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REVIEW

Diabetic Cardiomyopathy

Do Women Differ From Men?
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Although many aspects of cardiovascular disease are
similar between women and men, it is becoming in-
creasingly obvious that there are significant differences
as well. Premenopausal women ususally have a lower
risk of cardiovascular diseases than age-matched men
and postmenopausal women. However, the “female
advantage” disappears once women are affilicted with
diabetes mellitus. Heart diseases are twice as common
in diabetic men and five times as common in diabetic
women. Itis believed that differences in sex hormones
and intrinsic myocardial and endothelial functions be-
tween men and women may be responsible for this female
“advantage” and “disadvantage” in normal and dia-
betic conditions. Most experimental and clinical stud-
ies on diabetes only included male subjects and failed
to address this important gender difference in diabe-
tic heart complications. Although female hearts may
be better tolerated to stress (such as ischemia) insults
than their male counterparts, female sex hormone such
as estrogen may interact with certain risk factors under
diabetes whichmay compromise the overall cardiac func-
tion. The benefit versus risk of estrogen replacement
therapy on cardiac function and overall cardiovascular
health in diabetes remains controversial. This review will
focus on gender-related difference in diabetic heart
complication—diabetic cardiomyopathy—and if gender
differences in intrinsic myocardial contraction, polyol
pathway metabolism, and advanced glycation endprod-
uct formation and other neuroendocrinal regulatory
mechanisms to the heart may contribute to disparity in
diabetic cardiomyopathy between men and women.
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Introduction

Cardiovascular diseases are among the leading causes of
morbidity and mortality in patients with diabetes mellitus.
The incidence of diabetes is expected to double over the next
decade owing to the sedentary lifestyle and an ever growing
cluster of pre-diabetic syndromes including syndrome X,
obesity, and insulin resistance (/). Almost all of these meta-
bolic disturbances are considered major risk factors for devel-
opment of heart dysfunction and congestive heart failure
(2-6). Sustained diabetes of either type leads to deteriora-
tion of heart function known as diabetic cardiomyopathy,
which occurs independent of macro- and microvascular
diseases (7). Diastolic dysfunction is the most prominent
mechanical defect in diabetic cardiomyopathy and is char-
acterized by decreased compliance and slower rates of myo-
cardial relaxation (7-9). Both systolic and diastolic dys-
functions have been characterized as prolonged duration
of contraction and relaxation, reduced velocity of contrac-
tion and relaxation, and depressed myocardial contractil-
ity in whole heart, tissue, and isolated ventricular myocytes
from both diabetic patients and experimental animals (7—
9). Although the pathogenesis of diabetic cardiomyopathy
has not been precisely described, several mechanisms have
been speculated including reduced energy production due
to decrease in mitochondrial respiration and pyruvate dehy-
drogenase activity, accumulation of free radical species, mal-
function of cardiac contractile and intracellular Ca** regu-
latory proteins such as myosin, titin, sarco(endo)plasmic
reticulum Ca**~ATPase (SERCA), phospholamban, and
Na*-Ca®* exchanger (7,10-12). The increased risk of dia-
betic cardiomyopathy and other heart complications war-
rants stringent and aggressive treatment against hyperglyce-
mia, hyperinsulinemia, dyslipidemia, and oxidant damage.
The most commonly used therapeutic regimes in diabetic
patients with heart dysfunctions encompass angiotensin-
converting enzyme (ACE) inhibitors, angiotensin-receptor
antagonists, digoxin, diuretics, B-blockers, Ca>* antagonists,
and spironolactone. The insulin-sensitizing agents such as
thiazolidinediones and peroxisome proliferators-activated
receptors (PPARs) agonists are recommended in treatment
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of diabetes over insulin-secretion-enhancing agents to avoid
hyperinsulinemia and insulin resistance. In addition to phar-
macological interventions, primary care for diabetic patients
also includes lifestyle modifications such as smoking ces-
sation, weight control, exercise, and dietary restriction (6).
Routine and moderate exercise may reduce blood glucose,
blood pressure, body weight and body fat, and improve in-
sulin sensitivity, lipid profile, as well as the overall cardiac
pumping function in diabetic individuals (6). Nevertheless,
without the precise knowledge of the mechanism(s) of action
for this devastating myopathic state, most of the therapeu-
tic strategies are far from optimization to manage the mor-
bidity and mortality of diabetic cardiomyopathy effectively.

