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Abstract:

The relationship between systemic cytokine release and chronic �-adrenergic activation-induced left ventricular dysfunction

(LVSD) has not been widely reported in the literature. In the present study, we examined changes in the serum levels of inflammatory

cytokines (IL-1-�, IL-6 and TNF-�) following chronic �-adrenergic activation-induced LVSD. Male Wistar rats were administered

isoproterenol (ISO, 5 mg/kg, sc, once daily) for 4 weeks (ISO 4) or 12 weeks (ISO 12). Echocardiography was done and serum levels

of IL-1-�, IL-6 and TNF-� were estimated at the end of each protocol. In the ISO 4 group, there was a significant increase in relative

wall thickness (p < 0.01) and heart weight: body weight ratio (p < 0.001) without any significant changes in fractional shortening

(FS) or serum cytokine levels. However, in the ISO 12 group, there was a 32% decrease in FS along with increased serum levels of

IL-1-� and TNF-�. The present findings indicate that LVSD induced by chronic �-adrenergic activation in rats is accompanied by

increased serum cytokine levels.
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Introduction

Left ventricular dysfunction constitutes a major cause

of morbidity and mortality in various end stage car-

diovascular disorders such as myocardial infarction,

hypertension, cardiac hypertrophy and dilated cardio-

myopathy [3, 15]. Different animal models of ven-

tricular dysfunction have been developed for a better

understanding of disease progression and screening of

putative therapeutic agents [7, 13, 19, 24]. In this re-

gard, chronic �-adrenoceptor activation-induced left

ventricular systolic dysfunction (LVSD) is one of the

simplest animal models [23]. Administration of a sin-

gle or repeated high dose of isoproterenol (ISO),

a �-adrenoceptor agonist, has been used to induce

LVSD in rats [11, 22]. However, the high mortality

associated with high doses of ISO constitutes a major

limitation of this method [4]. Chronic low dose ISO

administration leads to an initial cardiac hypertrophy

followed by ventricular chamber dilation and pump

dysfunction, and is associated with no mortality due

to isoproterenol (ISO) toxicity [22, 35].

Increased serum levels of inflammatory cytokines

such as IL-1-�, IL-6 and TNF-� have been reported in

patients with LVSD and have been proposed to be as-
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sociated with the worsening of New York Heart Asso-

ciation (NYHA) class [12, 18, 33]. In clinical and ex-

perimental studies, depressive effects of inflammatory

cytokines on the heart have been convincingly dem-

onstrated [6, 31]. Significant increases in the serum

levels of IL-1-� and TNF-� have been shown to cause

ventricular remodeling, fetal gene expression, and

progressive left ventricular dysfunction [5, 32]. In

spontaneously hypertensive heart failure (SHHF) rats,

an increased serum level of TNF-� has been reported

at the end stage of heart failure [2]. However, reports

of changes in serum levels of inflammatory cytokines

following chronic ISO treatment have been ambigu-

ous. Continuous infusion of ISO (2.4 mg/kg/day for 7

days) has been reported to cause increased expression

of inflammatory cytokines in the heart; although,

there was no corresponding change in serum cytokine

levels [20]. In contrast, other reports have demon-

strated that chronic high dose ISO administration in

mice (30 mg/kg/day for 5 days) increased serum lev-

els of IL-1-� and TNF-�, but not IL-6 [14]. Further-

more, changes in serum cytokine levels in a rat model

of ISO-induced LVSD have not been reported. Hence,

there is a strong rationale for investigating the

changes in serum levels of inflammatory cytokines

during the development of LVSD by chronic low dose

ISO administration.

The present study was designed to evaluate the

changes in serum levels of inflammatory cytokines

(IL-1-�, IL-6 and TNF-�) following daily subcutane-

ous administration of ISO (5 mg/kg/day over 12

weeks) in rats.

