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Genistein ameliorates cardiac inflammation and oxidative stress
in streptozotocin-induced diabetic cardiomyopathy in rats
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Abstract The present study was undertaken to evaluate
the protective effects of genistein against cardiac inflam-
mation and oxidative stress in streptozotocin (STZ)
(45 mg/kg body weight)-induced diabetic rats. genistein
(300 mg/kg/day) was administered orally for 24 weeks to
STZ-induced diabetic rats. The effects of genistein on
blood glucose, % glycosylated hemoglobin (HbAIc),
C-reactive protein, tumor necrosis factor (TNF- o), trans-
forming growth factor (TGF-B1), and total antioxidant
were studied. Ultrastructural and histopathological assess-
ment of injury were also undertaken using transmission
electron microscope. STZ-induced diabetes resulted in
significant increase in the levels of blood glucose, HbAlc,
C-reactive protein, TNF- o and TGF-B1, and a decline in
total antioxidant reserve of the myocardium. Administra-
tion of genistein to diabetic rats resulted in a decrease in
blood glucose (p <0.001), % HbAlc (p < 0.0001),
C-reactive protein (p < 0.001), and expression of TNF- a
(p < 0.001) and TGF-B1 (p < 0.0001) proteins. In addi-
tion, genistein treatment results in augmentation of total
antioxidant (p < 0.01) reserve of the hearts. The above
findings were supported by histological as well as
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immunohistochemical localization of NF-xB (p65) in the
heart. Genistein treatment ameliorated the ultrastructural
degenerative changes in the cardiac tissues as compared to
the diabetic control. The result demonstrates that genistein
restored the integrity of the diabetic myocardium by virtue
of its anti-inflammatory and antioxidant effects.
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Introduction

Diabetic cardiomyopathy (DCM) is a leading cause of
cardiovascular complications, characterized by pathologi-
cal diastolic as well as systolic dysfunction, ventricular
dilation, cardiomyocyte hypertrophy, and prominent inter-
stitial fibrosis [1-3]. A number of clinical studies and
animal models have established that hyperglycemia is the
leading cause for the progression of diabetic cardiovascular
complications. An elevated glucose levels induces struc-
tural and functional changes in the cardiomyocytes through
the activation of several signal transduction pathways,
including oxidative stress, cardiac inflammation, and
fibrosis [4-8].

The increased levels of oxidative stress caused by
imbalance between the generation of reactive oxygen
species (ROS) and endogenous reserve of antioxidants,
result in initiation and progression of cardiac dysfunction,
remodeling of the extracellular matrix in the heart, and
culminating in oxidative myocardial injury [9, 10].

Chronic inflammation directly and indirectly results in
myocardial fibrosis, necrosis, and apoptosis [8]. This is
supported by increased expression of TNF-o, a pro-in-
flammatory cytokine in the myocardium. Excessive TNF-a
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level activates NF-xB and induces the RAGE gene
resulting in left ventricular (LV) dysfunction and car-
diomyopathy [11-14].

C-reactive protein (CRP), a non-specific inflammatory
marker, is elevated in the serum of patients with type land
type 2 diabetes and in a streptozotocin (STZ)-induced type
1 experimental diabetes model [15, 16]. Elevation of CRP
is reported to be associated with LV dysfunction and is a
predictor of mortality and morbidity in patients with
established heart failure, independent of ischemic/non-is-
chemic etiology and other established cardiovascular risk
factors [17, 18].

Transforming growth factor 1 (TGF-B1) is a prosclerotic
cytokine that is consistently implicated in organ fibrosis and
hypertrophy [19, 20]. TGF-B1 is over-expressed in hyper-
trophic myocardium during the transition from stable
hypertrophy to heart failure [21] and up-regulation of TGF-
B1 correlates with the degree of fibrosis in the pressure
overloaded heart [21]. However, Bugyei-Twum et al. [22]
have previously reported that in a clinically relevant animal
model of diabetes-induced heart failure [the diabetic
m(Ren2)27 rat], with preserved ejection fraction, increased
interstitial fibrosis and cellular hypertrophy are mediated by
upregulated TGF-f1 activity and Smad2 phosphorylation
[22]. However, the molecular mechanisms and inter-linked
pathways by which hyperglycemia mediate the increased
TGF-B1 activity and downstream canonical Smad signaling
needs to be elucidated.