One of the rather interesting and puzzling clinical obser-
vations is that diabetes can cancel off the normal “female
advantage” in cardiovascular function. Without diabetes,
women usually display a much lower incidence of heart dis-
ease prior to menopause but only lose this “female” advan-
tage following menopause, suggesting that ovarian hor-
mones, primarily estrogen, may play a pivotal role in the
reduced risk for heart disease (/3). However, heart diseases
are twice as common in diabetic men and five times more
common in diabetic women when compared with the general
population (3). Gender-related differences in myocardial
function and tolerance to stress such as ischemia reperfusion
injury have been documented (/4—17). Women usually dis-
play higher peak and end-systolic ventricular pressures when
compared to men (/8). Sex difference in intrinsic myocar-
dial contractile function including duration and maximal
velocity of contraction and relaxation has been well recog-
nized (14-17,19). These intrinsic myocardial or hemodyna-
mic differences between men and women, along with female
sex hormones (estrogen, progesterone) and male sex hor-
mone testosterone, are believed to be contribute to gender-
related disparities in cardiac morbidity and mortality under
noth normal and diabetic conditions. Clinical and experi-
mental evidence indicated that estrogen replacement ther-
apy may ameliorate cardiac risk, although this notion was
challenged recently (5,20-22). While estrogen replacement
may benefit cardiac contractile action, blood lipid profile,
vascular resistance, and oxidative stress (22), recent clini-
cal trials [e.g., Heart and Estrogen/Progestin Replacement
Study (HERS), Women’s Ischemia Syndrome Evaluation
(WISE), and Women’s Health Initiative (WHI)] have brought
us some unpredicted or even surprising findings regarding
the impact of estrogen replacement on heart function (23).
Results of these clinical trials demonstrated that estrogen
replacement therapy does not provide cardiovascular ben-
efits in women with established heart disease. The general
consensus is that women should not consider estrogen re-
placement without any known benefits of estrogen replace-
ment therapy for cardiovascular function. As awareness of
women’s health issues continues to rise, it is pertinent and
important to discuss the diabetic heart complications espe-

Table 1
Major Forms of Heart Diseases
in Men and Women With or Without Diabetes Mellitus

Patient Most commonly seen heart diseases in adult
groups men and women with the highest morbidity and
mortality (95-98)
Men (non- Coronary calcification, coronary artery disease,
diabetic) myocardial infarction, atrial fibrilation, angina

Men Coronary calcification, coronary artery disease,
(diabetic)  myocardial infarction, coronary heart disease
(worse than non diabetic men), diastolic
abnormality, autonomic neuropathy, congestive
heart failure (twice the frequency of non-
diabetic men)
Women (non- Myocardial infarction (better prognosis than

diabetic) diabetic women)
Women Coronary calcification, coronary artery disease,
(diabetic)  myocardial infarction (worse than men),

coronary heart disease (better prognosis than
men); diastolic abonormality, autonomic
neuropathy, congestive heart failure (fivefold
the frequency of non-diabetic women)

cially diabetic cardiomyopathy in women. Up-to-date, only
limited information is available toward understanding hu-
man diabetic cardiomyopathy in both men and women, as
many studies only included males as experimental subjects.
This review will summarize the gender-related myocar-
dial contractile function and metabolic alteration (such as
polyol pathway) under diabetes and involvement of estro-
gen and other neurohormonal factors in gender-related dif-
ferences in diabetes-related heart complication with a special
focus on diabetic cardiomyopathy. Because certain factors
such as male sex hormone testosterone, age, and peripheral
vascular activity may also participate in the manifestation
of diabetes-associated cardiac contractile dysfunction, the
gender-asociated disparities in diabetic heart complications
appear to be more complex than originally thought and re-
quire more intensive research.