Materials and Methods

Experimental protocol

The study was approved by the Institute Animal Eth-

ics Committee and all animal care and experimental

protocols were in compliance with the NIH guidelines

for the care and use of the Laboratory Animals (NIH

Publication #85–23, 1985). Laboratory bred male

Wistar rats (150–200 g, 10–12 weeks) maintained un-

der standard laboratory conditions (temperature; 25 ±

2°C, relative humidity; 50 ± 15% and 12 h dark/12 h

light period) were used for the study. A commercial

pellet (Ashirvad, India) diet and water were provided

ad libitum.

Rats were distributed randomly to the following

groups:

– Control 4 (n = 8): Rats were administered normal

saline at 1 ml/kg, sc; once daily (OD) for 4 weeks

at 10 a.m.

– Control 12 (n = 8): Rats were administered normal

saline at 1 ml/kg, sc; OD for 12 weeks at 10 a.m.

– ISO 4 (n = 8): Rats were administered ISO at

5 mg/kg, sc; OD for 4 weeks at 10 a.m.

– ISO 12 (n = 8): Rats were administered ISO at

5 mg/kg, sc; OD for 12 weeks at 10 a.m.

The body weight of animals was monitored weekly

and the doses were adjusted accordingly. At the end of

each protocol, the body weight was recorded and rats

were euthanized by an overdose of pentobarbitone an-

esthesia (60 mg/kg, ip). The heart was excised, dipped

in ice cold saline, blotted dry, weighed and stored in

10% v/v buffered formalin for histopathological studies.

Echocardiography

Rats were subjected to echocardiography after the

stipulated study duration under anesthesia with keta-

mine (50 mg/kg) and xylazine (10 mg/kg). Rats were

examined in the supine position after clipping of the

chest hair with the transducer probe placed gently

over the left parasternal position. Heart function was

evaluated by a two-dimensional M-mode echocardi-

ography using a 10–11.5 MHz neonatal cardiac probe

transducer with a high frame rate and a shallow focus

(10–25 mm) from the short-axis view at the level of

the papillary muscles of the LV using the fully digit-

ized Wipro GE system (Vivid 7 dimension). The LV

posterior wall and interventricular septal thickness

were recorded in systole and diastole phases. The LV

internal dimension was recorded from the short axis

view at the level of the papillary muscle from the

trailing edge of the septum to the leading edge of the

posterior wall [16]. Captured images, each composed

of five to nine consecutive heart cycles, were digitally

transferred online to a computer and subsequently

analyzed by an analyst blinded to the treatment

groups. Three representative cycles were analyzed

and averaged. Fractional shortening (FS) and relative

wall thickness (Rwt) were calculated as reported ear-

lier [17].
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Estimation of serum cytokines

Blood samples were drawn after a 24-h interval of

ISO treatment from the retroorbital plexus prior to

euthanasia. Subsequently, the serum was separated

and was stored at –80°C until cytokine estimation. Se-

rum IL-1-�, IL-6 and TNF-� levels were estimated by

an ELISA kit (R&D Systems, USA) as per the manu-

facturer’s guidelines and expressed as pg/ml.

Histopathological evaluation

The hearts were fixed in 10% neutral buffered forma-

lin and were subjected to routine processing with par-

affin embedding. From the paraffin embedded blocks,

5 µm thick tissue sections were cut and stained with

hematoxylin and eosin (H&E) to document necrosis

and inflammatory cell infiltrate including neutro-

philes. Picrosirius red staining was performed to

evaluate fibrosis. The degree of necrosis and fibrosis

was estimated from each section as previously re-

ported with slight modification [34]. The following

grading method was adopted for semiquantitative as-

sessments:

– Grade 0: No histological evidence of fibrosis and ne-

crosis;

– Grade 1: Patchy fibrosis and necrosis in < 20% of

the section;

– Grade 2: Fibrosis and necrosis in > 20% and < 40%

of the section;

– Grade 3: Fibrosis and necrosis in > 40% and < 60%

of the section;

– Grade 4: Fibrosis and necrosis in > 60% and < 80%

of the section;

– Grade 5: Fibrosis and necrosis in > 80% of the section.

