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Abstract 
Hypertension-induced left ventricular hypertrophy evolves initially as an adaptive response meant to minimize ventricular wall stress. The 
mechanisms involved in the preservation of the cardiac function during the “compensatory” phase of the left ventricular hypertrophy are still 
unclear. Therefore, we aimed at uncovering fine changes that aid the heart to cope with the increased stress in hypertension. Male golden 
Syrian hamsters were given NG-nitro-L-arginine methyl ester (L-NAME) for 16 weeks, and they became hypertensive (HT), developing left 
ventricular hypertrophy with no impaired contractility or fibrosis. As compared to age-matched control hamsters, the hypertrophied left ventricles 
in L-NAME-induced HT hamsters exhibited the following structural and molecular changes: (i) accumulation of lipid droplets (LDs) within 
cardiomyocytes and relocation of gap junctions to the lateral membrane of cardiomyocytes or close to mitochondria (revealed by electron 
microscopy); (ii) overexpression of the cluster of differentiation 36 (CD36) fatty acid transporter, protein kinase C (PKC), and matrix 
metalloproteinase-2 (MMP-2), enhanced activation of the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) pathway, and unchanged 
expression of the connexin 43 (Cx43) and N-cadherin junctional proteins (assessed by Western blot); (iii) increased protein carbonyl content, 
assessed with a 2,4-Dinitrophenylhydrazine (DNPH)-based spectrophotometric assay, indicative of an enhanced reactive oxygen species 
(ROS) production; and (iv) augmented MMP-2 activity (determined by gelatin zymography). These changes may participate in an orchestrated 
adaptive hypertrophic growth response that helps to maintain cardiac performance, in HT hamsters. Together, these findings could provide 
support for designing future strategies meant to prevent the transition from compensatory left ventricular hypertrophy to decompensated heart 
failure. 
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 Introduction 
Hypertension is a common condition leading to diabetes 

and cardiovascular diseases. Initially, in hypertension, 
left ventricular hypertrophy evolves as a compensatory 
adaptation meant to counterbalance the increase in 
ventricular wall stress. Over time, this adaptive hypertrophic 
response becomes maladaptive and leads to heart failure. 
However, the mechanisms enabling the cardiac function to 
be maintained in the compensatory phase of left ventricular 
hypertrophy are still not completely clear [1]. 

Cardiac contractile performance relies on the balance 
between energy demand and energy-yielding substrates. 
The healthy heart mainly uses long-chain fatty acids (FAs) 
as energy sources. The uptake of FAs into cardiomyocytes 
is mostly mediated by FA translocase [FAT/cluster of 
differentiation 36 (CD36); hereafter referred to as CD36] 
[2]. Upon entering the cardiomyocytes, most FAs undergo 
β-oxidation for energy production, or are esterified to 
triacylglycerols, which are temporary deposited in intra-
cellular lipid droplets (LDs) [3]. Current data indicate that 
cardiac CD36 may primarily target FAs to β-oxidation; 
also, CD36 intervenes in FA transfer within mitochondria, 
and enhances FA esterification [4]. 

Nitric oxide (NO), a critical regulator of blood pressure, 
is actively involved in cardiac contraction, metabolism, 
and remodeling [5]. Animal models (such as rats or mice) 
obtained by blocking NO production with NO synthase 
(NOS) inhibitors, like NG-nitro-L-arginine-methyl ester 
(L-NAME), have been used previously to study alterations 
taking place in hypertension [6]. 

Aim 

In this study, we aimed at unravelling early modifications 
that accompany left ventricular hypertrophy in hypertension 
and choose to administer L-NAME to golden Syrian 
hamsters that, as reported, were successfully employed to 
investigate atherogenesis [7] or accelerated atherosclerosis 
in diabetes [8], on account of important similarities between 
hamsters and humans. Our study was conducted to identify 
structural and biochemical changes that could explain 
the heart adaptation to stress in hypertension induced-
compensatory left ventricular hypertrophy. 

