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Abstract
Oxidative stress and inflammation are implicated in tissue remodeling, hypertrophy, and organ malfunction. Since heme-oxyge-

nase (HO) is a cytoprotective enzyme with effects against oxidative stress and inflammation, we investigated the effects of

upregulating HO with hemin on adipocyte hypertrophy, proteins of repair/regeneration including beta-catenin, Oct3/4 and Pax2

as well as pro-fibrotic/remodeling proteins like osteopontin and transforming growth factor-beta (TGF-b) in pericardial adipose

tissue from obese Zucker rats (ZRs). Treatment with hemin significantly reduced pericardial adipose tissue inflammation/oxidative

stress, suppressed osteopontin and TGF-b, and attenuated pericardial adipocyte hypertrophy in obese ZRs. These were asso-

ciated with enhanced expression of the stem/progenitor-cell marker cKit; the potentiation of several proteins of regeneration

including beta-catenin, Oct3/4, Pax2; and improved pericardial adipocyte morphology. Interestingly, the amelioration of adipocyte

hypertrophy in hemin-treated animals was accompanied by improved adipocyte function, evidenced by increased levels of

pericardial adipose tissue adiponectin. Furthermore, hemin significantly reduced hypertriglyceridemia and hypercholesteromia

in obese ZRs. The protective effects of hemin were accompanied by robust potentiation HO activity and the total antioxidant

capacity, whereas the co-administration of hemin with the HO inhibitor, stannous mesoporphyrin abolished the effects of hemin.

These data suggest that hemin improves pericardial adipocyte morphology and function by enhancing proteins of repair and

regeneration, while concomitantly abating inflammatory/oxidative insults and suppressing extracellular-matrix/profibrotic and

remodeling proteins. The reduction of hypertriglyceridemia, hypercholesteromia, pericardial adiposity, and pericardial adipocyte

hypertrophy with corresponding improvement of adipocyte morphology/function in hemin-treated animals suggests that HO

inducers may be explored for the design of novel remedies against cardiac complications arising from excessive adiposity.
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Introduction

The adipose tissue is an important metabolic organ that
produces a wide range of substances with both physio-
logical and pathophysiological functions. For example, the
adipose tissue produces adiponectin, a substance with insu-
lin-sensitizing and anti-inflammatory effects.1,2 On the
other hand, the adipose tissue produces a variety of pro-
inflammatory cytokines, including tumor necrosis factor-
alpha (TNF-a), interleukin (IL)-6, and IL-1b.2 In many
chronic diseases including obesity and insulin resistance,
adipocyte function may be impaired due to hypertrophy3

and/or excessive production of IL-6 and TNF-a.4 Adipocyte
hypertrophy may lead to reduced production of adiponec-
tin, exacerbation of inflammatory insults, and impairment
of glucose metabolism.1,5,6 These pathophysiological

changes in adipocytes contribute to insulin resistance and
related cardiometabolic complications in many obese sub-
jects. Moreover, in obesity, elevated oxidative stress,
increased inflammatory insults, insulin resistance, dysfunc-
tional lipid metabolism, and impaired glucose metabolism
are among the pathological characteristics implicated in the
conundrum of cardiometabolic complication. These patho-
physiological conditions are aggravated by excessive peri-
cardial adiposity. For example, visceral adiposity like
pericardial fat is correlated to insulin resistance and cardiac
diseases,7 although the specific role of pericardial adiposity
above and beyond that of visceral adiposity remains largely
unclear.7

Pericardial adiposity, in comparison to central obesity is a
greater risk factor for cardiac complications.8 By virtue of its
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anatomical and functional proximity to the coronary circu-
lation, pericardial adipose tissue may be even more malig-
nant than central adiposity. Pericardial adiposity can lead to
myocardial inflammation, left ventricular hypertrophy, and
coronary artery disease through paracrine mechanisms that
include increased production of inflammatory cytokines,
reactive oxygen species, and other atherogenic factors.1,9

Thus, novel strategies capable of reducing pericardial adi-
posity, inflammation, and oxidative stress may be useful to
improve the cardiometabolic profile of obese subjects.