Different patterns and locations of fibrosis were as-

sessed as being transmural, subendocardial, perivascu-

lar, interstitial (perimyocytic), or replacement. Histopa-

thological evaluation was independently carried out by

two authors blinded to the treatment groups.

Morphometry

Morphometry was done for quantitative assessments

using NIH image analysis software (Image J) to deter-

mine myocyte size in H&E stained sections as reported

earlier [21]. In brief, the sections were screened, fields

were selected and captured under a microscope

(Nikon Eclipse, E600) with an attached camera

(Olympus DP-71) under 20 × magnification. Each im-

age was retrieved and analyzed by Image J software

(NIH, USA). Transverse sections of myocytes with

distinct cell membrane and visible nucleus were se-

lected for morphometric analysis. The myocyte fiber

diameter (µm) was measured perpendicularly across

the myocyte at the level of the nucleus. Ten random

fields were assessed for each heart section and a total

of not less than 100 myocytes per heart were measured

and mean values were taken. The analysis was carried

out by two individuals blinded to the treatment groups.

Statistical analysis

Values were expressed as the mean ± standard devia-

tion. Echocardiographic parameters and the heart

weight/body wight (HW):(BW) ratios among the dif-

ferent groups were compared by one way ANOVA

using SPSS for Windows (Version 11.0). A value of

p < 0.05 was considered as significant.

Results

Daily subcutaneous administration of ISO for 4 weeks

led to a 25% increase in ventricular relative wall

thickness without any significant changes in ventricu-

lar systolic and diastolic dimensions as observed by

echocardiography (Fig. 1). However, administration

of the same dose of ISO for 12 weeks caused ven-

tricular wall thinning (34% decrease in comparison to

4 weeks of ISO administration) along with an 18% in-

crease in ventricular internal diameter in the diastole

and a more pronounced increase (150%) in ventricu-

lar internal diameter in the systole. Fractional shorten-

ing did not change after 4 weeks; however, it de-

creased by 30% after 12 weeks of ISO administration

(Tab. 1).

Postmortem assessment revealed a 50% increase in

the HW:BW ratio after 4 weeks of ISO administra-

tion, which did not change significantly following

further ISO administration up to 12 weeks (Tab. 1).

Similarly, cardiomyocyte diameter was also increased

to approximately 60% after 4 weeks, and 48% after

12 weeks of ISO treatment. Serum levels of inflam-

matory cytokines were below the detectable limit

(5 pg/ml) in control rats, as well as in rats adminis-

tered ISO for 4 weeks. Increased serum levels of IL-

1-� (64.25 ± 7.6 pg/ml) and TNF-� (23.8 ± 2.5 pg/ml)
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Fig. 1. Echocardiographic image of rats treated with isoproterenol
(5 mg/kg, sc, OD) for 4 weeks (A) and 12 weeks (B)

Tab. 1. Changes in echocardiographic parameters, heart weight:body weight ratio (HW:BW), cardiomyocyte diameter and histopathological
scoring among different study groups (LVDd – left ventricular dimension in diastole; LVDs – left ventricular dimension in systole; FS – Fractional
shortening; Rwt – relative wall thickness)

Control 4
(n = 8)

Control 12
(n = 8)

ISO 4
(n = 8)

ISO 12
(n = 8)

LVDd (mm) 5.59 ± 0.72 5.66 ± 0.65 5.54 ± 0.21 6.73 ± 0.74*��

LVDs (mm) 3.01 ± 0.55 3.04 ± 0.52 2.99 ± 0.50 4.54 ± 0.67***���

FS(%) 46.37 ± 4.40 46.52 ± 5.87 46.11 ± 8.60 32.79 ± 4.56**��

Rwt 0.52 ± 0.08 0.51 ± 0.07 0.65 ± 0.06�� 0.43 ± 0.08���

HW:BW (mg/g) 3.4 ± 0.5 3.7 ± 0.3 5.1 ± 0.5��� 4.9 ± 0.5***

Cardiomyocyte diameter (µm) 21.07 ± 0.5 22.46 ± 0.8 33.84 ± 0.9��� 33.31 ± 0.1***