Gender and Myocardial
Electromechanical Function in Diabetes

Although men have a higher mortality rate, more women
than men die from heart failure (24). Just as it is in men,
heart disease is also the major cause of mortality and dis-
ability in women. Table 1 summarizes the major forms of
heart diseases in non-diabetic and diabetic men and women.
Coronary heart diseases, heart attacks, and heart muscle
(cardiomyopathies) and valvular heart diseases in the post-
menopausal years are common and serious problems for
women. A recent survey on gender factor in heart failure,
often the endpoint of cardiomyopathy, including over 230
reports suggested that prevalence for heart failure is similar
in both genders, although men display a higher incidence
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of heart failure. Women are usually older when first being
diagnosed with heart failure and survive longer after that
(25). Some forms of heart disease may be more difficult to
be recognized in women than in men. For example, cardiac
diastolic dysfunction is usually more severe in women than
men (25). It is therefore impossible and inaccurate to arbi-
trarily apply the knowledge obtained from men to women.
Clinically, diabetic cardiomyopathy is manifested as im-
paired systolic, but mainly diastolic, function (7). In experi-
mental diabetes, myocardial mechanical properties are sig-
nificantly altered at whole heart, multi- and single cellular
levels, characterized by prolonged contraction and relax-
ation and a marked reduction of relaxation velocity (7, 10).
Epidemiological studies revealed that premenopausal dia-
betic women display a comparable incidence of cardiac com-
plications compared to age-matched male patients. How-
ever, a significant increase in mortality is seen in diabetic
women after menopause compared to age-matched diabe-
tic men (5). Because most women spend at least one-third
of their lives in an “estrogen-free” or postmenopausal state,
the abrupt increase in cardiac mortality in postmenopasual
diabetic women is believed to contribute to the overt higher
risk of heart diseases in women when associated with diabe-
tes. Because estrogen replacement has been demonstarted to
favorably influence several risk factors in post-menopausal
diabetic patients including dyslipidemia, hypertension, and
endothelial dysfunction (5), it may be natural to speculate
that the state of female sex hormones, primarily estrogen,
may be a significant factor in the ultimate cardiac health in
women associated with diabetes. However, the obvious dif-
ference in myocardial electromechanical properties between
men and women seems to have drawn more attention re-
cently in an effort to explain the gender difference in diabe-
tic cardiomyopathy or diabetic heart muscle diseases.
Impaired systolic and diastolic ventricular contractile func-
tions are both characteristic of diabetic cardiomyopathy (8).
Myocardium and ventricular myocytes from diabetic hearts
exhibit reduced contractility, prolonged duration, and slowed
rate of contraction and relaxation (7,8,10-12,16,26), which
are correlated with prolonged action potentials (27,28), de-
pressed Ca?* reuptake by sarcoplasmic reticulum (SR) (29),
isozyme switch from a- to f-myosin heavy chain (MHC)
(30), alteration in cardiac troponin T expression and tropo-
nin I phosphorylation (37,32). Finding from our laboratory
reveals that isolated ventricular myocytes from OVE26 type
1 diabetic mice possesses significantly reduced peak con-
traction amplitude and maximum velocity of contraction/re-
laxation, as well as prolonged duration of contraction/relax-
ation compared to those from wild-type FVB mice (/9). These
mechanical defects are paralleled with abnormal intracel-
lular Ca>* homeostasis (mainly shown as prolonged intra-
cellular Ca® transient decay) in myocytes from OVE26 dia-
betic mice. Non-diabetic female mouse myocytes exhibited
a weaker contractile function compared to the age-matched

normal male counterparts. Interestingly, this gender-spe-
cific difference was “cancelled off” by diabetes. The young
female OVE26 mice exhibited notably better-preserved con-
tractile function, whereas cardiac contraction of the older
female was poorly maintained compared to the age-matched
male mice, indicating the existence of “female advantage”
in young but not old female diabetic mice (/9). Our very
recent data in streptozotocin (STZ)-induced diabetes in FVB
mice (2- to 3-mo-old) revealed similar findings. Weight-
matched (22-24 g) male and female FVB mice were made
diabetic with a single ip injection of STZ (200 mg/kg) and
maintained for 2 wk. Mechanical evulation of ventricular
myocyte contractile function indicated that female myocytes
exhibit weaker peak shortening (PS) and maximal velocity
of shortening/relengthening (+ dL/dt) associated with longer
contraction (TPS) duration. Diabetes depressed PS and +
dL/dt, and prolonged TPS as well as relaxation duration
(TR90) in male but not female myocytes (Fig. 1), support-
ing the notion of “female advantage” in young diabetic state.
Interestingly, when the same experiment (same mouse age,
weight, and STZ treatment) was repeated using transgenic
mice with cardiac overexpression of antioxidant metallothi-
onein (approx 10-fold), neither gender nor STZ (200 mg/kg
i.p. maintained for 2 wk) effect was seen (Fig. 2). This is
supported by our earlier report that metallothionein protects
against diabetic cardiomyopathy in OVE26 type 1 diabetes
(33). The fact that metallothionein transgene abolished gen-
der differences in myocyte function under both non-diabe-
tic and diabetic conditions suggests that disparity in intrinsic
antioxidant capacity may play a role in gender-related dif-
ferences in myocardial function. Like metallothionein, estro-
gen is a known antioxidant (34) and may provide certain
protection on myocardial function under diabetic insult. Con-
sistently, our earlier study using ventricular papillary muscles
also suggested that diabetes may ablate the gender-specific
difference in myocardial function (/6). Diabetes significantly
reduced the maximal velocity of tension rise and decline in
male but not female myocardium although there was no sig-
nificant difference in contraction or relaxation parameters
between the two genders under diabetic state (/6). How-
ever, one of our interesting findings indicated that the gen-
der-specific difference in young diabetic mice is “interrupted”
when aging is taken into account. Myocytes from young
(premenopasual) female diabetic animals possess better-pre-
served contractile function compared to age-matched male
diabetic mice. However, this “female advantage” disap-
peared in older (presumably postmenopausal stage) female
diabetic mice. In essence, older female OVE26 mice dis-
played a markedly reduced maximum velocity of contraction
and relaxation, and a prolonged duration of shortening and
relengthening compared to older male counterparts (/9).