The cytoprotective role of the heme-oxygenase (HO)
system has been widely acknowledged.10–17 HO is a pro-
tective enzyme with inducible (HO-1) and constitute (HO-2
and HO-3) isoforms that degrades the pro-oxidant, heme, to
generate carbon monoxide, an anti-inflammatory/vasodila-
tory gas, bilirubin/biliverdin with antioxidant properties,
and iron that is rapidly converted to ferritin, an antioxi-
dant.18,19 HO activity is largely derived from HO-1 and
HO-2 isoforms because HO-3 is a pseudo-transcript of
HO-2.19 Generally, HO-2 contributes to basal physiological
functions while HO-1 serves as a sensitive index that is
stimulated by a wide variety of different physical, chemical,
and pathophysiological stimuli.19 However, the patho-
physiological activation of HO-1 results only to a transient
or marginal increase in HO activity that is below the thresh-
old necessary to trigger the downstream signaling compo-
nents through which the HO system elicits its effects, so
more robust enhancement of HO-1 by HO inducers is
needed to surmount the threshold.20,21 Therefore, in the
present study, the HO inducer, hemin was used to enhance
the HO system in obese Zucker rats and the morphology
and function of pericardial adipose tissue examined since
pericardial adiposity plays a major pathophysiological role
in heart disease and related complications.1,8,9 Since osteo-
pontin is known to promote inflammation, extracellular
matrix invasion, and hypertrophy,22–31 the effects of an
upregulated HO system on the expression of osteopontin
in pericardial adipocyte were assessed. Furthermore, we
also investigated whether treatment with hemin improves
pericardial adipocyte morphology and function by abating
hypertrophy, oxidative stress, and inflammation, while con-
comitantly enhancing proteins of regeneration such as beta-
catenin, Oct3/4, and pax232–34 in the adipose tissue.
Moreover, the effects of the HO system on the expression
of Oct3/4 and pax2 and osteopontin in pericardial adipose
tissue have not been reported. Therefore, the finding
reported in the present manuscript offers novel insights
on the role of hemin on adipose tissue repair.

Materials and methods
Animals and treatment groups and biochemical assays

The experimental protocol for this study is in conformity
with the Guide for Care and Use of Laboratory Animals
stipulated by the Canadian Council on Animal Care and
the National Institutes of Health (NIH Publication No.
85-23, revised 1996) and was approved by University of
Saskatchewan Animal Ethics Committee. Male Zucker
fatty (ZF) rats of age 12 weeks and their corresponding
sex/age-matched Zucker lean (ZL) rats were obtained

from Charles River Laboratories (Willington, MA, USA).
The animals were housed at 21�C with 12-h light/dark
cycles, had access to drinking water ad libitum, and were
fed with standard laboratory chow.

Hemin (30 mg/kg i.p., Sigma, St Louis, MO) was admin-
istered to induce HO, while stannous mesoporphyrin
([SnMP] 20 mg/kg i.p., Porphyrin Products [Logan, UT,
USA]) was given to inhibit HO. Hemin and SnMP were
prepared as we previously reported and administered
biweekly for 8 weeks.10,35,36 At 16 weeks of age, the animals
were randomly divided into several experimental groups
(n¼ 6 per group) including: (a) controls (ZF and ZL),
(c) hemin-treated ZF and ZL, and (c) ZFþheminþ SnMP.

During the treatment period body weight and fasting
glucose were measured weekly. Body weight was
measured using a digital balance (Model Mettler PE1600,
Mettler Instruments Corporation, Greifensee, Zurich,
Switzerland), while fasting glucose was measured using a
diagnostic auto-analyzer (BD, Franklin Lakes, NJ) after 6 h
of fasting as previously reported.35,37 At the end of the
8-week treatment period, the animals were 24 weeks old,
and the study was terminated. Prior to killing, the animals
were weighed, anesthetized with pentobarbital sodium
(50 mg/kg i.p.), and the pericardial fat pad isolated and
weighed with an analytical balance (Precisa Instruments
Ltd, Dietikon, Switzerland) as previously reported.38

HO activity in the pericardial adipose tissue was
determined spectrophotometrically as we previously
reported,10,38,39 while enzyme-linked immunosorbent
assay (ELISA) kits were used for measuring HO-1
(Stressgen-Assay Design, Ann Arbor, MI, USA), adiponec-
tin (Phenix Pharmaceuticals, Inc., Burlingame, CA, USA),
TNF-a, IL-6, and IL-1b (Immuno-Biological Laboratories
Co. Ltd, Gunma, Japan), and enzyme immuno-assay (EIA)
kits for 8-isoprostane and total antioxidant capacity
(Cayman Chemical, Ann Arbor, MI, USA).10,38,39 Similarly,
cholesterol and triglyceride were determined using fluori-
metric assay kits for cholesterol and triglyceride (Cayman
Chemical, Ann Arbor, MI, USA) as we previously
reported.37,40

