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Diabetic cardiomyopathy: Role of epidermal growth factor
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Diabetes mellitus has developed into an epidemic and represents a major public health
challenge. Cardiovascular disorders are the primary cause of mortality and morbidity in
diabetic patients. Diabetes-associated changes in myocardial structure and function, referred
to as diabetic cardiomyopathy, can develop in the absence of overt myocardial ischemia and
hypertension, or are accelerated by the presence of these comorbidities [1]. To date, a
plethora of cell and molecular mechanisms have been implicated in the development and
progression of diabetic cardiomyopathy, including: reduced energy production due to
decreases in mitochondrial respiration and pyruvate dehydrogenase activity; oxidative stress
due to over generation of reactive oxygen or nitrogen species (ROS or RNS); apoptosis;
impaired autophagy; and malfunction of cardiac contractile and intracellular Ca2* regulatory
proteins such as myosin, sarco/endoplasmic reticulum Ca2*-ATPase (SERCA), and the Na
+/Ca?* exchanger [1,2]. Despite the plethora of proposed mechanisms, the scientific
community has not reached a definitive consensus about common underlying mechanisms or
processes driving the functional and morphological changes associated with the
pathophysiology of diabetic cardiomyopathy.

The epidermal growth factor (EGF) receptor EGFR is an 1186-anino-acid receptor,
containing a single transmembrane domain, an extracellular portion involved in ligand
binding, and an intracellular portion harboring the tyrosine kinase domain, and is therefore
also referred to as EGF receptor tyrosine kinase [3,4]. EGFR can be activated by different
ligands such as EGF and heparin-binding EGF-like proteins [3,4]. In addition, angiotensin Il
(Ang I1), leptin, and even glucose at high concentrations also transactivate EGFR [5-8], as
summarized in Fig. 1. Emerging evidence shows that the EGFR tyrosine kinase signaling
pathway is an important signaling hub in regulating cell growth, proliferation, migration and
differentiation in normal and pathological states such as cancer [3]. In the past two decades,
EGFR was found to also play an important role in non-malignant disorders, including
cardiovascular diseases [4-8]. In order to modulate EGFR tyrosine kinase signaling, more
than 10 EGFR inhibitors have been developed, the most prevalent of which is AG1478, and
some of these inhibitors have been used in clinic trials for cancer treatment [9]. By applying
these pharmacological and genetic approaches that interfere with EGFR transactivation, it
has recently been shown that EGFR transactivation plays an essential role in cardiac
hypertrophy/fibrosis, vascular neointimal hyperplasia, and renal fibrosis [4-8,10].
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EGFR expression and function are also implicated in chronic diseases, such as diabetes and
diabetic complications [8,11,12]. EGFR pathway activation mediated diabetes-induced
kidney damage and vascular dysfunction [11,12]. In experimental diabetes, up-regulation of
EGFR signaling leads to vascular dysfunction in several tissues and is detrimental to micro-
vasculature in both type 1 and type 2 diabetes [8,11,12]. Reportedly, EGFR phosphorylation
is down-regulated in the liver, but up-regulated in the kidney and gastric mucosa as well as
in the kidney/coronary/mesenteric bed micro-vascular system following experimentally
induced diabetes [13-17]. Numerous studies focusing on the role of EGFR in the
pathogenesis of diabetic nephropathy and micro-vascular dysfunction in diabetes have been
carried out [11-13, 17,18], and clearly show detrimental effects of EGFR phosphorylation
on the development of diabetic nephropathy and micro-vascular dysfunction, which,
generally speaking, was mediated by increased endoplasmic reticulum (ER) stress and
oxidative stress as well as decreased autophagy [11], as outlined in Fig. 1.