Epidemiological and experimental studies have demon-
started distinct differences in myocardial contractile func-
tion between men and women. Myocytes from male subjects
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Fig. 1. Contractile properties of ventricular myocytes from male and female, normal and streptozotocin (STZ, 200 mg/kg, single ip
injection, maintained for 2 wk)-induced diabetic mice. Weight-matched (22-24 g, 3—4 mo of age) albino FVB mice of both genders were
used. The elevation of blood glucose induced by STZ was equal in both male and female diabetic mice. Mechanical function of myocytes
was evaluated with an IonOptix MyoCam system, while the myocytes were stimulated to contract at a frequency of 0.5 Hz. (A) Peak
shortening (PS as % of resting cell length). (B) Maximal velocity of shortening/relengthening (+ dL/dt). (C) Time-to-peak shortening

(TPS). (D) Time-to-90% relengthening (TR,

90

undergo a greater degree of hypertrophy and postnatal
growth than their age-matched female. Although the mag-
nitude of myocardial contraction is comparable between male
and female, contraction and relaxation durations are usu-
ally shorter and the maximum velocities of tension develop-
ment and decline are markedly faster in female myocardium
(14). These results were supported by our finding in bilat-
eral ovariectomized female rats. We noted depressed maxi-
mal velocity of contraction/relaxation, prolonged duration
of contraction/relaxation in ventricular myocytes from ova-
riectomized rat hearts associated with reduced peak contrac-
tility, slowed intracellular Ca** clearing, and elevated intra-
cellular Ca* levels. These mechanical defects may be pre-
vented by estrogen replacement (35). Our data suggested
that ovariectomy did not alter levels of key cardiac Ca** reg-
ulating proteins including SERCA, phospholamban, and
total protein kinase B (PKB)/Akt, but significantly reduced
PKB/Akt activation (pAkt), and ratios of pAkt/Akt or SERCA
2a/phospholamban. The alterations in protein expression

). Mean + SEM, n = 81-88 myocytes from five mice per group. *p < 0.05 male control group.

were restored by estrogen replacement (35). Ovariectomy
during pre- and postpubertal periods has been shown to
lead to decreased cardiac output, peak systolic pressure, and
ejection fraction associated with reduced myosin ATPase
activity and MHC isoenzyme shift (V1 to V3) (14), which
can be prevented by estrogen replacement therapy (35,36).
Somewhat inconsistent with the findings in human and rat
models, unloaded ventricular myocytes from female mice
exhibits reduced peak contraction amplitude and maximum
rate of contraction/relaxation, and a longer duration of re-
laxation as compared to male counterparts (/9). This, never-
theless, was in line with an earlier study that displays a weaker
contractile function in female hearts (37) (also shown in
Fig. 1). Therefore, caution should be taken when address-
ing gender-related myocardial electromechanical function
from different species. In addition, the age of the experi-
mental objects may also affect the outcome of the gender-
related myocardial eletromechanical function. Our data
suggested that gender difference in myocardial contractile
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Fig. 2. Contractile properties of ventricular myocytes from cardiac metallothionein (approx tenfold) overexpression transgenic, normal
and streptozotocin (STZ, 200 mg/kg, single ip injection, maintained for 2 wk)-induced diabetic mice, Weight-matched (22-24 g, 3 mo
of age) metallothionein transgenic mice of both genders were used. The elevation of blood glucose induced by STZ was equal in both
male and female diabetic mice. Mechanical function of myocytes was evaluated with an lonOptix MyoCam system while the myocytes
were stimulated to contract at a frequency of 0.5 Hz. (A) Peak shortening (PS as % of resting cell length). (B) Maximal velocity of
shortening/relengthening (+ dL/dt). (C) Time-to-peak shortening (TPS). (D) Time-to-90% relengthening (TR,,)). Mean + SEM, n = 65—

70 myocytes from metallothionein mice per group.

function may be significantly augmented in older mice (79).
Itis suggested that age-related mechanical differences may
be due to discrepant expression of cardiac contractile proteins
(- and B-MHC), Ca®* regulating proteins (e.g., SERCA
and phospholamban), or events regulating cardiac action
potential configuration (e.g., membrane ion channel con-
ductance) (35,38—40). Paradoxically, many of these pro-
teins have been demonstrated to display compromised func-
tion or protein expression in the heart following short-term
or sustained diabetes mellitus (7,12,40-42).

Up-to-date, the cellular and molecular basis of intrinsic
factors contributing to gender disparity of diabetic cardi-
omyopathy is essentially unrevealed. In a recent study of
heart failure, which is a common endpoint consequence for
diabetic cardiomyopathy, the SR Ca?* cycling function, pro-
tein levels of SERCA, phospholamban, and calsequestrin,
and phosphorylation of phospholamban were examined in
failing and donor myocardia from both genders (43). The
results showed that the protein levels of phospholamban and

