
Effect of interleukin 6 deficiency on the

expression of Bcl-2 and Bax in the murine heart

Karol A. Kamiñski1, Marcin Ko¿uch2, Tomasz A. Bonda1,3,

Maria M. Stepaniuk1,4, Ewa Waszkiewicz1, Lech Chyczewski4,

W³odzimierz J. Musia³1, Maria M. Winnicka3

�
���������� �	 
��������� ������ ���������� �	 ���������� �� 
����������������� � !� "# $%��&' ���������� "����

�
���������� �	 (������� 
��������� ������ ���������� �	 ���������� �� 
����������������� � !�

"# $%��&' ���������� "����

�
���������� �	 )����� ��� *+��������� "��,����� ������ ���������� �	 ���������� !� ���������-� �
�

"# $%���� ���������� "����

�
���������� �	 
����� ������� ������� ������ ���������� �	 ���������� .��-������� $/� "# $%��&' ����������

"����

Correspondence: ����� �� .�������� �����0 ���1��2������

Abstract:

Interleukin 6 (IL-6) is a pleiotropic cytokine that is highly expressed in response to ischemia and reperfusion. It has dichotomous

roles in the heart, functioning both as an inflammatory mediator as well as a protective agent. The aim of this study was to evaluate

the effect of IL-6 deficiency on the expression of apoptotic regulatory proteins under both baseline conditions and following induc-

tion of ischemia and reperfusion in the mouse heart. C57BL/6J IL-6–/–������ (IL6KO) and C57BL/6J mice (WT) were subjected to

30 minutes of local reversible myocardial ischemia in vivo or a sham operation. The expression of Bcl-2, Bax and STAT3 in the heart

was assessed by western blotting. Under both baseline conditions and following the sham operation, IL-6 deficiency was associated

with reduced expression of Bcl-2 and Bax. The TUNEL-FITC, Evans blue and tetrazolium chloride staining of the hearts following

ischemia and reperfusion revealed similar injury in operated IL6KO and WT animals. There was increased STAT3 phosphorylation

in operated mice regardless of the genotype. Bcl-2 and Bax expression was also comparable between the mouse strains following ische-

mia and reperfusion. In summary, these results indicated that IL-6 deficiency affected the basal expression of apoptotic regulators, but

this did not profoundly alter the extent of reperfusion injury or apoptosis in the mouse heart following ischemia and reperfusion.
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Abbreviations: CNTF – cilliary neurotrophic factor, DAPI –

4‘,6-diamidino-2-phenylindole, IL-1� – interleukin 1 beta, IL-6 –

interleukin 6, IR – ischemia and reperfusion, JAK – Janus kinase,

LIF – leukemia inhibitory factor, KO – knock-out, LCA – left

coronary artery, LV – left ventricle, MAPK – mitogen activated

protein kinase, PAGE – polyacrylamide gel electrophoresis, PBS

– phosphate buffered saline, RIPA – radioimmunoprecipitation

assay, RNA – ribonucleic acid, SDS – sodium dodecyl sulfate,

STAT – signal transducer activator of transcription, STEMI –

ST segment elevation myocardial infarction, TNF-� – tumor

necrosis factor alpha, TTC – 2,3,5-triphenyltetrazolium chlo-

ride, TUNEL – terminal deoxynucleotidyltransferase-mediated

dUTP nick end labeling, WT – wild type
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Introduction

Interleukin 6 (IL-6), cardiotrophin-1, leukemia inhibi-

tory factor (LIF) and cilliary neurotrophic factor

(CNTF) belong to a family of cytokines acting via the

common receptor subunit gp130. IL-6 is a prototypic

pleiotropic cytokine produced by various cell types,

including leukocytes, fibroblasts, macrophages and

endothelial cells. This cytokine is involved in mediat-

ing inflammation, antibody production, hormonal se-

cretion, glucose metabolism, fatty acid turnover and

many other physiological processes [23]. IL-6 is in-

duced in the myocardium in response to harmful stim-

uli including ischemia [4], which is thought to con-

tribute to the inflammatory reaction [16]. Interest-

ingly, induction of IL-6 expression is more rapid and

more pronounced in the previously ischemic area

where blood flow has been restored as compared to

the non-reperfused tissue [4, 16].