Histological, morphological, and immunohistochemical
analyses of pericardial adipocytes

Pericardial adipose tissue was fixed in 10% formalin phos-
phate buffer for 48 h, processed and paraffin embedded as
we previously reported,2,13 and sections of 5mm thicknesses
were cut and stained with hematoxylin and eosin for histo-
logical and morphological analyses. The pericardial adi-
pose tissue was collected from same area of the heart
from all animals in the different experimental groups.
Adipocytes were scanned using a microscope (Aperio
Scan Scope Model CS, Aperio Technology Inc, CA, USA)
and analyzed with Aperio Image Scope V11.2.0.780 soft-
ware (Aperio, e-Pathology Solution, CA, USA).

At 100� optical zoom, several areas of groups of pericar-
dial adipocyte were outlined (approximately 5–15 adipo-
cytes per area) using image analysis tools from Aperio
Image Scope (Aperio, e-Pathology Solution, CA, USA),
and the total number of pericardial adipocytes per group
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outlined was divided by the total area. By so doing, the
areas of adipocytes from the pericardial fat pad were calcu-
lated. A total of five areas were randomly outlined per slide
and the average of adipocytes from these areas recorded as
we previously reported.2

Immunohistochemistry was done as we previously
reported.39,41 Sections of 5mm of pericardial adipose tissue
were treated with bovine serum albumin in phosphate buf-
fered saline to block nonspecific staining. After blocking,
the sections were incubated overnight with ED1 (1:500 dilu-
tion, sc-59103, Santa Cruz Biotechnology, CA, USA).
Thereafter, the pericardial adipose tissue sections were
incubated with goat anti-mouse IgG for 30 min (1:200 dilu-
tion; Jackson ImmunoResearch Laboratories, Inc., ME,
USA). Subsequently, immunohistochemical staining was
done using standard avidin–biotin complex method with
the chromagen 3,3’-diaminobenzidine used at the final
detection step.

The pericardial adipose tissue sections were scanned
using a microscope (Aperio Scan Scope Model CS, Aperio
Technology Inc., CA) and macrophages (brown from
immune-stained sections) were quantified by manually
counting the positively stained cells in several randomized
nonoverlapping fields as we previously reported.39,41

Western immunoblotting

Pericardial fat was homogenized as previously
reported.10,35,36,38,42 Primary antibodies such as antibeta
catenin antibody ([E247] ab32572, Abcam Inc., Cambridge,
MA, USA) and ([Santa Cruz Biotechnology, Santa Cruz, CA,
USA], ED1 [CD68] [sc-59103], ED2 [CD163] [sc-58956],
CD-206 [sc-48758], osteopontin [sc-21742], Oct-3/4
[sc-5279], c-Kit [sc-365504], transforming growth factor
[TGF]-b1/2/3 [sc7892]) and nitrotyrosine (sc-32757) were
used. Densitometric analysis was done with UN-SCAN-IT
software (Silk Scientific Inc., Orem, UT, USA). G6PDH anti-
body (A9521, Sigma St Louis, MO, USA) was used as a
control to ascertain equivalent loading.

Statistical analysis

All data are expressed as means� standard error of mean
from at least four independent experiments unless other-
wise stated. Statistical analyses were done using two-way
analysis of variance (ANOVA), using Statistical Analysis
System (SAS), software Version 9.3 (SAS Institute Inc.,
Cary, NC, USA) and Student’s t-test. Group differences of
p< 0.05 were considered statistically significant.

Results
Treatment with hemin upregulates pericardial HO-1 and
HO activity but reduced pericardial adiposity in ZF

The administration of hemin to ZF significantly enhanced
the depressed basal HO-1 and HO-activity in pericardial
adipose tissue (Figure 1(a) and (b)), while treatment with
the HO inhibitor, SnMP reversed the effects of hemin. The
potentiation of HO-1 and HO activity in ZF was accompa-
nied by significant reduction of pericardial adiposity
(2.9� 0.2 versus 1.8� 0.4 g/kg body weight, p< 0.05),
whereas the co-administering the HO inducer, hemin and
the HO blocker, SnMP abolished the effect of hemin
(Table 1). Hemin also enhanced HO-1 and HO activity
and reduced pericardial adiposity in ZL-control rats,
although the effects of hemin on these parameters were
more accentuated in ZF.