calsequestrin were not altered, whereas that of SERCA was
significantly reduced equally in failing hearts of both gen-
ders. Phosphorylation of phospholamban and myocardial
cAMP content were both attenuated in failing myocardia.
Vinax and EC50 for SERCA Ca?* uptake function were de-
creased and increased, respectively, in failing myocardia.
The reduction in phospholamban phosphorylation and ele-
vation in EC50 of SERCA function were specific to male
but not female failing hearts (43). These data suggested that
difference in myocardial Ca®* cycling between men and
women may play a significant role in the gender-disparity
of heart failure. Such gender-related differences in Ca?*
cycling proteins may be of significance in the elucidation of
gender difference in diabetic cardiomyopathy because im-
paired intracellular Ca>* homostasis as a result of impaired
Ca?* cycling proteins is believed to contribute to the patho-
genesis of this devastating diabetic myopathy (7,8,44).
One of the most crucial electromechnical alterations in
diabetic cardiomyopathy is the prolonged action potential
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duration in diabetic or high glucose—treated ventricular myo-
cytes (27). It has been demonstrated that reduction in repol-
arizing outward K* currents is responsible for the prolonged
reploariztion phase (phase III) of cardiac action potential
(42). There are no significant differences in action poten-
tial between genders for 3- and 9-mo-old non-diabetic rats
(38). However, both transient and delayed-rectifying out-
ward K* currents were smaller in ventricular myocytes from
non-diabetic female rats compared to male counterparts.
Diabetes significantly attenuated both transient and delayed-
rectifying outward K* currents in myocytes from males but
only significantly suppressed the delayed-rectifying out-
ward K* current without affecting the transient outward K*
current in females. Nevertheless, the degree of diabetes-
induced reduction of delayed-rectifying outward K* cur-
rents was much smaller in females than in males (40). Inhib-
itors of either ACE or endothelin-converting enzyme (ECE)
significantly enhanced K* currents in myocytes from male
diabetic rats whereas exhibiting no effect in cells from female
diabetic rats. However, inhibition of either angiotensin II
or endothelin formation augmented both K* currents in ven-
tricular myocytes from ovariectomized diabetic females,
which can be reverted by estrogen replacement (40). These
results collectively depicted that (1) a gender difference in
outgoing repolarizing K* currents exists under diabetes; (2)
an autocrine modulation of K* currents by renin—angioten-
sin and endothelin systems may be compromised in female
diabetic rats largely due to estrogen. Cell capacitance of
myocytes from female hearts was found to be smaller than
that from the age-matched male myocytes (45,46). Reduced
transient outward of K* currents in females (40) and, con-
sequently, increase in action potential duration may predis-
pose women to more severe forms of prolongation of myo-
cardial relaxation and diabetic cardiomyopathy. This seems
to be supported by the clinical observation that cardiac
diastolic dysfunction is usually more severe in women than
men (25). On the other side of the coin, the suppressed auto-
crine modulation of outward K* currents by renin—angio-
tensin and endothelin-1 systems in the “estrogen-intact”
female diabetic rats may serve to compensate for the smaller
outward K* current or other intracellular Ca** cycling pro-
cesses such as Ca®* channel. The fact that diabetes only sig-
nificantly inhibited delayed-rectifying outward K* current
without affecting the transient outward K* current in “estro-
gen-intact” females (40) also offer an explanation for can-
cellation of diabetes against gender difference in K* currents
under non-diabetic conditions. In addition to transient or
delayed-rectifying outward K* currents, estrogen has been
shown to affect other components of action potential con-
figuration. Ovariectomy was shown to either upregulate (47)
or down-regulate (48) the L-type Ca”* channel density. Re-
cent studies showed that ovariectomy-induced modulation
of gene expression of the large-conductance Ca**-activated
K* channel and L-type voltage-gated Ca** channel in vascu-

lar smooth muscle cells was completely prevented in ovari-
ectomized rats receiving chronic treatment with estrogen (49).

Gender Difference
in Neuroregulatory System of the Heart

Diabetes has been shown to upregulate the activity of sev-
eral neuroendocrinological systems including renin—angio-
tensin, adrenergic, endothelin, and nitric oxide (NO) systems
(50,51). The autocrine/paracrine action of angiotensin II
has been demonstrated to contribute to suppress repolariz-
ing outward K™ currents therefore leading to prolonged action
potential duration in cardiomyocytes from both type 1 and
type 2 diabetic models (52). This is consistent with the
observation that inhibition of the angiotensin-converting
enzyme or blockade of angiotensin II receptors produced
augmentation of K* currents due to enhanced synthesis of
channel proteins (53). However, inhibition of angiotensin
IT or endothelin-1 formation using ACE or ECE inhibitors
augmented outward K* currents in ventricular myocytes
from male diabetic or ovariectomized female diabetic ani-
mals but not in “estrogen-intact” female diabetic or ova-
riectomized/estrogen re-supplemented female diabetic
animals (40). This finding clearly indicated existence of gen-
der-difference in angiotensin II or endothelin-1 response
in diabetes-induced cardiac electromechanical alteration. [3-
Adrenergic stimulation leads to cAMP accumulation, activa-
tion of protein kinase A (PKA), and, subsequently, phospha-
rylation of cellular proteins such as L-type Ca?* channel. A
lower density (or cell capacity) of L-type Ca>* channels
in female myocytes may contribute to smaller inotropic
response to B-adrenergic stimulation. Diabetes mellitus is
usually associated with reduced or blunted cardiac 3-adre-
nergic response probably due to down-regulation of 3-adre-
nergic receptors in ventricular myocytes (/7,40). On the
other hand, high sensitivity 3-adrenergic system or overex-
pression of B-adrenergic receptors, if sustained, is usually
related to cardiac electromechanical dysfunction and heart
failure (54). Thus, the lower B-adrenergic receptor density
in myocardium in females may explain lower mortality
in women than men with symptomatic heart failure (55)
although it did not seem to favor diabetic cardiac compli-
cations in women where B-adrenergic response is already
abnormal. The reduced phosphorylation of sarcolemmal
L-type Ca* channel in females may lead to reduce SR Ca>*
release and re-uptake due to the Ca**-induced Ca** release
mechanism, resulting a less efficient SERCA function in
females (56). Meanwhile, SR Ca”* release may become less
sensitive to trigger Ca®* sparks through Ca®* channel due
to the reduced B-adrenergic stimuli in ventricular myocytes
from females, making the female ventricular myocytes more
prone to diabetes-induced electromechanical dysfunction.