Reperfusion therapy has become a gold standard

treatment for ST-segment elevation myocardial infarc-

tion (STEMI) and has saved thousands of patients, but

there is still room for improvement. Restoration of

blood flow in the ischemic myocardium causes a se-

ries of events associated with rapid “oxidative burst”,

which is characterized by activation of the inflamma-

tory process resulting in leukocyte infiltration and

apoptosis [10]. Thus, reperfusion may, to some extent,

aggravate the injury by increasing the rate of apopto-

sis of cardiac cells. Previous studies have suggested

that the expression of pro-inflammatory cytokines,

such as IL-6 and TNF�, may be responsible for this

activation of the inflammatory cascade and subse-

quent aggravation of the injury [10, 16]. On the other

hand, IL-6 has been shown to inhibit the expression of

pro-inflammatory cytokines (e.g., IL-1�) and promote

secretion of the anti-inflammatory cytokine IL10 [13].

Moreover, IL-6 exerts cytoprotective effects in other

situations, such as hemorrhagic shock or ischemic

preconditioning, by promoting the expression of the

anti-apoptotic protein Bcl-2 [1, 21]. Gp130 is the ma-

jor player that transduces IL-6-mediated signals from

the extracellular environment to the intracellular envi-

ronment. Gp130 is a membrane bound receptor that

has no intrinsic kinase activity but has binding affinity

for JAK kinases and proteins containing src-homology

domains. Thus, JAK-STAT, Akt and MAPK signaling

pathways are activated in response to IL-6 stimulation

[23]. The first two pathways are vital for protecting

myocardial tissue during reperfusion [6]. It has been

reported that restoration of blood flow to the previ-

ously ischemic myocardium evokes a rapid increase

in the rate of cardiac cell apoptosis [10]. It is widely

accepted that this is the primary mechanism for per-

sistent myocardial dysfunction following successful

treatment of myocardial infarction [10]. The recent

advances in understanding of the molecular mecha-

nisms underlying ischemia and reperfusion injury

have created excitement, since they have proposed

that delivery of therapeutic agents against compo-

nents of the apoptotic cascade can inhibit cell death

and prevent injury [14]. IL-6 is one of the cytokines

that is highly expressed in the myocardium following

ischemia and reperfusion, so it may significantly in-

fluence the apoptosis of cells within the heart.

The aim of this study was to examine the effects of

IL-6 deficiency on the regulation of apoptosis under

baseline conditions and following myocardial injury

in the murine model of regional cardiac ischemia and

reperfusion.

Materials and Methods

Male C57BL/6J IL-6–/–TMKopf mice (IL6 KO) (body

weight 27.8 g ± 2.1 g) and C57BL/6J (WT) control

animals (body weight 27.9 ± 2.1 g) that were 12–16

weeks old were used in this study.

Eight non-operated mice of each genotype were

sacrificed by cervical dislocation, and their left ventri-

cles were dissected to assess protein expression and

apoptosis under baseline conditions.

A total number of 75 animals were subjected to

sham operation (SH) or to 30 minutes of regional re-

versible myocardial ischemia induced by ligation of

the left anterior descending artery (IR group). The ex-

perimental model of ischemia and reperfusion was

performed as previously described [6], with minor

modifications. Briefly, mice were anesthetized with

ketamine and xylazine ip (120 mg/kg and 3 mg/kg, re-

spectively), placed on a heating pad at a constant tem-

perature of 37°C, intubated and ventilated with a mouse

respirator (Minivent, Harvard Instruments) using

oxygen-enriched air (volume of 0.25 ml and fre-

quency of 200/min). A left-sided lateral thoracotomy

in the 5th intercostal space was performed, which was

followed by exposure of the anterior wall of the left
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ventricle (LV). A prolene 6-0 suture was placed

around the left coronary artery (LCA), and it was tied

to polyethylene tubing causing occlusion of the LCA.