Since hypertriglyceridemia and hypercholesteromia are
among the pathophysiological driving force in many cardi-
ometabolic diseases43 including heart failure,44–46 we deter-
mined the effect of hemin total cholesterol and triglycerides.
In ZF-control the levels of total cholesterol and triglycerides
were significantly elevated as compared to ZL control
(Table 1). However, treatment with hemin significantly
abated hypertriglyceridemia and hypercholesteromia in
ZF. On the other hand, the co-administration of the HO
inducer, hemin with the HO inhibitor, SnMP resulted in
the annulment of the hemin-lowering effects of hypertrigly-
ceridemia and hypercholesteromia (Table 1), suggesting a

Figure 1 Effects of the HO inducer, hemin, and the HO inhibitor, SnMP on HO-1 and HO activity in the pericardial adipose tissue obtained from ZLs and ZFs.

(a) Hemin enhanced HO-1, whereas SnMP annulled the effects of hemin. (b) Hemin increased HO activity, while SnMP nullified the hemin effect. Bars represent

means�SEM; n¼6 rats per group (*p<0.01 versus ZL control; yp< 0.01 versus ZL control; #p<0.01 versus ZFþHeminþSnMP or ZF control)
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role of the HO system in the modulation of hypertriglycer-
idemia and hypercholesteromia. Hemin also reduced
hypertriglyceridemia and hypercholesteromia in ZL
although the hemin effect was greater in ZF (Table 1).

Our results also indicate that hemin and SnMP caused a
slight loss of body weight of 5.6 and 7.7% in ZL control and
ZF control, respectively (Table 1). The slight loss of weight

may not be due to toxicity because our recent data showed
that several indices of toxicity including plasma gamma-
glutamyltransferase, aspartate aminotransferase, and ala-
nine aminotransferase were within normal range.10 Our
results also indicate that fasting glucose levels in ZFs
were within normal range (Table 1). However, treatment
with hemin caused a slight but significant reduction of

Figure 2 Effects of the HO inducer, hemin, and the HO inhibitor, SnMP on 8-isoprostane and the total antioxidant capacity in pericardial adipose tissue obtained from

ZLs and ZFs. Hemin administration (a) reduced 8-isoprostane, (b) abated nitrotyrosine, and (c) increased the total antioxidant capacity, whereas SnMP nullified the

hemin effects. Bars represent means�SEM; n¼4-6 rats per group (*p<0.01 versus ZL control; yp<0.01 versus ZL control; #p<0.01 versus ZFþHeminþSnMP or

ZF control; Ep< 0.05 versus all groups; §p<0.01 versus all groups)

Table 1 Effect of hemin and stannous mesoporphyrin (SnMP) on physiological variables in Zucker fatty (ZF) and Zucker lean (ZL) rats

Animal groups

Parameters ZL Control ZLþHemin ZF Control ZFþHemin ZFþHeminþSnMP

Body weight (g) 467.3.�5.9 440.9� 7.3@ 735.4�15.2* 678.5�12.6@ 685.8�9.3#

Fasting glucose (mmol/L) 7.7�0.3 6.8� 0.2@ 8.8�0.4* 7.1�0.5@ 9.1�0.4*

Pericardial adiposity (g/kg body weight) 1.7�0.3 1.2� 0.1@ 2.9�0.2* 1.8�0.4@ 3.0�0.8*

Total Cholesterol (mmol/L) 1.9�0.4 1.6� 0.2 8.6�0.7* 3.2�0.4@@ 9.1�1.3**

Triglycerides (mmol/L) 0.9�0.08 0.7� 0.05 5.7�0.8* 2.8�0.2@@ 5.9�0.7**

@p< 0.05, @@p< 0.01 versus ZL control or ZF control; *p<0.05, **p<0.01 versus ZL control or ZFþHemin; #p<0.05 versus ZF control, n¼6 per group.
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glycemia, while the co-administration of hemin and SnMP
annulled the effect (Table 1). Similarly, hemin administra-
tion also reduced fasting blood glucose in ZL controls.
The vehicle dissolving hemin and SnMP did not affect
any of the measured parameters.