 Materials and Methods 
The experimental model 

Twenty-five male golden Syrian hamsters (Mesocricetus 
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auratus) 4-month-old, weighting ~120 g, were randomly 
divided into two experimental groups: (1) the hypertensive 
(HT), L-NAME-treated hamsters (45 mg/kg body weight, 
n=15) group, and (2) the controls, receiving saline solution 
(n=10; C group). The L-NAME, or the vehicle, was 
administered by gavage five times per week. After 16 
weeks, the hamsters were subjected to hemodynamic 
evaluation (as described below), then euthanized, their 
hearts excised, and the left ventricles (LVs) rapidly 
harvested for further evaluation. The hamsters were housed 
under standard environmental conditions (12-hour light/ 
dark cycle, at 23±2°C), with free access to water and rodent 
chow. Animal handling and experimental procedures were 
conducted in accordance with the European Commission 
Directive 86/609/EEC and the Guide for the Care and 
Usage of Laboratory Animals [US National Institutes of 
Health (NIH) Publication No. 85–23, revised 1996], and 
were approved by the local Ethics Committee of the 
Nicolae Simionescu Institute of Cellular Biology and 
Pathology of the Romanian Academy, Bucharest, Romania. 

Blood pressure measurement 

The arterial blood pressure was measured in anesthetized 
hamsters. Briefly, a catheter filled with heparinized saline 
was inserted into the abdominal aorta and linked to a 
MLT844 pressure transducer connected via a ML118 bridge 
amplifier to a PowerLab 4/30 data acquisition system 
running LabChart v.5.5 (AD Instruments, Oxford, UK). 
After 5-minute stabilization, data on blood pressure and 
heart rate were collected for 10 minutes and analyzed with 
the same software. 

Blood and heart tissue collection 

After blood pressure recording, blood samples were 
drawn from the aorta under deep anesthesia, then, the 
animals were perfused with oxygenated phosphate-buffered 
saline (PBS) through the abdominal aorta, using the 
punctured vena cava as outlet. The perfusion continued 
with a fixative solution for electron microscopy (see below), 
or the heart was rapidly excised, the LV blotted dry, 
weighted, snap-frozen in liquid nitrogen and stored at  
–80°C for Western blot and zymography assays. The levels 
of glucose, cholesterol, NOx (the stable end products of 
NO), and the activity of angiotensin-converting enzyme 
(ACE) were assessed in the blood samples. The ratio 
between the LV and the body weight (BW) was calculated 
as an index of left ventricular hypertrophy. 

Biochemical determinations 

Glucose and cholesterol concentrations were determined 
using diagnostic kits (Dialab GmbH, Austria). NOx levels 
were assessed using the Griess reagent [9], and the ACE 
activity was evaluated by fluorometric detection of histidyl–
leucine (His–Leu) after hippuryl–His–Leu proteolysis to 
His–Leu and hippuric acid [10]. 

Western blot assay 

LVs were homogenized in cold lysis buffer supplemented 
with a protease inhibitor cocktail (Roche, Mannheim, 
Germany) and Phenylmethylsulfonyl Fluoride. Lysates 
were centrifuged at 16 000×g (10 minutes at 4°C), and 
the supernatants were collected and stored at –80°C until 

use. Equal amounts of protein (~30 μg per lane) were 
loaded and separated on 8% or 10% Sodium Dodecyl 
Sulfate (SDS)–Polyacrylamide gel electrophoresis (PAGE), 
and electrotransferred onto Nitrocellulose membranes 
(Bio-Rad Laboratories). The latter were blocked with 5% 
(w/v) non-fat dry milk in Tris-buffered saline [100 mM 
Tris-HCl, pH 7.5, 150 mM Sodium Chloride (NaCl)] 
containing 0.05% Tween 20 for one hour and incubated 
overnight at 4°C with one of the following primary 
antibodies: anti-endothelial NOS (eNOS), anti-phospho-
inositide 3-kinase (PI3K), anti-protein kinase B (AKT), 
anti-phospho-AKT (Ser473), anti-protein kinase C (PKC), 
anti-p53; anti-CD36, anti-connexin 43 (Cx43), anti-N-
cadherin, anti-MMP-2, anti-MMP-9, and anti-β-actin (all 
from Santa Cruz Biotechnology, Heidelberg, Germany). 
The immunoreactive proteins were detected with the 
appropriate Horseradish Peroxidase (HRP)-conjugated 
secondary antibodies (rabbit or mouse; Santa Cruz 
Biotechnology, Heidelberg, Germany) using an enhanced 
chemiluminescence kit (Amersham Pharmacia Biotech, 
UK Ltd., Little Chalfont, Buckinghamshire, UK) and a 
LAS-4000 luminescent image analyzer (FUJIFILM, Tokyo, 
Japan). Bands intensities were quantified with TotalLab 
Quant software; β-actin served as loading control. 