Necrosis Score 0 0 1 1

Fibrosis Score 0 0 1 1

��� p < 0.001, �� p < 0.01 vs. control 4; *** p < 0.001, ** p < 0.01, * p < 0.05 vs. control 12; ��� p < 0.001, �� p < 0.01 vs. ISO 4

Fig. 2. Representative light micrograph of myocardial tissue section
(H&E and Picrosirius red; 20�). (A) H&E stained section of the Control
group showing normal architecture; (B) Picrosirius red stained sec-
tion of the Control group showing a normal collagen network; (C) H&E
stained section of the ISO 4 group showing tissue necrosis along with
infiltration of inflammatory cells; (D) Picrosirius red stained section of
the ISO 4 group showing replacement and reparative fibrosis; (E)
H&E stained section of the ISO 12 group showing few fresh necrotic
sites with inflammatory cells; (F) Picrosirius red stained section of the
ISO 12 group showing thick collagen fibers along with a loss of myo-
cardial architecture; (G) Picrosirius red stained section showing col-
lagen deposition around the vascular wall (perivascular fibrosis)



were observed in rats administered ISO for 12 weeks;

however, IL-6 was still below the detectable limit.

Following histological assessment, sections from

the control group showed myofibers within normal

histological limits (Fig. 2A). In picrosirius red stained

tissue sections, thin and sparsely distributed collagen

fibers were observed (Fig. 2B). The ISO 4 group

showed myocyte necrosis with a focal “dropout” (Fig.

2C). These changes were predominantly located in

the subendocardial zone, while inflammatory cells

were present in and around the areas of necrosis. Pi-

crosirius red staining revealed perimyocytic and peri-

vascular fibrosis in the subendocardial region (Figs.

2D, 2G). In addition, the myocardium revealed focal

replacement fibrosis in discrete areas. In the ISO 12

group, there was no fresh necrosis. However, there

was a focal loss of myocytes with a few inflammatory

cells (Fig. 2E). Picrosirius red staining revealed ex-

tensive replacement fibrosis (Fig. 2F). In the areas of

replacement fibrosis, the collagen deposition was

quite dense in the form of thick ribbon-like structures.

Assessment of the whole tissue section for patho-

logical scoring revealed no significant difference be-

tween the ISO 4 and ISO 12 groups. However, in the

ISO 4 group, necrosis was increased relative to the

ISO 12, but it still did not exceed 5%–10% of the total

area (Tab. 1). There was a significant increase in the

degree of fibrosis in the ISO 4 and ISO 12 groups,

which was predominantly distributed in the subendo-

cardial region in the form of reactive (interstitial fi-

brosis) and replacement fibrosis.

Discussion

The present study has demonstrated that chronic �-ad-

renergic activation leads to systemic release of IL-1-�

and TNF-� and left ventricular systolic dysfunction,

which was preceded by left ventricular hypertrophy.

This progression was characterized by ventricular

wall thinning and increased LV dimensions.

The relative wall thickness was significantly in-

creased after 4 weeks of ISO treatment. However, the

thickness decreased after 12 weeks, which corrobo-

rates earlier findings [1]. The increased wall thickness

after 4 weeks was accompanied by a significantly in-

creased HW:BW ratio and cardiomyocyte diameter

which represent the state of myocardial hypertrophy

[8]. A decrease in ventricular wall thickness with ISO

for 12 weeks without any significant change in

HW:BW, and cardiomyocyte diameter with respect to

the ISO 4, lead to ventricular wall thinning, which

may be due to myocyte loss and/or extracellular ma-

trix remodeling. Ventricular chamber dilatation

(LVDd and LVDs) was not evident until 4 weeks of

ISO treatment, which appear later (after 12 weeks of

ISO treatment) as reported earlier [10]. The progres-

sive ventricular wall thinning and simultaneous in-

crease in LVDd and LVDs observed after 12 weeks of

ISO treatment resulted in deteriorated myocardial.