Hemin administration enhanced the antioxidant status
in ZF and reduced oxidative stress

Since oxidative stress is among the major pathophysio-
logical driving forces that compromise adipocyte func-
tion,47,48 we measured the levels of 8-isoprostane, an
important marker of oxidative stress.49 In ZF, the basal
level of 8-isoprostane in the pericardial adipose tissue was
significantly elevated as compared to ZL control
(Figure 2(a)), but was reduced by hemin, although ZL con-
trol levels were not attained. In contrast, the HO inhibitor,
SnMP annulled the effects of hemin and reinstated the high
levels of 8-isoprostane. Hemin administration also reduced
8-isoprostane in ZL controls. Besides 8-isoprostane, we also
measured the expression of nitrotyrosine, another import-
ant marker of oxidative stress.50–53 Our results indicate that
in ZF-control rats, the basal expression of nitrotyrosine was
markedly elevated as compared to ZL controls (Figure 2(b)).
Interestingly, treatment with hemin significantly reduced

the expression of nitrotyrosine to levels even below the
ZL controls.

To further explore the effects of hemin on oxidative stress
we measured the total antioxidant capacity. In ZFs, the basal
level of the total antioxidant capacity was significantly
lower than the ZL control, but was greatly enhanced by
hemin (Figure 2(c)). In contrast, the co-administration of
hemin and SnMP annulled the effect, suggesting a role of
the HO system in the modulation of oxidative stress.
Treatment with hemin also enhanced the total antioxidant
capacity in ZL rats albeit to a lesser extent as compared
to ZFs.

Hemin administration suppressed pro-inflammatory
cytokines in pericardial adipose tissue

Since excessive inflammation is known to compromise adi-
pocyte function,54 we investigated the effects of hemin on
pro-inflammatory cytokines such as TNF-a, IL-6, and IL-1b
in the pericardial adipose tissue. In ZFs, the basal levels of
TNF-a, IL-6, and IL-1b in the pericardial fat were signifi-
cantly elevated as compared to the ZL control (Figure 3(a)
to (c)). However, treatment with hemin greatly reduced
TNF-a, IL-6, and IL-1b, whereas the co-administration of
hemin and SnMP abolished the effects of hemin.

Figure 3 Effects of hemin on TNF-a, IL-6, and IL-1b in the pericardial adipose tissue from ZLs and ZFs. Treatment with hemin (a) suppressed TNF-a, (b) abated IL-6,

and (c) attenuated IL-1b, while SnMP reversed the hemin effects. Bars represent means�SEM; n¼ 6 rats per group (*p< 0.05 versus ZL control; yp<0.01 versus ZL

control; #p< 0.01 versus ZFþHeminþSnMP or ZF control)
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Hemin also reduced TNF-a, IL-6, and IL-1b in ZL controls,
albeit less intensely than in ZFs (Figure 3).

Hemin administration suppressed the pro-inflammatory
macrophage M1 phenotype, but enhanced the
anti-inflammatory M2 phenotype in pericardial adipose
tissue of ZFs

To further investigate the effects of hemin on pericardial
adipocyte inflammation, we used Western immunoblotting
to measure the pro-inflammatory macrophage M1 pheno-
type using a specific marker such as ED155 and markers
for the anti-inflammatory M2 phenotype such as ED255

and CD 206.56

Our results indicate that the basal expression of the pro-
inflammatory macrophage M1 phenotype marker, ED1, in
pericardial adipose tissue of ZFs was significantly elevated
as compared to ZL control (Figure 4(a)), but was reduced by
hemin. In contrast, the basal expression of different markers
of the anti-inflammatory macrophage M2 phenotype
including ED2 and CD206 was markedly reduced in the
pericardial fat of ZFs (Figure 4(b) and (c)), but were robustly
increased by hemin, suggesting that hemin may abate

inflammation by selectively enhancing the anti-inflamma-
tory M2 phenotype.

Hemin suppressed macrophage infiltration in
pericardial adipose tissue by abating ED1

Given that our Western immunoblotting data revealed
that hemin abated ED1 pericardial adipose tissue
(Figure 4(a)), we use the ED1 antibody to assess macro-
phage infiltration in the pericardial adipose tissue by
immunohistochemistry (Figure 5(a)). Our results indicate
that sections of pericardial adipose from ZL controls
were almost devoid of the dark brown ED1 positive
staining that characterizes macrophage infiltration.
However, in untreated ZF controls, there was a
marked increase in the number of ED1 positive staining
for macrophage (Figure 5(a)). However, treatment with
hemin significantly reduced the number of ED1 stained
macrophage, suggesting reduction of macrophage infil-
tration. Correspondingly, hemin significantly reduced the
quantitative ED1 score of pericardial adipose tissue sec-
tions (Figure 5(b)).

