD (Fig. 9.3).

In the context of vascular function, estrogen may play a role in the extracellular matrix 

(ECM) remodeling and reduction of ECM degradation.58 Matrix metalloproteinase (MMPs) 

are involved in the regulation of the structural integrity of the ECM. When the vessel wall is 

exposed to immunological stress, inflammatory cells like polymorphonuclear neutrophils 

(PMNs) and macrophages, produce a variety of MMPs (MMP-1, -7, -8, -13) as well as 

elastase. MMPs degrade the ECM by affecting the production of weaker collagen and frayed 

elastin fibers.59 The activity of these enzymes is regulated by augmented gene expression, 
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posttranslational activation of cleavage of pro-MMPs, and interaction among MMPs, 

plasmin, thrombin and ROS.60 Increased MMP activity induces ECM degradation within the 

atherosclerotic plaque and may be involved in plaque instability and CVD events. However, 

postmenopausal women and animals with diminished estrogen function are more prone to 

vascular and cardiac stiffness and associated vascular disease and impaired cardiac 

relaxation.

Studies have suggested that the influence of estrogen on insulin sensitivity is largely 

mediated by estrogen signaling through ERα.61 Compared to ERα wild-type animals, 

knockout (KO) of the ERα in mice results in obesity at the expense of white adipose tissue 

expansion, reduced energy expenditure, IR, and glucose intolerance.6 It has been revealed 

that ERα is a positive regulator of glucose transporter type 4 (GLUT4) expressions, whereas 

ERβ has a suppressive role probably through regulating PPARγ activity and inhibits 

expression of GLUT4 in the muscle.41,62 In the cardiovascular system, ERα is found mainly 

in the uterine vasculature, whereas ERβ is more abundant in ECs and VSMCs from aorta, 

tail, and uterine vasculature.63 ERβ seems to be localized in the central nervous system 

cardiovascular control centers with inhibitory neurons in the brain that normally reduce 

sympathetic activity. ERβ depletion would be associated with withdrawal of inhibitory tone 

such as that imparted by the parasympathetic system, thereby increasing peripheral 

resistance and resulting in elevations in blood pressure and associated myocardial 

hypertrophy.37 Meanwhile, ERβ also plays a protective role in injured arteries by inhibiting 

neointima formation, which is the first step in the development of atherosclerosis in mice.64 

Furthermore, both ERα and ERβ regulate inflammatory responses. ERα mediates estrogen 

abrogation of cytokine-induced expression of cell adhesion molecules in ECs. Alternatively, 

ERβ mediated the estrogenic abrogation of tumor necrosis factor α (TNF-α)-induced 

inflammation in cultured smooth muscle cells.37 Thus, ERα and ERβ play important roles in 

insulin and glucose metabolism with actions on the liver, adipose tissue, muscle, and 

pancreatic β cells.

4.2. Estrogen regulates glucose homeostasis and IR

Insulin is released from pancreatic β cells in response to high glucose levels and stimulates 

the uptake of glucose in skeletal muscles and adipose tissue as glycogen through 

glycogenesis in the liver.65 A recent study suggested that long term estrogen exposure 

increases insulin release without changing β cell mass and insulin target gene expression in 

mice.41 Estrogen is known to influence glucose homeostasis with dominant effects in the 

liver and muscle. Study has found that ERα is a positive regulator of GLUT4 expressions; 

whereas ERβ has a suppressive role.66 In addition to facilitating glucose transport, estrogen 

also promotes aerobic glycolysis by increasing activity of the glycolytic enzymes 

hexokinase, phosphofructokinase, and pyruvate kinase. Estrogen increases the expression of 

PDH which is the primary regulatory enzyme that links glycolysis to the TCA cycle.67 

Further, estrogen prompts the expression of the complex I, complex IV, and complex 

V/ATP synthase in mitochondria.38 Our previous data are consistent with above studies and 

clearly show that glucose intolerance induced by high-fat diet was associated with decreased 

expression of ERα and GLUT4 in adipose tissue, and further confirmed systemic 

impairment of glucose homeostasis in the older cohort of ERαKO mice.6 Together, these 
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findings indicate that estrogen promotes enhanced utilization of glucose and maintains 

glucose homeostasis.