The significant increase observed in cardiomyocyte

diameter after 4 weeks of ISO treatment supports the

fact that the increased HW:BW ratio observed in this

group was a result of cellular hypertrophy. Interest-

ingly, the increased myocyte diameter observed at 4

weeks did not change further, even when the ISO

treatment was continued. This finding reflects the fact

that the maximum hypertrophy was achieved at or be-

fore 4 weeks of ISO treatment, and any further

changes that may occur are in terms of ventricular

wall remodeling.

Serum cytokines were not detectable at 4 weeks;

however, at 12 weeks there was a highly significant

increase in serum levels of IL-1-� and TNF-�, while

IL-6 was below the detectable limit. The absence of

cytokines in systemic circulation after 4 weeks corre-

lates with earlier work [20]. Increased serum levels of

IL-1-� and TNF-� following 12 weeks of ISO treat-

ment paralleled decreased myocardial function (FS).

In the present study, the absence of IL-6 in the serum

was corroborated by an earlier report, where use of

high dose ISO in mice was shown to induce the sys-

temic release of IL-1-� and TNF-�, but not of IL-6

[14]. To the best of our knowledge, this is the first

study reporting an increase in serum levels of inflam-

matory cytokines following low dose ISO-induced

left ventricular systolic dysfunction.

There have been reports of differential myocardial

expression of IL-1-�, IL-6 and TNF-� in response to

�-adrenergic stimulation. In an earlier report, there

was increased myocardial expression of TNF-a, IL-

1b, IL-6 in rats with heart failure; however, � blockers

failed to decrease myocardial IL-6 levels [26]. Re-

cently, it has been reported that �-adrenergic induc-

tion of IL-6 in cardiomyocytes is low [27]. Hence, the

selective absence of IL-6 in serum may be either due

to its low expression in cardiomyocytes, from its

anti-inflammatory properties or because of its modu-
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lation by some adrenergic independent pathways that

have been previously reported [36].

ISO treatment is known to cause dose-dependent

myocardial necrosis [30]. In the present study, the ani-

mals receiving 4 weeks of ISO revealed patchy necro-

sis with the presence of inflammatory cells preferen-

tially located in the subendocardial region. After 12

weeks of ISO treatment, there were no areas of fresh

necrosis. The absence of inflammatory cytokines at

an early stage (4 weeks) and their later appearance in

the serum (12 weeks) suggests that progressive myo-

cardial remodeling could be the reason for increased

serum cytokines. This explanation is in contrast to the

notion that the release of cytokine takes place due to

direct myocardial necrosis caused by ISO, moreover

the necrotic effect has been reported to gradually de-

crease due to �-adrenergic receptor uncoupling from

its secondary mediators and/or receptor down regula-

tion [29].

Myocardial fibrosis following ISO has been dis-

cussed in different studies [9, 35]. Histological assess-

ment the ISO 12 group revealed deposition of mature

collagen fibers in the subendocardial region along with

total replacement of the necrotic areas by a thick colla-

gen network. This progressive change in the nature of

collagen deposition has been reported to be one of the

factors responsible for myocardial dysfunction [25].

Conclusion

The present study showed that chronic �-adrenergic

activation caused cardiac hypertrophy followed by

ventricular wall thinning and chamber dilation, as

well as systemic release of inflammatory cytokines.

To the best of our knowledge, this is the first study to

report the systemic release of IL-1-� and TNF-� fol-

lowing chronic ISO treatment-induced LV systolic

dysfunction in rats. The present study has further con-

tributed to the existing models of ISO-induced LVSD,

which are of significant use for experimental studies

of cardiac hypertrophy.

Limitation of the study

The principle limitation of the study was that we did

not investigate the cause and effect relationship be-

tween serum cytokine levels and left ventricular func-

tion, which is further warranted.
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