Figure 4 Effects of hemin on ED1, ED2, and CD206 in the pericardial adipose tissue from ZLs and ZFs. Hemin administration (a) abated the expression of ED1, but (b)

enhanced the expression of CD206, and (c) increased the expression of ED2 in ZFs. Bars represent means�SEM; n¼4 rats per group (#p<0.01 versus all groups).
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Treatment with hemin improved adipocyte morphology,
ameliorated pericardial adipocyte hypertrophy, and
improved its function

Since adipocyte hypertrophy is associated with elevated
inflammation and oxidative stress,1,5,6,57 and after obser-
ving the significant reduction of pro-inflammatory

cytokines and the potentiation of the antioxidant capacity
in hemin-treated animals, we investigated whether these
protective effects of hemin will be accompanied by
improved adipocyte morphology and function. Given
that the size and area of adipocytes are important indices
of adipocyte hypertrophy,58 histological and

Figure 5 Effects of hemin on macrophage infiltration in the pericardial adipose tissue. (a) Representative images of pericardial adipose tissue section from different

rats. The images reveal that macrophage infiltration (ED1 positive cells stained dark brown in pericardial adipose tissue sections were elevated in ZF controls (panels a-

iii and a-iv) as compared to the ZL controls (panels a-i and a-ii), but interestingly were significantly reduced by hemin (panels a-v and a-vi). (Magnification�400).

(b) Quantitative analyses per field showing that in ZF controls, macrophage infiltration was significantly elevated as compared to ZL control, but interestingly was

significantly attenuated by hemin. Bars represent means�SEM; n¼ 6 rats per group (*p<0.01 versus all groups). (A color version of this figure is available in the online

journal.)
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morphometric analyses were used to assess pericar-
dial adipocyte hypertrophy (Figure 6(a) and (b)).
Histological and morphological analyses revealed that
the size of pericardial adipocytes in untreated ZFs (ZF
controls) was significantly enlarged as compared to
normal-size adipocytes in the ZL controls, suggesting
the pathophysiology of adipocyte hypertrophy in
untreated ZF controls (Figure 6(a) and (b)).
Interestingly, the hemin abated adipocyte hypertrophy
and reinstated comparable adipocyte area in control
ZFs as observed in the ZL control (Figure 6(a) and (b)).

Given that adipocyte hypertrophy is known to com-
promise the production of adiponectin and exacerbate
inflammatory insults,1,5,6 it was necessary to measure the
levels of adiponectin to ascertain that the hemin-induced
amelioration of adipocyte morphology was accompanied
by improved adipocyte function.

Our results indicate that in control ZFs, the basal levels of
pericardial adipose tissue adiponectin were significantly
reduced (Figure 6(c)). However, the administration of
hemin robustly increased the levels of adiponectin, whereas
the co-treatment of hemin and the HO inhibitor, SnMP nul-
lified the effects of hemin.

Hemin administration enhanced proteins of
regeneration in the pericardial adipose tissue

To investigate the mechanisms by which hemin improves
pericardial adipocyte morphology, we measured the
expression of proteins of regeneration such as beta-catenin,
Oct3/4, and pax232–34 in the adipose tissue.

Our results indicate that the expressions of beta-catenin,
Oct3/4, and pax2 in ZFs were significantly reduced as com-
pared to the ZL control (Figure 7(a) to (c)). Interestingly,
treatment with hemin greatly enhanced the expressions of
beta-catenin, Oct3/4, and pax2.

To further explore the effects of hemin on adipocyte
regeneration, we measured the effects of hemin on c-Kit, a
stem/progenitor cell marker.59 Our results indicate that the
expression of cKit in ZFs was markedly reduced as com-
pared to the ZL control (Figure 7(d)), but was significantly
increased by hemin.

Hemin administration suppresses extracellular
matrix and profibrotic proteins in the pericardial
adipose tissue

Since osteopontin is known to promote inflammation,
extracellular matrix invasion, and hypertrophy,22–31 and in

Figure 6 Effects of hemin treatment on pericardial adipocyte histology and function in ZFs.