After 30 minutes, the knot was cut and the tubing was

removed, so that the blood flow was restored. Reper-

fusion was assessed by visually monitoring whether

there was blushing of the previously pale myocar-

dium. The chest was closed in layers, and the muscles

were repositioned. The mice were ventilated until

spontaneous breathing commenced. They were trans-

ferred to a cage with a temperature of 27°C for recov-

ery and were provided with water and chow ad libi-

tum. The sham operation (SH) was precisely per-

formed as described above, with the exception of

tying the suture. Thus, the length of the SH procedure

was identical to the IR group, except that the LV was

not subjected to ischemia and reperfusion. Eight mice

died during the perioperative period so 67 animals

were used for further analysis.

For the assessment of apoptosis, 24 mice were sac-

rificed by cervical dislocation 5 hours after reperfu-

sion (or sham operation). The hearts were dissected,

and the apex of the left ventricle (LV) was embedded

in Jung tissue freezing medium (OCT) and frozen in

liquid nitrogen. The basis of the LV was fixed in for-

malin and embedded in paraffin. At the same time

point, an additional 6 mice from each of the 4 groups

(two genotypes, sham and IR) were sacrificed by cer-

vical dislocation for the analysis of protein expression

in the left ventricle. Myocardial samples were taken

from the apical region of left ventricles of non-

operated and sham-operated animals, as well as from

the ischemic area and remote LV myocardium of the

IR group. We have chosen a 5 hour time point based

on a study by Dawn et al. [3], who reported that there

is very high expression of IL-6 2 hours after ischemia

and reperfusion. Based on this observation, we ex-

pected early IL-6 dependent changes to occur 3 hours

after the increase in IL-6 expression. The specimens

were snap frozen in liquid nitrogen and stored in

–70°C until further analysis.

A total of 9 WT and 10 IL6 KO mice were sacri-

ficed 24 hours after reperfusion for assessment of in-

farct size by Evans blue and 2,3,5-triphenyltetrazolium

chloride (TTC) staining as previously described [5].

Briefly, mice were anesthetized again, then intubated

and connected to the respirator. The LCA was perma-

nently occluded in the exact location of the previous

ligation. The aorta was canulated, and the heart was

removed. Evans blue (Sigma) (1 ml of 1% solution in

phosphate buffered saline) was infused into the coro-

nary system via the aorta to delineate the ischemic

zone. The LV was dissected, cut into 6–8 transverse

slices, and incubated for 15 minutes in 2% TTC at

37°C. Thus, the non-ischemic area stained blue, vi-

able myocardium stained brick-red, and the infarct re-

gion remained pale. Subsequently, slices were fixed in

phosphate buffered 3.4% formalin for 24 hours. They

were weighed and photographed from both sides us-

ing a digital camera. The Image Tool 3.0 (UTHSCSA

USA) software was used to evaluate the areas of non-

ischemic myocardium, area at risk and infarct area.

The proportional weights of infarct and area at risk of

whole hearts were calculated using the weights of the

slices and proportions of areas at risk, infarction and

non-ischemic left ventricle of each respective slice.

A ratio of infarct to area at risk was used as a parame-

ter to represent the extent of ischemia and reperfusion

injury. In two cases (one from each group), the stain-

ing failed.

The OCT embedded frozen tissue was cut transver-

sally and subjected to terminal transferase dUTP nick

end labeling (TUNEL) with fluorescein using the

ApopTag kit, according to the manufacturer’s proto-

col (Chemicon) [12]. All slides were counterstained

with DAPI (Chemicon) for the assessment of nuclear

morphology. Images of the ischemic and reperfused

areas of the left ventricle on each slide (approximately

5 fields per slide) were acquired using a fluoroscopic

microscope (Olympus). The ratio of the number of

FITC stained nuclei (with the confirmed apoptotic

morphology from DAPI staining) and all DAPI-

stained nuclei represented a measure of apoptosis.

The same procedure was performed on formalin fixed

paraffin embedded tissue. All assessments were per-

formed by a person blinded to the group assignment

of animals.