Estrogen is known as a regulator of insulin sensitivity in both women and men. 

Premenopausal women are more insulin sensitive with associated improved glucose 

tolerance and are more resistant to develop IR compared to men.41 In particular, estrogens 

increase hepatic insulin sensitivity by decreasing gluconeogenesis and glycogenolysis, and 

increasing insulin release in islets of Langerhans. Estrogen also prevents β-cell apoptosis, 

reduces proinflammatory signaling, and improves insulin action.68 The effects of estrogen 

signaling through ERs on insulin production have been studied in vivo using aromatase KO 

mice, which lack the enzyme responsible for conversion of androgens to estrogens.69 Our 

data further confirmed the role for ERα in modulating IR. Global ERαKO in mice resulted 

in elevation of IR and inflammation in skeletal muscle along with impaired glucose 

tolerance.6 Conversely, ERα agonist with the selective ligand propylpyrazoletriyl in 

ovariectomized wild-type rats increased insulin-stimulated glucose uptake in skeletal muscle 

through activating AKT and AMPK signaling pathways.70 Therefore, postmenopausal 

women with lower endogenous estrogen levels may contribute to the sex differences-related 

IR, T2DM, and CVD in CRS.

4.3. Estrogen regulates lipogenesis and lipolysis

Adiposity is a growing global epidemic that increases the risk of diabetes, CVD, and CRS. 

Epidemiological studies show postmenopausal women have low estrogen levels, experience 

a general increase in weight, and redistribute adipose tissue, which lead to increased 

abdominal fat deposition.71 The increased abdominal fat in postmenopausal women tends to 

be visceral and not subcutaneous fat.38 Although estrogen increases the risk for the 

formation of cholesterol gallstones by promoting hepatic secretion of biliary cholesterol, 

estrogen decreases plasma LDL, and increases plasma HDL.72 Estrogen significantly 

enhances the activity of enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 

reductase, which is the rate-limiting enzyme in hepatic cholesterol biosynthesis under high 

dietary cholesterol loads, suggesting that there could be an increased delivery of cholesterol 

to bile from de novo synthesis in the liver.41 A recent study showed that ERα and ERβ are 

expressed in both subcutaneous and visceral fat tissues, and premenopausal women have a 

less atherogenic lipid profile than men due to higher HDL and lower TG levels, which are 

closely associated with central fat accumulation.8 Further, studies found that ERα 

predominantly regulates adipose homeostasis via growth and proliferation of adipocytes.38 

With the euglycemic-hyperinsulinemic clamp, a defective suppression of hepatic glucose 

output has been demonstrated in ERαKO mice, along with increased expression of genes 

involved in lipid biosynthesis and decreased expression of genes involved in lipid transport.6 

Thus, estrogen and its receptor may play important roles in adipose tissue biology.

4.4. Estrogen regulates inflammatory responses

The incidence of CRS and T2DM are shown to rise remarkably in women following 

menopause. It is becoming increasingly evident that chronic activation of proinflammatory 

pathways may be responsible for obesity-induced IR and T2DM. The proinflammatory 

cytokines, such as TNFα, Interleukin 6 (IL6), and c-reactive protein (CRP) are elevated in 
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patients with IR and T2DM.41 Suppression of proinflammatory responses represents a 

promising strategy to combat obesity and IR in CRS. Therefore, it might be expected that 

estrogenic treatments would modulate inflammatory responses. Currently, the most 

consistent reports of estrogenic modulation of inflammation in vascular tissue involve 

activation of cytokine pathways in inflammation. Estrogen may decrease the expression of 

CRP in vascular injury and increases protein S-nitrosylation in human umbilical vein ECs 

directly via ERα and indirectly by eNOS upregulation, and in turn prevents Ang II-induced 

upregulation of intercellular cell adhesion molecule-1.8 Many of the intracellular signaling 

cascades affected by activating toll-like receptors and interleukin molecules are cross-linked 

with ERs.73 Activation of nuclear factor kappa B (NF-κB) is known to mediate a variety of 

chronic inflammatory diseases in CRS. Estrogen has been shown to inhibit NF-κB signaling 

in an ER-dependent manner through both ERα and ERβ.74 However, the complexity of 

hormonal effects on inflammation is depended on a variety of factors, including the amount 

and composition of estrogens, the type of immune stimulus, the types of cells becoming 

inflamed, and the presence of hormone receptors.37,74 Therefore, the impact and the 

mechanisms linked to sex hormone therapy in inflammation remain to be fully elucidated.