Recently, attention has been drawn toward the role of
NO and its reactive compounds in the development of dia-
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betes cardiovascular complications. NO, an extremely reac-
tive gas with chemical properties of free radicals, is synthe-
sized by a variety of cell types including cardiac myocytes.
NO participates in a cascade of pathophysiological pro-
cesses including diabetes when formed in excess or in the
presence of other pro-oxidants (57,58). Enhanced endog-
enous production of NO or addition of NO donors has been
documented to result in compromised cardiac function and
enhanced apoptosis (57), illustrating the potential toxic prop-
erties of NO. NO and O, react rapidly (second-order rate con-
stant = 6.7 x 109 M/s) to generate peroxynitrite (ONOQO™),
which rapidly decomposes to highly oxidant species such as
nitronium ion (NO,*). Overproduction of the free radical
NO with subsequent development of local oxidative stress
has been proposed to be one of the significant pathophysi-
ological mechanisms for diabetes-induced cardiovascular
dysfunctions. Blockade of increased NO production by simul-
taneous administration of NOS inhibitors or scavengers for
NO and ONOO™ have been shown to suppress the hypergly-
cemia or diabetes-induced cardiac electromechanical dys-
functions (517,58). Not surprisingly, both endothelial NOS
(eNOS) and neuronal NOS (nNOS) are subject to regula-
tion by estrogen, which may explain some myocardial alter-
ations during pregnancy and certain pathophysiological con-
ditions (59). The gender difference in the bioavailability of
NO due to ovarian estrogen and possibly other factors such
as difference in certain lipoproteins (LDL and HDL) con-
tributes to the low cardiac risk in women (34). However, the
higher basal NO production, eNOS protein expression, and
NOS activity in female cardiac myocytes from our study
(60) also conferred female heart at higher risk of accumu-
lating NO-associated reactive free radicals and therefore is
more predispose to diabetes-induced cardiac electromech-
anical dysfunction. As a double-edge sword, NO is respon-
sible for both cardiac protection and insult, further study is
warranted to understanding the precise role of NO in female
gender-related regulation of myocardial contractile func-
tion under both normal and diabetic conditions.

Last but certainly not least, leptin, a hormone linking
adiposity and central nervous circuits to reduce appetite
and enhance energy expenditure, may also contribute to
the gender disparity in diabetic heart complications. Serum
levels of leptin are significantly higher in women than men
with equivalent body fat mass because women have much
greater subcutaneous adipose tissue mass relative to omen-
tal adipose tissue than men (6/). The production of leptin
is speculated to be under the influence of female sex hor-
mone estrogen (6/). Leptin is known to increase the overall
sympathetic nerve activity, facilitate glucose utilization,
and improve insulin sensitivity. In addition, leptin is capa-
ble of regulating (depressing) cardiac and vascular contrac-
tility through a NO-dependent mechanism. However, ele-
vated plasma leptin level has been demonstrated to correlate
with insulin resistance, obesity, hyperlipidemia, and diabe-

tes, independent of total adiposity. Elevated plasma leptin
level, subsequently tissue leptin resistance, are considered
independent risk factors for the development of cardiovas-
cular disease (62). The higher serum levels of leptin and the
close association between leptin and diabetes, as well as
the fact that leptin directly depresses cardiac contractile
function has prompted our speculation that leptin may con-
tribute to gender difference in cardiac function. Neverthe-
less, how much, and if any, influence of higher serum leptin
levels to cardiac electromechanical function in women with
diabetes deserves in depth investigation.