Detection of protein carbonyls 

Protein-bound carbonyl groups were determined in left 
ventricular homogenates after derivatization of carbonyl 
moieties with 2,4-Dinitrophenyl-hydrazine (DNPH) to 
obtain stable hydrazone–protein adducts [11]. Protein 
carbonyl content was calculated from the peak absorbance 
of spectra at 360–385 nm, considering the molar absorption 
coefficient for aliphatic hydrazones (22 000 M-1cm-1). The 
results were expressed as nmols carbonyl per mg of protein. 

Transmission electron microscopy 

Under deep anesthesia, hamsters were perfused through 
the abdominal aorta first with oxygenated PBS, and then 
with a mixture of 2.5% Glutaraldehyde and 1.5% 
Paraformaldehyde in 0.1 M Sodium Cacodylate buffer, 
pH 7.2, with 2.5 mM Calcium Chloride (CaCl2), for  
10 minutes. Small fragments of the LVs (~1 mm3) were 
collected and processed for routine electron microscopy. 
Briefly, the samples were post-fixed in 1% Osmium 
Tetroxide in 0.1 M Sodium Cacodylate buffer (90 minutes 
at 4°C), stained en bloc with 0.5% Uranyl Acetate, 
dehydrated through a graded series of Ethanol, cleared 
in Propylene Oxide, and embedded in Epon 812 resin. 
Ultrathin (~70–80 nm) sections were double stained with 
Uranyl Acetate and Lead Citrate and examined under a 
Tecnai G2 Spirit BioTwin electron microscope (FEI 
Company, Eindhoven, Netherlands) at 100 kV. Images 
were captured with a MegaView III TEM charge coupled 
device (CCD) camera (Olympus Soft Imaging Solutions 
GmbH, Münster, Germany). 

Assays for matrix metalloproteinase (MMP)-2 
and MMP-9 activity 

The gelatinolytic activities of MMP-2 and MMP-9 
were evidenced by zymography, performed on 7.5% SDS–
PAGE co-polymerized with 1% Gelatin (w/v), under 
non-reducing conditions [12]. Gels were washed twice 
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in 2.5% Triton X-100 (to remove SDS) and incubated in 
developing buffer (50 mM Tris-HCl, pH 7.5, 5 mM CaCl2, 
0.2 M NaCl, and 0.02% Brij-35) overnight at 37°C. After 
staining with Coomassie Blue R250, the proteolytic 
activity was revealed by the clear bands against a blue 
background. Gelatinolytic signals were quantified by 
reverse-image densitometry, and the results were reported 
as percentages of control. 

Statistical analysis 

Data are presented as mean ± standard error of the mean 
(SEM) unless otherwise stated. To determine statistical 
significance between HT and C groups, data were analyzed 
using Student’s t-test. p-values of 0.05 or less were 
considered significant. 

 Results 
Characterization of L-NAME-induced  
HT hamster model 

The morphological, physiological, and biochemical 
characteristics of the HT and control hamsters are shown 
in Table 1. 