Genistein (4',5',7'-trihydroxyisoflavone) is a well-char-
acterized multifunctional isoflavone found in soy beans is a
strong antioxidant and biological activities including tyr-
osine kinase inhibitor [23, 24]. Dietary genistein has been
shown to suppress endotoxin-induced inflammatory reac-
tion in liver and intestine [25]. Genistein reportedly pro-
tects against a number of human chronic diseases,
including cancer and diabetes [26, 27]. It would therefore
be interesting and possibly fruitful to evaluate the possible
beneficial antioxidant and anti-inflammatory effects of
genistein in the setting of diabetes-induced cardiomyopa-
thy. Therefore, in the present study, the potential of
genistein to ameliorate hyperglycemia, cardiac oxidative
stress, fibrosis, and hypertrophy in STZ-induced experi-
mental diabetic rats will be investigated. In addition,
genistein ability to suppress the inflammatory cytokine
pathway and its downstream signaling targets will also be
determined.

Materials and methods
Streptozotocin was obtained from HiMedia India. Enzyme-

linked immunosorbent assay (ELISA) kits were purchased
from Diaclone, France and RayBiotech, Inc, USA. Total
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antioxidant capacity assay kit was procured from Cayman
Chemical Company, USA. Glycosylated hemoglobin
(HbAlc) kits from Biosystems S.A. Costa Brava, Spain.
Rabbit polyclonal NF-xB (p65) antibody was purchased
from Abcam, Plc., UK and detection system for immuno-
histochemistry was obtained from Bio SB., USA.

Streptozotocin-induced diabetes

The protocol was approved by the Institutional Animal
Ethics Committee (IAEC/2012-I/Prot. No.-02). Wistar
albino rats of either sex (200-250 g) obtained from the
Animal facility of the Institute were housed under con-
trolled room temperature (21 £ 2 °C) with a 12/12 h
light/dark cycle. The experimental rats received food and
water ad libitum. Diabetes was induced with single
intraperitoneal injection of streptozotocin (STZ, 45 mg/kg
body weight) in 0.1 M citrate buffer (pH 4.5). Normal rats
were injected with the equal volume of citrate buffer. The
rats showing a blood glucose concentration greater than
300 mg/dl after 48 h STZ injection were considered dia-
betic and included in the study for 24 weeks.

Experimental groups

Age-matched healthy rats served as normal control (NC).
Diabetic rats were randomly divided into diabetic control
(DC) and genistein group (GNST) (rn = 16/group). DC
received normal diet and GNST group received genistein
(300 mg/kg/day) treatment was initiated when blood glu-
cose concentration was found to be more than 300 mg/dl
after STZ injection and continued up to 24 weeks by oral
administration to direct stomach intubation in a constant
volume of 0.5 ml/kg body weight. One unit of insulin was
administered subcutaneously twice a week or as desired.
The dose of genistein was chosen based on recent pub-
lished studies showing that genistein at 300 mg/kg was
useful as pharmacological approach for the treatment of
diabetic-induced cardiomyopathy [28-30]. The body
weight of the rats was measured weekly using sensitive
digital balance.

Estimation of biochemical parameters

At the end of 24 weeks after induction of diabetes, the rats
were euthanized using CO, chamber. The hearts were
isolated for biochemical estimations, histopathological, and
ultrastructural (TEM) studies. After removing the heart,
atria and large vessels were carefully trimmed and
weighed. A 10 % heart homogenate was prepared in
50 Mm phosphate buffer (pH 7.4). The homogenate was
centrifuged at 7000 rpm at 4 °C for 15 min and a super-
natant was obtained [3]. From the supernatant, the
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biochemical parameters CRP, TGF-B, TNF-a, and total
antioxidant capacity were estimated. Blood samples were
also analyzed for glucose and HbAI1C levels in different
groups.