Gender Difference
in Myofilament Ca* Responsiveness

One of the rationales for the pathogenesis of cardiac mech-
anical dysfunction is the compromised myofilament respon-
siveness to Ca”* in ventricular myocytes under diabetes (10,
63). Coincidentally, there is also an overt gender-related
difference in myofilament Ca®* responsiveness that is be-
lieved to contribute to the disparity of myocardial contrac-
tile function between men and women. Female myocardia
seem to possess a lower myofilament Ca* sensitivity than
those from men, making the female myocardia more pre-
disposed to diabetes-induced reduction in myofilament
Ca”* sensitivity. Ovariectomy has been shown to increase
the left ventricular myofilament Ca?* sensitivity (64,65).
The estrogen, or estrogen deficiency to be exact, elicited
influence on myofilament Ca?* sensitivity may occur in the
absence of significant change in the maximum force devel-
opment (66). This may explain why peak myocardial ten-
sion development was not affected by either diabetes or
gender whereas other indices exhibited differential alter-
ation by diabetes between males and females (/6).

Gender, Sex Hormones, and Polyol Pathway

In addition to alteration in cardiac contractile proteins
and intracellular Ca’* homeostasis due to hyperglycemia,
hyperinsulinemia (insulin resistance), dyslipidemia, and ac-
cumulation of cytotoxic free radical, several other factors
may also play a role in the gender-related disparity of dia-
betic cardiomyopathy. A total of four main hypotheses re-
garding how hyperglycemia causes diabetic complications
have been postulated based on an ample of experimental
and clinical evidence, some of which were based on results
using specific inhibitors of respective signaling pathways.
The four main pathways are increased polyol pathway flux;
increased advanced glycation endproducts (AGEs) forma-
tion; activation of protein kinase C (PKC) isoforms; and
increased hexosamine flux (67,68). One key mechanism
proposed for diabetic complication is enhanced glucose uti-
lization by aldose reductase (AR) (68). AR is the first enzyme
in the polyol pathway, which catalyses the NADPH-depen-
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dent reduction of carbonyl compounds, including glucose.
Glucose is converted to sorbitol by AR via oxidation of
NADPH, and sorbitol is then oxidized by sorbitol dehydro-
genase (SDH) to fructose at the cost of NAD*. Normally,
AR has a low affinity for glucose in a non-diabetic, low glu-
cose state. However its affinity for glucose is much higher
in the diabetic state, which converts glucose to sorbitol,
with resultant decreases in NADPH (69). An increased AR
activity under diabetes is often correlated with increased
NADH/NAD™ (69,70). Levels of sorbitol and fructose were
approx ninefold higher and NADH/NAD™ was approx four-
fold higher in diabetic hearts than those of non-diabetic
ones (70). Experiments demonstrated that cytosolic NADH/
NAD™ was reduced by inhibition of SDH or AR (69-71).
The increased NADH/NAD* ratio leads to inhibition of
the enzyme glyceraldehydes-3-phosphate dehydrogenase
(GAPDH) and accumulation of triose phosphate (72), which
promotes the formation of AGEs and diacylglycerol (DAG)
and activation of PKC (68). Evidence suggested that AR
may interact with sex hormones and thus be responsible for
a polyol pathway—associated difference in diabetic compli-
cations between genders (73). Diabetes-induced changes
in polyol metabolism was shown to be abolished by castra-
tion in STZ-treated rats, suggesting an interaction between
this pathway and androgens (74). It was speculated that
sequence consensus between the AR promoter region and
an androgen response element may contribute to the inter-
action between AR and androgen (73). Genetic polymor-
phisms in this promoter region are closely associated with
enhanced risk of diabetic complications such as diabetic
nephropathy (73), although little is known on cardiomyop-
athy. On the other hand, estrogen may enhance the mRNA
expression of AR in endothelial cells (75), which would be
expected to link to a higher risk of diabetic complications.
However, it seems that certain indirect effect of estrogen on
AR may effectively “offset” its own upregulation on AR.
It is believed that NO can maintain AR in an inactive state
and that this “lock” is relieved by diabetes (76). Thus, increas-
ing NO availability, commonly offered by estrogen (34,59,
60), may be a useful strategy for inhibiting the polyol path-
way and preventing the development of diabetes complica-
tions. Itis worthy mentioning that contributions of the polyol
pathway in diabetes are often tissue and species specific
and may not fully explain the pathogenesis of all forms of
diabetic complications (68).

Gender Impact on AGEs
and Diabetic Cardimyopathy

Results from our lab have demonstrated that hypergly-
cemia alone may contribute to the onset of diabetic cardi-
omyopathy (77,78), and the high glucose—mediated cardiac
excitation—contraction coupling defect is possibly due to
enhanced protein glycosylation (79). On the other hand,