Western blotting was performed as previously de-

scribed [12]. Myocardial samples from the left ventri-

cle were snap-frozen in liquid nitrogen. They were

later homogenized on ice in RIPA buffer (Sigma) con-

taining protease and phosphatase inhibitors (Sigma)

using a mechanical disperser (Ika T10). The ho-

mogenates were centrifuged at 4°C for 20 minutes at

12,000 × g. The supernatant was collected, and the pro-

tein content was measured using Bradford reagent

(Sigma). Samples were frozen at –70°C until further

analysis. Protein extracts were subjected to SDS-

PAGE and transferred to nitrocellulose membranes

(BioRad) for western blotting. Equal loading was
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confirmed using Ponceau Red staining (Sigma). Du-

plicate membranes were probed with primary antibod-

ies recognizing mouse STAT3 (Santa Cruz, 1:500),

phosphorylated STAT3 (Santa Cruz, 1:500), Bcl-2 and

Bax (Sigma, both 1:1000). Secondary antibodies con-

jugated to horseradish peroxidase (Serotec) were used.

Blots were visualized using enhanced chemilumines-

cence (ImmunStar, BioRad) and exposed to x-ray film

(X-Omat, Blue Kodak). Results were scanned and

quantified using Scion Image software (Scion Corpo-

ration). Protein abundance in all animals was quanti-

fied in relation to a single WT sham-operated animal,

in which expression of the particular protein was arbi-

trarily set as 1. Therefore, both groups had variation,

which is represented as standard deviation (SD).

The experimental procedures were performed on

the extensively studied C57BL/6J IL-6–/–TMKopf strain

[5, 11, 19, 22], and results were compared to the re-

spective wild type C57BL/6J animals. The genotypes

of the founders and randomly chosen experimental

mice were assessed as previously described using po-

lymerase chain reaction based analysis of DNA iso-

lated from mouse tails [19]. All the animals used in

the study had the correct genotype.

The experimental procedures were carried out ac-

cording to the European Council Directive of 24 No-

vember 1986 (6/609/EEC) and were approved by the

Local Ethics Committee in Bia³ystok.

Statistical analysis

Results were presented as the mean ± standard devia-

tion (SD). The Student t-test was used to evaluate sta-

tistical analysis. A p value less than 0.05 was consid-

ered statistically significant.

Results

The expression of the anti-apoptotic protein Bcl-2 in

the non-operated animals was significantly lower in

the IL6 KO animals as compared to their respective

WT mice (Fig. 1A) (0.49 ± 0.31 vs. 1 ± 0.24, respec-

tively, p < 0.01). Similarly, the expression of the pro-

apoptotic protein Bax was significantly lower in the

IL6 KO animals as compared to their respective WT

mice (Fig. 1B) (0.65 ± 0.2 vs. 1 ± 0.09, respectively,

p < 0.01).

The myocardial samples acquired from non-

operated or sham-operated animals presented only

single TUNEL-positive nuclei per cross section re-

gardless of the genotype, so they were not quantified

(data not shown). In contrast, there were multiple

TUNEL positive nuclei in the samples obtained from

the animals subjected to ischemia and reperfusion (IR

group). The assessment of apoptosis by TUNEL-

FITC staining on OCT-embedded frozen tissue

showed a similar percentage of apoptotic nuclei in the

area at risk for both the IL6 KO and WT animals (IR

group) (Fig. 2). Assessment of apoptosis by TUNEL

staining of formalin-fixed paraffin-embedded tissue

confirmed that the frequency of apoptosis was compa-

rable between both groups (data not shown).

Evans Blue and TTC staining were performed 24

hours after 30 minutes of regional ischemia by LCA

ligation followed by reperfusion. The analysis re-

vealed a comparable area at risk of the LV in both IL6

KO and WT animals. Moreover, the infarct to LV

mass ratio was almost identical. Hence, there were no

significant differences in the parameter widely ac-

cepted as the extent of ischemia-reperfusion injury:

the ratio of infarct to area at risk (Fig. 3).

The expression of the anti-apoptotic protein Bcl-2

in the sham-operated animals and in the remote myo-

cardium of the IR mice was significantly lower in the

IL6 KO animals as compared to their respective WT

mice (Fig. 4A) (in Sham 0.4 ± 0.2 vs. 1.2 ± 0.3, re-

spectively, and in remote myocardium 0.6 ± 0.2 vs.

1.1 ± 0.5, respectively). However, in the area of the

left ventricle subjected to ischemia and reperfusion,

the expression of this protein was significantly in-

creased as compared to the sham-operated animals for

both WT and IL6 KO mice, and the differences be-

tween the genotypes were no longer significant (Bcl-2

relative expression: 1.9 ± 0.9 vs. 1.3 ± 0.2, respec-

tively) (Fig. 4A). For both genotypes, the expression of

Bcl-2 in the ischemic and reperfused areas was signifi-

cantly higher than in the remote myocardium (p < 0.05).