Less is known about the role of EGFR in the pathogenesis of diabetic cardiomyopathy.
Surprisingly, several studies have shown the essential role of EGFR expression and
phosphorylation in cardiac protection, particularly, from ischemia-induced damage [17,19-
21]. For instance, one study by Akhtar et al. showed that 4 weeks after onset of
streptozotocin (STZ)-induced hyperglycemia in rats, hearts were isolated and subjected to 40
min of global ischemia. Compared to hearts from age-matched control rats, diabetic hearts
showed significantly impaired recovery of (cardiac contractility and hemodynamics)
following ischemia, which was worsened with chronic treatment with AG1478, the selective
inhibitor of EGFR kinase [21]. Consistent with this, the administration of the EGFR ligand,
EGF, before or after ischemia in isolated hearts, led to significantly improved recovery of
cardiac function [21]. This study supported several previous studies that directly or
indirectly indicated that EGFR signaling protected the cardiac tissue against ischemic injury
and was involved in cardiac preconditioning [19,20,22]. For the latter, inhibition of EGFR
with AG1478 was attenuated the beneficial effects of cardiac preconditioning to ischemia-
reperfusion injury, implying that activation of EGFR signaling during preconditioning is
important for improving recovery following ischemia-reperfusion injury [22].

In contrast with the above studies [19,20,22], however, Galan et al. reported the critical role
of the EGFR activation to ER stress in cardiac damage caused by type 1 diabetes [23]. The
authors used the type 1 diabetes mouse model induced with a single dose of STZ (200 mg/
kg), and found that EGFR phosphorylation and expression were up-regulated in the heart of
diabetic mice, and this upregulation was associated with ER stress induction and cardiac
fibrosis at 8 weeks after diabetes onset. Consistent with this, inhibition of EGFR with
AG1478, improved glucose levels, body weight and reduced cardiac fibrosis and ER stress
markers [23]. Given that the histopathological features of diabetic cardiomyopathy include
cardiac cell death, hypertrophy, and myofibril disorganization, the target article would be
more interesting if they could investigate the association of EGFR with these pathogenesis
processes in diabetic mice.

The article from Liang’s group in this issue reports the detrimental role of EGFR in the
pathogenesis of diabetic cardiomyopathy [24]. In this study in mice, type 1 diabetes was
induced with a single dose of STZ (100 mg/kg); 8 weeks after diabetes onset, pathological
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examination and biochemical measurements were performed on the cardiac tissue, matching
the study by Galan et al. Liang’s study confirmed the earlier study, showing that EGFR
inhibition protected against cardiac damage and remodeling in the STZ-induced diabetic
mouse model. It also provided evidence that diabetes induced cardiac remodeling led to
significantly increased phosphorylation of EGFR, and was accompanied by cardiac
myofibril disorganization, hypertrophy, and fibrosis, which, remarkably were all prevented
by inhibition of EGFR phosphorylation with AG1478. These two independent studies
establish the detrimental role of EGFR phosphorylation in the pathogenesis of diabetes-
induced cardiac remodeling, consistent with its role in diabetic nephropathy [11,12,22], as
illustrated in Fig. 1. Therefore, these studies seemingly indicate that EGFR activation could
be protective in the acute damage period such as acute ischemic injury, but detrimental in
chronic pathogenesis such as diabetes-induced cardiac remodeling. These studies also
suggest that EGFR is essential for the physiological and structural function of the heart
under normal conditions, and that sustained up-regulation or down-regulation leads to
pathogenic effects, as shown in a study in which chronic treatment with EGF receptor
antagonists in normal C57BL/6 J mice led to cardiac dysfunction [25].

The study by Liang et al. also provides evidence that inhibition of EGFR-mediated cardiac
effect is mediated by the suppression of NADPH oxidase- (NOX-) mediated oxidative stress
[24]. 1t is known that oxidative stress plays an important role in the development and
progression of diabetes and its complications. In the present work, Liang et al. demonstrated
that cardiac oxidative stress markers were significantly increased in the hearts of diabetic
mice, which is associated with cardiac remodeling in vivo. In addition, increased cardiac
hypertrophic markers, fibrotic markers and cell apoptotic markers (induced by high glucose
concentration in vitro) were significantly attenuated by NAC, a well-studied ROS scavenger.
In this study, increased cardiac oxidative stress in the diabetic model was markedly reduced
by the EGFR inhibitor AG1478 and a similar result was observed in vitro using H9c2
cardiac fibroblasts, primary cardiomyocytes, and human umbilical vein endothelial cells.
Knockdown of EGFR by sh-RNA also significantly reduced HG-induced ROS and H9c2
cell damage [24]. These results suggest that EGFR may mediate diabetes/HG-induced
cardiac oxidative stress and ROS generation, in agreement with the study by Galan et al.,
where the NOX activity was significantly reduced by treatment with AG1478 in type 1
diabetic mice [23]. These studies demonstrate that the exposure of cardiac cells to HG
activated EGFR/Akt-mediated NOX expression and ROS production, resulting in
cardiomyocyte hypertrophy, fibrosis, and apoptosis.