Table 1 – Morphological, physiological and biochemical 
characteristics of hamster groups 

 C group  
(n=10) 

HT group  
(n=15) 

BW [g] 103.6±12.3 116.4±12.8* 

LVW [mg] 319.9±15.3 445.1±19.9* 

LVW/BW [mg g–1] 3.09±0.11 3.85±0.17* 

Heart rate [beats min–1] 321.4±6.2 390.4±2.3* 

P [mmHg] 83±1.6 158±5.5* 

dP/dt max [mmHg s–1] 1922.2±235.2 3268.3±84.8* 

dP/dt min [mmHg s–1] 841.2±16.7 1433.8±176.6 

NOx [μmol L–1] 21.3±2.1 9.5±1.8* 

Blood glucose [mg dL–1] 65.7±5.5 58.6±4.2 

Serum cholesterol  
[mg dL–1] 

118.06±6.7 108.6±5.8 

Serum ACE activity  
[nmol His–Leu mL–1 min–1] 

28.06±4.8 34.8±4.4 

ACE: Angiotensin-converting enzyme; BW: Body weight; C: Control; 
His–Leu: Histidyl–leucine; HT: NG-nitro-L-arginine-methyl ester (L-NAME)-
induced hypertensive animals; LVW: Left ventricular weight; n: No. 
of animals; P: Mean arterial pressure; dP/dt: Rate of change (rise or 
decline) of pressure with respect to time. Values are expressed as 
means ± standard error of the mean (SEM); *p<0.05 vs. C group. 

Compared to controls, the hamsters treated for 16 weeks 
with L-NAME manifested a significantly higher blood 
pressure (~90%) and heart rate (~21%; p<0.05 vs. C group). 
BW and the LV weight of the HT hamsters were greater 
than that of control animals (by ~25%; p<0.05). Moreover, 
the ratio between the LV weight and the BW was markedly 
increased in HT group (p<0.05 vs. C group), an indicative 
of left ventricular hypertrophy. In addition, the increased 
rates of pressure rise and decline (dP/dt max; dP/dt min; 
by ~70%) in HT hamsters (p<0.05 vs. C group) were 
suggestive of an adaptive, enhanced contractility of the 
heart in HT animals. It is worth mentioning that the average 
rate of blood pressure changes normalized to mean pressure 
[(dP/dt)/P] was similar in both groups (16.7 s−1 for HT, 
and 17 s−1 for C group, respectively), denoting that in HT 

hamsters the heart maintained its contractile function. The 
ACE activity was only slightly increased in HT hamsters 
(p>0.05 vs. C group) implying that our HT animal model 
was less dependent on the renin–angiotensin system 
activation than other models [13]. As expected, the serum 
NOx levels in HT hamsters were diminished (by ~45%; 
p<0.01 vs. C group), confirming the inhibition of NO 
production by L-NAME. Moreover, Western blot assays 
showed that the mean level of eNOS expression was 
comparable between the two experimental groups, signifying 
that NO deficiency resulted from the reduced eNOS activity 
rather than the eNOS protein down-regulation. Circulating 
glucose and cholesterol levels were comparable between 
the two groups, indicating that the administration of L-
NAME did not affect glucose or cholesterol metabolism. 
There was no significant difference in mortality rate 
between HT and C groups (data not shown). 

Ultrastructural changes of hypertension-
induced hypertrophic LV of hamsters 

Electron microscopic examination revealed that the 
left ventricular structure in HT hamsters was in general 
similar to that in controls. The sarcomeres were regularly 
aligned, and neither excessive deposition of extracellular 
matrix (ECM) (fibrosis) that would hamper normal 
conduction, nor infiltrating cells between cardiomyocytes 
were detected in HT hamsters (Figures 1A and 2A). Of 
note, cardiomyocytes in the LVs of HT hamsters were 
endowed with numerous intermyofibrillar mitochondria 
(Figures 1A and 2A), and exhibited an abundance of 
LDs, in-between the myofibrils or close to mitochondria 
(Figure 1, A and B; Figure 2, A, B, and D). In addition, 
numerous intracellular glycogen stores were present in 
ventricular cardiomyocytes of HT hamsters (Figure 1B), 
probably as an alternative energy substrate, so as to meet 
high energy demands for maintaining cardiac contractility. 
Assuming that accumulation of LDs could be due to an 
enhanced FAs uptake within the cardiomyocytes, we 
searched for the expression of the FA transport protein, 
CD36, in the LV homogenates. Western blot assay 
revealed that CD36 protein was overexpressed in the LVs 
of HT hamsters, as compared to controls (Figure 1C; 
p<0.05). 