Glycemic parameters

Weekly blood glucose was measured using Accu-Chek®
Active Glucose Test Strips and Accu-Chek® meter (Roche
Diagnostics India Pvt. Ltd) and this device was calibrated
to confirm the accuracy before every use. HbAlc was
estimated at the end of 24 weeks (Biosystems S.A. Costa
Brava 30, Barcelona, Spain).

Inflammatory parameters

TNF-o (Diaclone, France), CRP (Assaypro, St. Charles,
MO), and TGF-f (Qayee-Bio, China) levels in heart homo-
genate were estimated using enzyme-linked immunosorbent
assay (ELISA) kit as per the manufacturer’s instructions.

Total antioxidant capacity assay

The total antioxidant capacity of the heart homogenate (10 pl
of sample) was measured by a colorimetric technique using a
kit from Cayman Chemical (Ann Arbor, MI). The assay is
based on the ability of the sample to inhibit oxidation of 2,2’-
azino-di-[3-ethylbenzthiazoline sulfonate] + (ABTS) by
metmyoglobin; the antioxidants in the sample cause the
decrease in absorbance at 750 nm and that represents the
amount of ABTS+ produced. Each sample was measured in
duplicate.

Histopathological studies

Hearts were immersion fixed in 10 % phosphate buffered
formalin. The heart was serially sliced into 3-mm sections
perpendicular to the axis of the heart from apex to base.
These sections were embedded in paraffin, sectioned at
5 pm, and serial sections were stained with hematoxylin—
eosin (H and E). All histological parameters were quanti-
fied by an experienced pathologist blinded to the identity of
the sample being examined.

Ultrastructural examination by transmission
electron microscopy

Hearts were cut into approximately 1 mm? pieces, fixed in
2.5 % glutaraldehyde in 0.1 mol/L sodium phosphate
buffer (pH 7.4) for 6 h at 4 °C, and osmicated in 1 %
osmium tetroxide for 1 h at 4 °C. The specimens were then
washed with phosphate buffer, dehydrated with graded

acetone, and then embedded in araldite CY212 to make
tissue blocks. Semithin (I pm) as well as ultrathin Sec-
tions (70-80 nm) were cut by ultramicrotome (Ultracut E,
Reichert, Austria). The sections were stained with uranyl
acetate and lead acetate and examined under a transmission
electron microscope (Morgagni 268D, Fei Co., The
Netherlands) operated at 60 kV by a morphologist blinded
to the groups studied. At least four hearts from each group
were examined for ultrastructural changes.

Immunohistochemistry

For Immunohistochemical studies, 4-um formalin fixed,
paraffin-embedded left ventricle tissue sections were taken
on polylysine-coated slides. Sections were deparaffinised,
rehydrated, and endogenous peroxidase activity was
blocked with H,O, in methanol. Sections were pre-treated
in citrate buffer (pH 6.0) for antigen retrieval in a micro-
wave [31]. Sections were incubated overnight under humid
conditions using an NF-xB rabbit polyclonal antibody
(dilution 1:1000, Abcam, Plc., UK) at 4 °C. Next slides
were washed three times in Tris buffer for 5 min each and
followed by the detection system (Bio SB., USA) used
which was System-HRP with diaminobenzidine as a
chromogen. Slides were counterstained with hematoxylin.
The expression of cell immunopositivity was assessed
under light microscope.

Statistical analysis

All data are expressed as mean £ standard deviation (SD).
Statistical comparisons were made using one-way-analysis
of variance (ANOVA) with post hoc analysis using Dunnet
multiple comparison test (Graph Pad Prism, Version-5).
Value of p < 0.05 was accepted as statistically significant.

Results
Effect of genistein on body weight changes

Before the study, there was no significant difference in
baseline body weight of the animals in different groups
(Fig. 1c). Diabetic rats without genistein indicated a sig-
nificant decrease in body weight compared with NC
(» <0.0001). Treatment of genistein prevented body
weight loss in rats as compared with DC groups rats
(p < 0.001).