depressed diastolic function in the heart of diabetic patients
has been related to increased concentration of circulating
AGE:s (80-82). The Maillard or Browning reaction between
sugars and proteins leads to the formation of chemical mod-
ification and cross-links in proteins, known as AGEs (67,
68). These sugar-derived modifications have been suggested
to play a central role in the pathogenesis of diabetic complica-
tion and aging-associated complications (83). It is suggested
that hyperglycemia contributes to diabetic complication
through formation of AGEs, which ultimately resulted in
modified function of macromolecule due to crosslink for-
mation between functional proteins and AGEs (67,68).
Through interaction with receptors, AGEs are capable of
eliciting oxygen free radical generation. Consequently, in-
creased cellular oxidative stress leads to the activation of
the free radical sensitive transcription factor NF-xB thus
prompts the expression of NF-«xB regulated genes involved
in the development of atherosclerosis and apoptosis (84).
Pathological changes as a result of AGE accumulation in
diabetes may be summarized in three general mechanisms
(67,68). First, AGEs alter signal transduction pathways in-
volving ligands on extracellular matrix. Second, AGEs alter
the level of soluble signals such as cytokines, hormones,
and oxygen free radicals through interactions with AGE-
specific cellular receptors. Third, intercellular AGEs for-
mation by glucose, fructose, and more highly reactive met-
abolic pathway intermediates can directly alter protein func-
tion in target tissue. Consistent with the AGE hypothesis,
the AGE inhibitors, such as aminoguanidine and pyridox-
amine, inhibit the formation of AGEs in various proteins in
vitro and in collagen in vivo and retard the development of
diabetic complication in animal models (67,68). Alternately,
ALT-711, a stable 4,5-dimethylthiazolium derivative of
N-phenacylthiazolium bromide and a novel class of AGE
crosslink “breaker” (85), may be considered as a promising
clinical candidate in reversing the deterioration of cardio-
vascular function, which ultimately results in hypertension,
diabetic cardiomyopathy, and congestive heart failure (86—
88). Aminoguanidine and pyridoxamine, inhibitors of AGE
formation, can block the development of cardiovascular
complications of diabetes in animal models (89). Benfotia-
mine, a lipid-soluble thiamine derivative, was shown to effec-
tively prevent activation of three major pathways involved
in hyperglycemia-induced tissue damage: the hexoamine
pathway, the intracellular AGE formation pathway, and the
diacylglycerol-PKC pathway (90). In addition to the intrin-
sic myocardial electromechanical difference between men
and women “theory,” possible gender disparities or interac-
tion between sex hormones and one of the above mentioned
signaling pathways (e.g., polyol pathway, AGEs, PKC, and
hexosamine flux) may also contribute to the gender differ-
ence in the manifestation of diabetic cardio-myopathy.
AGEs are known to deteriorate various cell functions
through binding to the receptor for AGEs (RAGE). Bind-
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ing of AGEs to RAGE may trigger oxidative modifications
of critical Ca?* regulatory proteins such as SERCA, leading
to impaired function of SERCA and ultimately diabetic car-
diomyopathy. The observations that AGE-RAGE engage-
ment altered intracellular Ca?* homeostasis, but without
quantitative changes in the Ca* transport protein SERCA,
imply the possibility that impaired intracellular Ca?* hom-
eostasis may be mediated through oxidative modification
of Ca?* regulatory proteins by AGEs (91). Although we are
not aware of any gender-related difference in AGE forma-
tion, estrogen itself has been shown to up-regulate mRNA
and protein levels of RAGE and activate the RAGE gene
through NF«kB and SP-1, resulting in enhanced AGE-RAGE
interactions (92). This observation suggests that women
with functional ovary may possess a higher AGE-RAGE
interaction compared with men and thus may exacerbate
the diabetic heart complications. In addition to the upregu-
lation of RAGE, estrogen and progesterone have also been
shown to stimulate the expression of PKC isozymes in a
tissue-specific manner (although report in heart has not been
seen) (93). Whether there is any gender-related difference in
hexosamine pathway or interaction between sex hormone
such as estrogen with hexosamine pathway has not been elu-
cidated. A scheme is provided to illustrate the likely con-

tributing mechanisms for diabetic cardiomyopathy and how
they may be affected by sex hormones. Further investiga-
tions are warranted to better illustrate the role of gender in
each of the four contributing pathways to diabetic compli-
cation proposed by Brownlee and colleagues (67,68).

Conclusion

The scenario behind gender-related difference in the
propensity and clincal manifestation of diabetic cardiomy-
opathy and cardiac health may be attributed to the intrinsic
myocardial electromechanical properties, sex hormones
(estrogen, progesterone, androgen), and other neurohormo-
nal factors between men and women. Female sex hormones
such as estrogen and progesterone has undoubtly partici-
pated in the “on and off switch” of certain contributing
factors in the pathogenesis of diabetic cardiomyopathy such
as cardiac outward K* channels. However, the male sex hor-
mone androgen also plays a critical role in the regulation of
cardiovascular function not only in men but also in women.
In postmenopausal women, ovary becomes an important source
of androgens, which produces unopposed (by estrogen) action
on cardiovascular system (such as hypertension) after meno-
pause (94). In addition, the presentation, investigation, and
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treatment of diabetic heart complications in women and the
specific management and assessment of overall cardaiac
health in diabetic women should be addressed and deserve
intensive further investigation.
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