Interestingly, the expression of the pro-apoptotic

protein Bax in the sham-operated animals was also

significantly lower in the IL6 KO animals as com-

pared to their respective WT mice (Fig. 4B) (in Sham

0.27 ± 0.1 vs. 1.35 ± 0.39, respectively, p < 0.01). The

expression of Bax was significantly increased in the

ischemic and reperfused part of the left ventricle as

compared to sham-operated WT and IL6 KO mice

(p < 0.05). Nevertheless, the genotypic difference in
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Bax expression in this area was no longer significant

(2.4 ± 1.5 in WT vs. 1.8 ± 0.18 in IL6 KO) (Fig. 4B).

The expression of total STAT3 protein was compa-

rable in sham-operated WT and IL6 KO animals and

was not affected by ischemia and reperfusion for either

genotype (Fig. 5A). The phosphorylation of STAT3

protein was significantly increased in the ischemic

and reperfused area as compared to sham-operated

animals or the remote myocardium of animals subjected

to ischemia-reperfusion injury (Fig. 5B) (p < 0.05).

However, there were no significant differences be-

tween genotypes in respective samples (Fig. 5B)

(relative STAT3-P expression: 3.6 ± 0.9 in WT ani-

mals after ischemia and reperfusion, and 4.3 ± 1.5 in

IL6 KO after ischemia and reperfusion).

Discussion

The results of this study suggest that IL-6 deficiency

is an important factor that affects the expression of

pro and anti-apoptotic factors under physiological

conditions. Nevertheless, it has no significant influ-

ence on the regulation of myocardial apoptosis in

mice and does not affect tissue injury resulting from

ischemia and reperfusion. Similar results have been

previously published by Dawn et al. [3]; they de-

scribed a comparable infarct to area at risk ratio in IL6

KO mice as compared to WT animals. However, they

did not assess the extent of apoptosis or the expres-

sion of regulatory proteins. Compatible results, using
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a different model, have been presented by Fuchs et al.

[5]. They have shown that IL-6 deficiency had no ef-

fect on infarct size and LV remodeling following per-

manent LCA ligation in mice. Similarly to our find-

ings, they have noticed similar phosphorylation levels

of STAT3 after infarction in both IL6 KO and WT ani-

mals. In our study, this comparable activation of

STAT3 correlated with similar expression of the anti-

apoptotic protein Bcl-2 in the ischemic and reperfused

myocardium. This finding is consistent with our

TUNEL-FITC staining results in the area at risk,

which demonstrated a similar extent of apoptosis in

both IL6 KO and WT animals. Moreover, we did not

observe any difference in the expression level of the

pro-apoptotic protein Bax between genotypes. This

finding also supports that during severe injury, other

signaling factors assume regulation of apoptosis.

Interestingly, a very different expression pattern

was observed in the non-operated controls as well as

in the sham-operated animals and in areas of the myo-

cardium that were not subjected to hypoxia. In those

regions, the expression of Bcl-2 was significantly

lower in the IL6 KO animals as compared to WT

mice. The expression of Bax was significantly re-

duced in non-operated and sham-operated IL6 KO

animals as compared to their WT counterparts,

whereas Bax expression in the remote myocardium of

the operated animals was comparable for both geno-

types. Those results indicated that IL-6 is not vital for

increased Bcl-2 and Bax expression after ischemia

and reperfusion in mouse cardiac tissue. On the other

hand, baseline conditions or mild injury (e.g., sham

operation) are associated with lower Bcl-2 expression

in the absence of IL-6, which suggests that this cyto-

kine is involved in the up-regulation of expression of

antiapoptotic proteins in the context of mild general-

ized injury. Similar results have been described in en-

terocytes during ischemia [21], in pulmonary epithe-

lium after hyperoxia [25] and in hepatocytes after al-

cohol exposition [7] or Fas treatment [15]. The Bcl-2

expression in cells exposed to relatively mild stressful

stimuli (sham operation, which was used in our study,

alcohol consumption, hyperoxia or simulated ische-

mia) was significantly lower in the absence of IL-6.