It is well-known that cardiomyocytes are connected 
via complex junctional complexes that facilitate cell-to-
cell coupling [14]. Examination of these coupling junctions 
in the hypertrophied ventricles of HT hamsters revealed 
that numerous gap junctions (Gjs) were displaced from 
their typical location at the level of the intercalated discs 
(IDs) and relocated either to the lateral membrane of 
cardiomyocytes (Gj “lateralization”) or near the mitochondria 
(Figure 2, A–D). In conjunction with this structural 
observation, we evaluated the protein expression of Cx43, 
the main Gj protein, and N-cadherin, an adherens junctional 
molecule instrumental in maintaining Cx43 within the 
IDs [15], and we found no significant differences in 
Cx43 and N-cadherin expression levels in the LVs from 
HT and C hamsters (Figure 2E). These results were in 
line with the lack of electrical conduction abnormalities 
in L-NAME-induced HT hamsters. 
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PI3K/AKT pathway is activated  
in the LVs of HT hamsters 

The phosphoinositide 3-kinase (PI3K)/AKT signaling 
pathway plays critical roles in hypertrophic growth and 
survival of cardiomyocytes in physiological or pathological 
conditions [16]. Therefore, we assessed the expression 
levels of PI3K and phospho-AKT (Ser473) in homogenates 
of LVs from HT and control hamsters. Western blot 
analysis showed that the expression level of the p85 
subunit of PI3K was increased by ~2.3 fold (p<0.05 vs. 
C group), and the expression of phospho-AKT (Ser473) 
was ~1.5 fold higher (p<0.05) than in controls (Figure 3, 
A and B). These data provided evidence for a consistent 
activation of PI3K/AKT pathway in our HT model. 

The hypertrophic LVs of HT hamsters exhibit 
a significant increased expression of protein 
carbonyls and PKC 

Chronic NO deficiency facilitates excessive reactive 
oxygen species (ROS) generation, which may drive cardiac 
phenotypic changes [17]. To address ROS production by 
hypertrophied ventricles of HT hamsters, we evaluated 
the protein carbonyl content and the expression levels of 
redox-sensitive PKC and p53. The results showed that the 
carbonyl groups content was ~2.5-fold higher in the LV 

homogenates of HT hamsters than in controls (p<0.05), 
and the PKC was overexpressed by ~2.5-fold (p<0.05 vs. 
C group) (Figure 4, A and B). The protein expression 
level of p53, a key regulator of apoptosis, exhibited no 
significant differences between controls and HT hamsters 
(Figure 4C). Together, the overexpression of the redox-
sensitive PKC and the lack of activation of the apoptotic 
pathway may have a contributory role in sustaining cardiac 
function in L-NAME-induced hypertension. 

The hypertrophic LVs of HT hamsters display 
increased expression and activity of MMP-2 

MMPs activation is a critical step in cardiac remodeling, 
often promoted by increased ROS production. Examination 
of the protein expression and activation of MMP-2 and 
MMP-9 by Western blot and zymography revealed that the 
protein expression of MMP-2 was increased by ~1.5-
fold, and its gelatinolytic activity was ~2.5-fold higher in 
the LVs of HT hamsters, compared to controls (p<0.05; 
Figure 5, A and B), while no significant changes were 
found in MMP-9 protein expression and activation 
between HT and C groups (Figure 5, A and B). These 
results suggested a potential involvement of MMP-2 in 
the compensatory hypertrophic response in L-NAME-
induced HT hamsters, while MMP-9 appeared not to be 
active to initiate harmful events. 