Other symptoms generally associated with the diabetic
state, such as dull fur, hair loss, lack of grooming, inac-
tivity, polydipsia, polyuria, and polyphagia, were also
observed in the DC rats.
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Fig. 1 Genistein treatment for
24 weeks, a decreased blood
glucose level. Values are

mean £ SD; n = 6; *p < 0.001
vs diabetic, *p < 0.03,

##p < 0.01, ###p < 0.001 versus
genistein-treated group.

b Effects of genistein on
glycated hemoglobin (HbAlc)
¢ Increased body weight. Values
are mean + SD; n = 6;
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Effect of genistein on glycemic parameters

NC rats exhibited stable blood glucose levels (92.66 +
6.08-115.67 &+ 7.73 mg/dl) throughout the experimental
period. Meanwhile, the fasting blood glucose levels of
STZ-induced diabetic rats (457.33 & 62.21-531.83 +
35.02 mg/dl) were significantly higher than those of the
NC rats, and this persistent hyperglycemia was accom-
panied by weight loss. The long-term treatment with
genistein significantly (p < 0.001) prevented the rise in
the blood glucose levels as compared with the DC rats
(Fig. 1a).

In STZ-induced diabetic rats, genistein significantly
(»p < 0.0001) inhibited increase in HbAlc level after
chronic daily drug administration when compared with
diabetic group (Fig. 1b).

Effects of genistein on cytokines associated
with diabetic cardiomyopathy

Figure 2a, b demonstrates that DC rats had significantly
higher levels of TNF-o and CRP as compared to NC
(p < 0.001). Genistein treatment was able to significantly
decrease TNF-alpha and CRP in diabetic rats relative to
DC (p < 0.001). The levels of TGF-B was significantly
higher in diabetic rats as compared with NC (p < 0.001;
Fig. 2c). Subsequent to STZ treated, genistein treatment
significantly restored the levels of CRP (p < 0.0001).
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Effects of genistein on total antioxidant capacity

The activity of total antioxidant capacity in heart homo-
genate of the diabetic group rats was significantly lower
(p < 0.01) than that of the NC rats (Fig. 2d). Rats treated
with genistein significant restored the antioxidant capacity
of the myocardium (p < 0.01).

Effect of genistein on histopathological changes

Figure 3 shows the light micrograph of the normal archi-
tecture of the myocardium (without any fraying or infarc-
tion) in the NC group rats. Light micrograph of DC heart
shows focal confluent necrosis of muscle fibers with
inflammatory cell infiltration, edema, and myophagocytosis
along with extravasation of red blood cells (Fig. 3b, c¢). The
degree of myocardial damage in GNST-treated rats was
significantly less than the DC rats. Mild edema with sig-
nificant reduction in the myocardial necrosis was observed
in the treatment group as compared to DC (Fig. 3d).

Effects of genistein on ultrastructural changes
in the rat myocardium

TEM analysis showed the normal cardiomyocyte archi-
tecture in the hearts of the NC group. Regular-shaped
cylinders, comprising of Z lines with diads, sarcomeres,
elliptical nucleus, numerous mitochondria, and prominent
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Fig. 2 a Decreased TNF-a, A 100 -
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myofilaments, were observed (Fig. 4a). In cardiomyocytes
of untreated diabetic rats, edema was evident, and sar-
comeres and myofilament arrangements were disordered
and partially separated; meanwhile, the mitochondria were
enlarged and rounded, with the cristae appearing disor-
dered or disrupted (Fig. 4b, c). However, the damage to
myocardial ultrastructure in GNST-treated rats was mark-
edly attenuated as compared with that of the untreated
diabetic group (Fig. 4d).

Effects of genistein on NF-xB

Immunohistochemical analysis of hearts from NC animals
did not show localization (staining) for NF-kB in cardiac
myocytes (Fig. 3e). In DC animals, NF-kB expression was
markedly increased in the LV myocardium as compared
with NC animals as determined by positive immunoreac-
tivity for NF-xB (Fig. 3f, g). Comparatively lesser
expression of NF-kB in cardiac myocytes was recorded in
GNST-treated rats (Fig. 3h).