However, there was some minor differences between the studies by Galan et al. and the
target study: Galan et al. showed that administration with EGFR inhibitor AG1478 (10
mg/kg/day) for 2 weeks can markedly improve blood glucose level and body weight in STZ-
induced type 1 diabetic mice [23], while Liang et al. did not observed any hypoglycemic
effect of EGFR inhibition via AG1478 (20 mg/kg/2 day) during the 8-week period. There
was a study where in type 2 diabetic db/db mice, AG1478 (10 mg/kg/day) treatment for 2
weeks had no effect on blood glucose levels [13]; therefore, further elucidation of the role of
EGFR in the hypoglycemic effect of diabetes is desired.
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Another interesting point from the study by Liang et al. is the use of two EGFR inhibitors
[24]: one is AG1478, and the other, 451. AG1478 is a well-known EGFR-specific inhibitor
[9] and is widely used in EGFR-related biological studies. Liang et al. have designed and
synthesized a series of chemical analogs of AG1478, among which compound 451 was
found to exhibit comparable EGFR-inhibitory activity with AG1478, as stated by the authors
[24] but have an ICgq of 0.2 nM against recombinant EGFR kinase activity, which is lower
than AG1478 with an ICsg of 3 nM. They demonstrated that 451 showed comparable effects
with AG1478 at the same concentration on improving cardiac remodeling in diabetic mice.
However, in vitro studies showed that 451 at a dose 2-fold less than AG1478 provided
similar protection against cardiomyocyte injury [24].

In summary, the significance of Liang’s study is that it has independently confirmed the
detrimental effect of up-regulated EGFR phosphorylation in the pathogenesis of diabetes-
induced oxidative damage and remodeling (hypertrophy and fibrosis) in the single STZ-
induced type 1 diabetic model [23], matching the recent report by Galan et al. These
findings contradict several other studies that showed the protective effects of EGFR on
ischemic cardiac damage in diabetic animals. These two studies provide consistent evidence
for the detrimental effect of EGFR up-regulation on cardiac damage under chronic diabetic
conditions, as summarized in Fig. 1. However, there remain several important issues that
urgently need to be addressed:

1 Although these two studies have demonstrated the detrimental effect on the heart
of type 1 diabetic hearts, these results were all obtained from STZ-induced type
1 diabetic models at only 8 weeks after diabetes onset. It would be important to
know whether the improvement of the biochemical and pathological changes by
inhibition of EGFR phosphorylation in the diabetic heart result in a significant
improvement of cardiac dysfunction at later stages in the progression of diabetes.

2. Both studies were done with the model induced by a single dose of STZ, which
is the model that fails to replicate the cardiac pathogenesis seen in type 1
diabetes patients. Therefore, it remains to be seen whether the findings obtained
from these two studies can also be achieved with type 2 diabetic models, or even
other type 1 diabetic models such as NOD and/or OVE26 mice.

3. The advantages and disadvantages of the newly synthesized compound 451 for
the potential clinical application must be systematically investigated.

We believe that addressing these issues will provide us a better understanding of the
mechanism responsible for cardiovascular disease progression, and also may potentially
provide new therapeutic targets in the prevention and/or treatment of diabetic
cardiomyopathy.
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Fig. 1.
Illustration of the possible mechanisms for the diabetic effects on EGFR activation-mediated

down-stream signaling pathways that in turn lead to cardiac and/or renal damage and
remodeling.
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