 
Figure 1 – LV of a HT hamster with compensatory myocardial hypertrophy: (A and B) TEM revealing the apparent 
normal structure of a cardiomyocyte with regular arrangement of mf and Z. Note in (A) the abundance of LD, often at 
the level of Z, associated with M or adjacent to an ID that encloses a long, ribbon-shaped Gj (asterisk), and in (B) the 
proximity between M, LD and Gg. Scale bar: (A) 1 μm; (B) 0.5 μm; (C) CD36 protein expression in the LV homogenate 
is significantly increased compared to controls [C]. Representative immunoblots (upper panel) and the densitometric 
analysis of the bands expressed as AU are shown. The intensities of the bands were quantified with TotalLab Quant 
software. β-Actin served as protein loading control. n: 3–4 hamsters in each group. *p<0.05 vs. [C] group. AU: Arbitrary 
units; CD36: Cluster of differentiation 36; EC: Endothelial cell; Gg: Glycogen granules; Gj; Gap junction; HT: 
Hypertensive; ID: Intercalated disc; l: Capillary lumen; LD: Lipid droplets; LV: Left ventricle; M: Mitochondria; mf: 
Myofibrils; N: Nucleus; SMC: Smooth muscle cell; TEM: Transmission electron microscopy; Z: Z-lines. 
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Figure 2 – The architecture of the IDs between cardiomyocytes in the LV of a HT hamster with compensatory cardiac 
hypertrophy is slightly modified, whereas the expression of Cx43 and N-cadherin junctional proteins remains unchanged, 
as compared to controls [C]: (A and B) Electron micrographs highlighting an ID, and Gj redistribution to the lateral 
membrane of cardiomyocyte (lateralization). An enlarged view of the boxed area in (A) is shown in (B). Scale bar:  
(A and B) 1 μm; (C and D) Electron micrographs representative for lateralized Gjs that associate with electron-dense 
structures with the morphology of Des and Fa in (C), or in close connection with an interfibrillar M (white arrows) and 
its adjoining LD in (D). Scale bar: (C and D) 0.5 μm; (E) Representative immunoblots and densitometry of the bands 
(AU) revealing no differences in the expression of Cx43 and N-cadherin in the LV homogenates in HT and [C] hamsters. 
β-Actin was used as protein loading control. n: 3–4 hamsters in each group. AU: Arbitrary units; cap: Capillary; Cx43: 
Connexin 43; Des: Desmosomes; EC: Endothelial cell; Fa: Fascia adherens; Gj; Gap junction; HT: Hypertensive; 
ID: Intercalated disc; LD: Lipid droplet; LV: Left ventricle; M: Mitochondria; mf: Myofibrils. 
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Figure 3 – The expression levels of PI3K (p85 subunit) (A) and phospho-AKT (Ser473) (B) are significantly increased 
in the LVs of HT hamsters compared to controls [C] and assessed by Western blot. Representative immunoblots and 
the densitometric analysis (AU) are displayed in the upper and lower panels, respectively. β-Actin was used as protein 
loading control. n: 3–4 hamsters in each group. *p<0.05 vs. [C] group. AKT: Protein kinase B; AU: Arbitrary units; 
HT: Hypertensive; LV: Left ventricle; PI3K: Phosphoinositide 3-kinase. 

 
Figure 4 – Assessment of the ROS production in the LVs of HT hamsters by determining the protein carbonyl content 
and the expression levels of redox-sensitive PKC and p53: (A) Protein carbonyl content, assessed with a DNPH-based 
spectrophotometric assay, is significantly higher in homogenates of HT hamsters than in control [C] ones; (B and C) As 
compared to [C], the protein expression of PKC is significantly increased, whereas the expression of p53 is unchanged in 
HT hamsters. Representative Western blots and quantification of the bands’ intensities (AU) are shown in the upper and 
lower panels, respectively. β-Actin was used as protein loading control. n: 3–4 hamsters in each group. *p<0.05 vs. [C] 
group. AU: Arbitrary units; DNPH: 2,4-Dinitrophenylhydrazine; HT: Hypertensive; LV: Left ventricle; PKC: Protein 
kinase C; ROS: Reactive oxygen species. 