Discussion

Cardiomyopathy is one of the most prevalent cardiovas-
cular complications of diabetes mellitus. Prominent defects
of DCM include the prolonged duration of contraction and
relaxation and reduced cardiac compliance [21]. Through
compilation of several studies, various etiological causes
for DCM such as hyperglycemia resulting in activation of
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oxidative stress and inflammatory cascade pathways have
been identified [4, 5]. It is therefore plausible and logical,
to identify pharmacological agents having antidiabetic
activity with additional antioxidant and inflammatory
properties for the management of diabetic cardiomyopathy.
Such pharmacological agents if used as adjuvant to modern
medicine may modulate the signal transduction pathways
involved in inflammation as well as oxidative stress and
attenuate the myocardial injury. With this point of view,
the study was planned.

The cardioprotective effect of GNST on diabetes-in-
duced myocardial injury was studied. The molecular basis
for protection afforded by genistein was also studied. It has
been reported that the soya phytoestrogen GNST reduces
hyperglycemia and islet cell loss in alloxan-induced dia-
betic male Sprague—Dawley rats [32] and in STZ-induced
diabetic male C57BL/6J mice [33, 34]. In addition, sup-
plementation of GNST increased the plasma insulin level
and decreased the HbAlc level in STZ-induced diabetic
male Sprague-Dawley rats [35]. Guo et al., study also
demonstrated that oral administration of GNST reduced the
incidence as well as increased the time to onset of diabetes
mellitus in genetically susceptible female mice when fed a
soy- and alfalfa-free 5K96 diet [36]. The hypoglycemic
effects of GNST as observed in the present study concur
with previously published reports [32-37].

In the present study, body weight of DC rats was sig-
nificantly decreased as compared to NC group rats. It may
be hypothesized that the metabolic disturbances that occur
in diabetes mellitus results in calorie deprivation which in
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Fig. 3 Histopathological observation of heart tissue: a normal car-
diac myocytes with regular cross-striations, b diabetic group show
focal mononuclear inflammation of myofibrils due to increased
inflammatory stress (arrow), ¢ diabetic heart showing focal area of
infarction with necrosis of myocytes cells (arrow), and d genistein-
treated rats heart showing a reversal of inflammation, focal infarc-
tion and moderate necrosis changes (n =4; h, e; x400).
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b Immunohistochemical staining for NF-kB (p65) in the left ventricle
24 weeks after disease induction. Sections were reacted with antibody
specific for NF-xB (p65), color-developed with diaminobenzidine,
and counterstained with hematoxylin. No expression was seen in NC
(e). DC heart showing increased expression of NF-kB (p65) (f, g). In
GNST-treated heart shows relatively lesser expression of NF-«xB
(p65) (h) (n = 4; x400)
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Fig. 4 Effects of long-term treatment with genistein on the ultra-
structure of rat hearts. The ultrastructure of heart tissues was detected
by TEM from the left ventricle of the a NC group, b, ¢ untreated
diabetic group, and d genistein-treated diabetic group. Several

turn leads to decrease in protein synthesis and promotes
protein degradation in longer-lasting disease state [38].
However, treatment with genistein showed improvement in
the body weight, which was statistically significant.
Inflammation characterized by elevated inflammatory
cytokines production exists not only in the myocardium of
animal models [39-41], but also in the serum of diabetic
patients, even in those patients with good glycemic control
[8, 42]. NF-xB is a pleiotropic transcription factor that con-
trols the expression of several target genes, involved mainly
in inflammation. Under hyperglycemic condition, the DNA
binding activity of NF-kB p65 is enhanced, and its mRNA
and protein expressions are also upregulated. The NF-kB
activation led to the increased expression of inflammatory
mediators, including pro-inflammatory cytokine like TNF-o
and CRP. These inflammatory cytokines can attenuate car-
diomyocyte contractility either directly through the imme-
diate reduction of systolic cytosolic calcium and indirectly
through attenuation of myofilament calcium sensitivity [43].
This detrimental effect may be reversible by clearance of the
cytokine exposure. Similarly, diabetic rats in the present
study showed significantly increased level of TNF-o, CRP,

mitochondria (M) exhibited swelling, fusion and disruption of cristae,
and thinning of the Z lines were observed in the untreated diabetic
group. Long-term treatment with genistein significantly improved
these morphological changes

and expression of NF-kB in diabetic heart as compared to
NC. However, GNST demonstrated significant anti-inflam-
matory activity as it prevented the increase in levels of TNF-
o, CRP, and expression of NF-kB, [37, 44, 45].