Bax expression seems to depend to some extent on the

presence of IL-6 only under physiological conditions.

Interestingly, after more severe challenges (cardiac

ischemia and reperfusion), there were no differences,

probably because of increased expression of other

proteins that affect Bcl-2 and Bax expression. One

may attribute this effect to putative compensatory

mechanisms in animals devoid of functional IL-6

gene expression during their lifetime. Moreover, we

found no difference in STAT3 phosphorylation, which

suggests that there are increased levels of substances

activating this signal transduction pathway. It has

been previously described that myocardial infarction

in IL-6 KO mice caused increased expression of other

IL-6 family members, including LIF (leukemia in-

hibitory factor) [5]. This cytokine has been shown to

induce STAT3 phosphorylation and prevent apoptosis

by inducing overexpression of Bcl family members

[20]. Simultaneously, various pro-apoptotic sub-

stances are induced that may up-regulate Bax expres-

sion in an IL-6-independent manner during ischemia

and reperfusion [4].

There is support for the theory that IL-6 is the

first-line signaling cytokine in the heart induced in re-

sponse to relatively mild stressful stimuli. Dawn et al.

[3] have shown that IL-6 is highly expressed after

very short periods of ischemia, and it conveys signals

that are crucial for cytoprotection. IL-6 deficiency in

mice resulted in lack of ischemic preconditioning.

Given these observations, our results confirmed the hy-

pothesis that IL-6 signaling is overridden in the case of

prolonged ischemia and deleterious reperfusion.

The role of IL-6 in the cardiovascular system is

very complex and is far from being fully elucidated.

On one hand, it has been previously shown that an in-

creased serum level of IL-6 is associated with a higher

probability of MI and subsequent cardiovascular

death [18], and development of congestive heart fail-

ure [24]. On the other hand, IL-6 has been shown to

mediate some of the anti-inflammatory and metabolic

effects of exercise both in clinical and experimental

studies [23]. Hence, it is still not fully understood

whether association of IL-6 with the poor prognosis

of cardiovascular patients is an accompanying phe-

nomenon, a compensatory mechanism, or if it exerts

profound detrimental effects.

Interestingly, the observed phenomena may pro-

vide insight on the effect of increased IL-6 levels on

distant organs such as the brain. The recently de-

scribed behavioral changes in IL-6 KO mice [8] may,

to some extent, resemble phenomena observed in mice

with lower expression of Bcl-2 in their brain [17].

The IL-6 transduction cascade may be considered

a very precise, finely-tuned signaling system. Interest-

ingly, IL-6 deficiency often results in similar effects

to those induced by IL-6 overexpression [9, 22],
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which makes a J-shape or U-shape dose response

curve effect plausible. Moreover, the rapid and short-

lasting release of IL-6 may have different metabolic

effects than long lasting release, as demonstrated by

Carey et al. [2]. IL-6 secreted by contracting muscle is

considered to diminish insulin resistance and improve

glucose metabolism, whereas long-lasting IL-6 eleva-

tion is clearly detrimental and closely associated with

impairment of insulin signaling [2]. Interestingly, de-

spite the large body of evidence on the effects of

exercise-induced IL-6 secretion on insulin-mediated

signaling and potentially on physiologic hypertrophy,

there is no influence of IL-6 deficiency on exercise-

induced cardiac hypertrophy in mice [11].

Apart from the new insights into the pathogenesis

of ischemia-reperfusion injury, this study has a limita-

tion as we were not able to identify the factors which

replace the function of IL-6 on induction of Bcl-2 ex-

pression in the context of cardiac ischemia and reper-

fusion. Nevertheless, in our opinion, our results pro-

vided valuable insight on the role of IL-6 in the regula-

tion of apoptosis in cardiac tissue and in the pathogene-

sis of reperfusion injury. However, further studies are

necessary to clarify the role of IL-6 in the heart.

Conclusions

IL6 deficiency significantly affects the expression of

proteins regulating apoptosis under physiological

conditions or mild stress, such as sham operation.

However, IL-6 deficiency does not affect apoptosis or

the extent of reperfusion injury following cardiac

ischemia and reperfusion in mice.
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