 
Figure 5 – MMP-2 protein expression and gelatinolytic activity significantly increased in the hypertrophic LV of HT 
hamsters: (A) MMP-2 and MMP-9 protein expression. Representative immunoblots (top) and the densitometric analysis 
(bottom) of the bands intensities, expressed as AU; (B) Gelatin zymography indicating an increased proteolytic activity 
of MMP-2 in HT hamsters. β-Actin was used as protein loading control. n: 3–4 hamsters in each group. *p<0.05 vs. 
[C] group. AU: Arbitrary units; [C]: Control; HT: Hypertensive; LV: Left ventricle; MMP: Matrix metalloproteinase. 
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 Discussions 
Initially, hypertension-induced left ventricular hypertrophy 

compensates the increase in the hemodynamic load, and 
enhanced contractility is essential in maintaining cardiac 
function against the augmented wall stress [18]. However, 
the molecular changes and pathways underlying the adaptive 
LV hypertrophy are still unclear. Therefore, we examined 
several structural and biochemical aspects of the 
compensatory left ventricular hypertrophy in hamsters 
rendered HT by L-NAME treatment. The novel findings 
reported herein show that, in HT, the hypertrophic LVs 
exhibit: (i) an accumulation of LDs in cardiomyocytes 
and Gj lateralization; (ii) an increased protein expression 
of the FA transporter, CD36, and activation of the PI3K/ 
AKT pathway; (iv) enhanced protein expression of redox-
sensitive PKC, and (v) increased protein expression and 
activity of MMP-2. Together, these changes may constitute 
adaptations of the LV to high blood pressure so as to 
assist the heart in maintaining an appropriate contractile 
function. 

The chronically L-NAME-treated animals have been 
previously shown to develop cardiac fibrosis [19]; however, 
in our HT hamster model, the LV did not display excessive 
interstitial or perivascular ECM deposition (Figures 1A 
and 2A). This discrepancy may arise from the different 
experimental model employed (mice vs. hamsters in our 
experiment) or the different time points examined. 

The cardiomyocytes are metabolically flexible, using 
FAs or glucose to respond efficiently to environmental 
stimuli [20]. Alterations in FAs oxidation or triacylglycerols 
turnover rates may generate cytotoxic levels of lipid 
intermediates in hypertrophied or failing heart. However, 
the enhanced triacylglycerol turnover rate has been reported 
to be protective in several models of cardiac stress [21]. 
Growing evidence also points to LDs functioning not 
only as lipid stores but also as dynamic regulators of the 
cellular response to metabolic stress [22]. The abundance 
of LDs within cardiomyocytes, often located adjacent to 
mitochondria (Figure 1, A and B; Figure 2, A, B, and D) 
was a characteristic feature of the HT hamsters, and this 
location suggests an adaptation for eased delivery of 
LDs-packed triacylglycerols to the sites of adenosine 
triphosphate (ATP) production, so as to handle the high 
energy demand of the contracting myocardium. 

Lipid accumulation is associated with increased 
expression of genes for FA-transport proteins, such as 
CD36 [23]. In HT hamsters, the overexpression of CD36 
(Figure 1C) may indicate an intensified FAs uptake in 
cardiomyocytes within the hypertrophic LVs, as compared 
to controls. Worth mentioning, a common event in both 
contraction-induced FA transport and CD36 translocation 
is the AKT activation [24]. Likewise, the AKT activation 
and CD36 overexpression may participate in a synergic 
manner in the adaptive stress response in the LVs of HT 
hamsters. In addition, the abundant glycogen stores within 
cardiomyocytes of HT hamsters (Figure 1B) stand for 
the ability of the heart to use various substrates during 
compensatory hypertrophy, which is essential to produce 
adequate amount of ATP. 