5. CONCLUSIONS

The CRS consists of a constellation of metabolic, cardiac, and renal abnormalities. As 

discussed throughout this review, CRS is closely related to mitochondria dysfunction and 

diminished estrogen signaling in the liver, adipose tissues, skeletal muscles, and vascular 

tissues. Although conventional estrogen therapy might beneficially affect CRS, it is noted 

that some side effects such as breast cancer and thromboembolism have been found in 

patient treatment with estrogen. Future investigation should further identify the potential 

interactions and cross-talk among ERα, ERβ, and GPR 30 in the regulation of body weight, 

IR, and CVD in both females and males. Meanwhile, a well-controlled and -designed 

clinical trial is needed to elucidate whether estrogen therapy could be effective in patients 

with CRS. This may help to define novel pharmacological targets, and thus we may be able 

to select cogent and knowledge CRS therapies.
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Figure 9.1. 
Pathophysiological interactions between adiposity and maladaptive changes in the heart and 

kidney in CRS. The interactions among the environmental, behavioral, hormonal, and genes 

help to modify an individual’s body weight, and further show the effects of the resultant 

dysfunctional adipose tissue and low-grade inflammation on the structure and function of 

different organ systems. Abbreviations: RAS, renin–angiotensin–aldosterone system; IL, 

interleukin; TNF, tumor necrosis factor; NO, nitric oxide; NOO−, peroxynitrite; ROS, 

reactive oxygen species; PAI, plasminogen activator inhibitor; TPA, tissue plasminogen 

activator.
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Figure 9.2. 
Proposed roles of estrogen and its receptors in the maintenance of mitochondria function and 

reduction of insulin resistance in CRS. Overnutrients, FFA mobilization, hyperglycemia, 

aldosterone, angiotensin II, and western diet cause mitochondrial dysfunction and increase 

ROS production, resulting in insulin resistance in CRS. Estrogen binding to ERα/β protects 

mitochondria function, increases antioxidant ability, inhibits renin–angiotensin system, and 

thus reduces insulin resistance, diabetes, and cardiovascular diseases. Abbreviations: FFA, 

free fat acids; AT1R, angiotensin II receptor 1; MR, mineralocorticoid receptor; IR, insulin 

receptors; NADPH oxidase, nicotinamide adenine dinucleotide phosphate-oxidase; IRS 1/2, 

insulin receptor substrate 1/2; MAPK, mitogen-activated protein kinase; JNK, c-Jun N-

terminal kinase; PKC, protein kinase C; GSK-3, glycogen synthase kinase 3; IKK β, IκB 

kinase; mTOR, mammalian target of rapamycin; PI3K/Akt, phosphatidylinositide 3-kinases/

protein kinase B; VLDL, very low-density lipoprotein cholesterol.
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Figure 9.3. 
Depiction of molecular mechanism and signaling pathways of estrogen in CRS. The 

molecular mechanism of mitochondrial dysfunction in CRS is involved in PGC-1, NRF 1/2, 

CREB, and PPARs signaling pathways. Estrogen increases PGC-1 expression and prevents 

the development of CRS via its receptors and NO/cGMP signaling pathways. Abbreviations: 

PGC-1, peroxisome proliferators activated receptor gamma coactivator 1; NRF, nuclear 

respiratory factors, PPARs, peroxisome proliferators activated receptors; CREB, cyclic 

AMP response element binding protein; NO, nitric oxide; cGMP, cyclic guanosine 

monophosphate.
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