Hyperglycemia can modulate both the metabolic and
hemodynamic pathways to change growth factors [20]. The
important role of growth factors in pathogenesis of long-
term complications of diabetes was suggested by their
increased concentrations in target tissue [9]. Ample evi-
dence demonstrates elevated TGF-B1 expression during the
transition from stable hypertrophy to heart failure in both
experimental models and human heart failure [21, 46].
Canonical TGF-B1 signaling involves the receptor-acti-
vated Smad proteins (Smad2 and Smad3), which, upon
phosphorylation, associate with Smad4, translocate to the
nucleus and act as transcription factors [22, 46]. Similarly,
diabetic rats in the present study showed significantly
increased level of TGF-B1 in the myocardium as compared
to NC. Interestingly GNST reduced the expression of TGF-
B1 and prevented its deleterious effects [47, 48].

Several studies demonstrate that oxidative stress is
associated with diabetic complications in both humans and
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animals [9, 10]. Oxidative stress is an imbalance between
oxidants, such as ROS and antioxidants, and probably
contributes to the development, progression, and compli-
cations of diabetes [10]. However, the mechanism under-
lying the development of structural and functional
impairment in cardiomyopathy is still unknown, and the
signal pathway that leads to the pathological changes of
cardiomyocyte hypertrophy is still unclear. Oxidative stress
often causes cell death via apoptosis and necrosis. A
pathogenic role for oxidative stress in DCM is becoming
increasingly apparent [9, 49-53]. Our results demonstrate
that the oxidative stress resulting from hyperglycemia is a
potential mechanism for diabetic cardiac complications. In
this present study, it was observed that diabetes caused a
significant decrease in TAC level, which indicates abnor-
mal LV systolic and diastolic function. Treatment with
genistein significantly increased myocardial TAC levels
and augmented the endogenous reserve of the myocardium.
Therefore under stressful conditions, the GNST-treated rats
would be better prepared to with stand any such stressors
such as hyperglycemia, as compared to the DC rats. This
result confirms the antioxidant effect of genistein published
by different authors [27, 37, 47, 48].

Diabetic cardiomyopathy is characterized by both sys-
tolic and diastolic dysfunction and altered cardiac structure
[3, 54]. In the current study, both histological changes as
well as ultrastructural changes of the myocardium were
evaluated. Histopathological findings of the heart pre-
treated with genistein showed a well preserved normal
morphology of cardiac muscle with no significant evidence
of necrosis, edema, and inflammation when compared to
STZ-induced myocardial infracted heart and further
reconfirmed the beneficial effects of genistein. Genistein
treatment afforded significant cardioprotection as observed
histopathologically and as determined by TEM. Genistein-
treated protected against ultrastructural features of cell
damage, including disorganization of myofibrils and
aggregation of large mitochondria with swollen and broken
cristae, in hearts of the 24-week-untreated diabetic rats. In
conclusion, our present work confirmed that TNF-o, CRP,
and TGF-B1 are involved in DCM and that genistein
treatment ameliorated the progression of cardiac remodel-
ing (fibrosis and hypertrophy) in experimental diabetes.
The histopathological studies confirmed the cardioprotec-
tive effects of genistein. Cardioprotection seems to be
mediated, at least in part, by inhibiting the activities of
TNF-a, CRP, and TGF-B1. Moreover, genistein seemingly
contributed to restoring the antioxidant capacity of the
myocardium. Taken together, our results implicate the
therapeutic potential of genistein as adjuvant therapy for
treating early diabetic cardiomyopathy.
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