In the adult heart, cardiomyocytes are interconnected 
by IDs, i.e., specialized junctional complexes responsible 

for maintaining cardiac tissue structure integrity and 
allowing synchronized contraction. At the ID, Cx43 
forms Gjs that are responsible for electrical propagation. 
In pathological conditions, several Gjs relocate from the 
IDs to the lateral side of cardiomyocytes (Gj “lateralization”). 
In general, Cx43 expression appears to be unaltered or 
upregulated during the compensatory phase of hypertrophy, 
and diminished when hypertrophy becomes maladaptive, 
progressing to heart failure [25]. In the HT hamster 
model, we found numerous Gjs distributed on the lateral 
membranes of cardiomyocytes and/or in the vicinity of 
mitochondria (Figure 2, A–D), and the close proximity 
between Gjs and adjacent mitochondria may provide 
multiple sites for facilitated ions exchange between 
extracellular space and mitochondria [26]. Besides, the 
lack of significant differences in the expression of  
Cx43 and N-cadherin between HT and control hamsters 
(Figure 2E) may be in accordance with Seidel’s hypothesis, 
which postulates that Gj lateralization could evolve to 
balance cardiac inhomogeneity, and to preserve electrical 
coupling when molecular organization of IDs is disturbed 
[27]. Moreover, aside from its growth-promoting effects, 
AKT activation may be involved in sustaining contractility 
of the LVs in HT. Previous reports suggested that AKT 
may increase Cx43 hemichannel levels at cell membranes 
and modulate Ca2+ handling and contractility in cardiac 
myocytes [28, 29]. 

Although enhanced contractility stimulates cardiac 
ROS formation, there are several features to withstand 
oxidative stress in compensatory cardiac hypertrophy [30]. 
ROS activate several redox-sensitive pathways, including 
PKC signaling. In our experiments, the enhanced protein 
carbonyl content in LVs of HT hamsters (Figure 4A) points 
to an increased ROS production. The overexpression of 
PKC (Figure 4B) is potentially related to the regulation 
of cardiac contraction [31], while the slightly diminished 
expression of p53 (Figure 4C) could be related, at least 
in part, to AKT activation, as AKT enhances murine 
double minute 2 (MDM2)-mediated ubiquitination and 
degradation of p53 [32]. 

One of the mechanisms linking ROS and cardiac 
hypertrophy implies the activation of MMP-2 and MMP-9, 
two key players in ECM turnover and myocardial 
remodeling [33]. The increased MMPs activity is usually 
considered detrimental in the HT heart, but in certain 
circumstances, MMP-2 may play a cardioprotective role. 
For instance, HT mice lacking MMP-2 develop cardiac 
hypertrophy and fibrosis earlier and to a greater extent [34]. 
A large body of evidence reveals that MMP-2, aside from 
degrading ECM proteins, also cleaves intracellular targets 
in the contractile machinery of cardiomyocytes, such as 
troponin I, myosin light chains, or α-actinin [35]. It is 
conceivable to consider that, by binding and cleaving 
sarcomeric proteins, MMP-2 may be involved in adding 
new sarcomeres during hypertrophic growth, and we can 
assume that the enhanced MMP-2 expression and activity 
in HT hamsters (Figure 5, A and B) may participate in 
myocardial contractility. As regards MMP-9, evidence 
incriminates its activation as being a causative factor  
for the left ventricular dysfunction [36]. Also, MMP-9 
proteolytically degrades CD36 [37]. In the case of HT 
hamsters, left ventricular expression and activity of 
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MMP-9 were rather unchanged, as compared to controls 
(Figure 5, A and B), so MMP-9 neither decreased CD36 
expression, nor exerted other negative effects on cardiac 
function at the time of the adaptive response. 

 Conclusions 
In the initial adaptive stage of hypertension, the LV 

undergoes (i) an accumulation of LDs by a mechanism 
possibly involving the FA transporter, CD36, (ii) Gj 
lateralization without significant changes in Cx43 protein 
expression, (iii) enhanced ROS formation, and activation 
of MMP-2. These changes that represent adaptations of 
the LV to high blood pressure can sustain the proper 
functioning of the heart in stressful conditions. Cardiac LDs, 
as a source of fuel delivery, may balance the fluctuations in 
the metabolic demands. The redox-driven events and/or 
other mechanisms by which MMP-2 could indirectly 
improve contraction are likely to sustain the adaptation 
to stress of the hypertension-induced hypertrophied LV. 

Taken together, these data provide support for future 
strategies targeted to prevent the transition from compen-
satory left ventricular hypertrophy to decompensated heart 
failure. 
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