(a) Representative hematoxylin and eosin staining shows significantly enlarged adipocyte size, and thus adipocyte hypertrophy in ZF (Magnification� 200). (b)

Morphometric analyses revealed that the adipocyte area in ZF control was significantly elevated as compared to ZL control, but was restored to comparable levels as

observed in ZL control by hemin. (c) Treatment with hemin increased the depressed levels of adiponectin, whereas SnMP nullified the hemin effects. Bars represent

means�SEM; n¼6 rats per group (*p<0.01 versus ZL control; yp<0.01 versus ZL control; #p<0.01 versus ZFþHeminþSnMP or ZF control). (A color version of this

figure is available in the online journal)
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a similar way, transforming growth factor-beta (TGF-b) has
been shown to promote fibrosis and hypertrophy,60,61

we investigated the effects of hemin on the expression of
osteopontin and TGF-b. Moreover, TGF-b is known to inter-
act with osteopontin.62

Our results indicate that the expressions of osteopontin
and TGF-b in pericardial adipose tissue in ZFs were mark-
edly elevated as compared to the ZL control, but were sig-
nificantly reduced by hemin treatment (Figure 8(a) and (b)).

Discussion

The present study underscores the protective effects of the
HO system in obesity. Particularly, this study indicates that

treatment with hemin: (i) suppresses hypertriglyceridemia
and hypercholesteromia, (ii) reduces pericardial adiposity,
(iii) abates pericardial adipocyte hypertrophy, (iv) attenu-
ates adipocyte inflammation/oxidative insults, (v)
decreases the excessive levels of extracellular matrix/profi-
brotic, while concomitantly potentiating the HO system,
stem/progenitor cells, and proteins of regeneration in the
pericardial adipose tissue. Importantly, these attributes of
hemin were accompanied by the restoration of adipocyte
morphology and improved adipocyte function as evi-
denced by increased adiponectin levels. Given that hyper-
triglyceridemia, hypercholesteromia, and excessive
pericardial adiposity are major pathophysiological causes
of heart failure and related cardiac complications,8,43–46 the

Figure 7 Effects of hemin on proteins of regeneration in pericardial adipose tissue. Representative Western immunoblotting and relative densitometry of the

expressed proteins normalized by G6PHD indicates that hemin (a) increased the expression of b-catenin, (b) enhanced the expression of Oct-3/4, (c) upregulated the

expression of Pax-2, and (d) potentiated the expression of cKit in ZFs. Bars represent means�SEM; n¼ 4 rats per group (*p< 0.05, **p<0.01 versus all groups;

#p<0.01 versus all groups)
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suppression of hypertriglyceridemia, hypercholesteromia,
and pericardial adiposity in hemin-treated ZFs, and the cor-
responding decline of adipocyte hypertrophy, TGF-b, osteo-
pontin, pro-inflammatory macrophage M1 phenotype,
TNF-a, IL-6, IL-1b, and 8-isoprostane,22–31,54,60–63 which
were associated with the potentiation of the anti-inflamma-
tory macrophage M2 phenotype, proteins of regeneration
such as beta-catenin, Oct3/4, and pax232–34 are among the
multifaceted mechanisms by which the HO system restores
adipocyte morphology and improved adipocyte function.
Moreover, the effect of the HO system on the expression of
proteins of regeneration such as Oct3/4 and pax2 is a novel
mechanism unveiled by this study through which hemin
may restore adipocyte morphology and function.

The improvement of pericardial adipocyte morphology
and function reported in the present study is an important
finding because by virtue of its anatomical and functional
proximity to the coronary circulation, pericardial adiposity
has been implicated in coronary artery disease and car-
diac hypertrophy through paracrine mechanisms that
include increased production of inflammatory cytokines,
reactive oxygen species, and other atherogenic factors.1,9

Therefore, the hemin-dependent suppression of pericardial
adiposity/inflammation may offset this pathophysiological
inter-organ cross-talk between the heart and pericar-
dial adipose tissue. We recently showed that hemin admin-
istration abates inflammation by modulating macrophage
polarization toward the anti-inflammatory M2 phenotype
in the myocardium.35,64 Similarly, other reports have
acknowledged the role of the HO system on macrophage
polarization.65 Therefore, the present study alongside our
recent publications and previous reports in literature
strongly suggests that the suppression of pericardial

adiposity/inflammation may limit the damaging effects of
inflammatory mediators from the pericardial adipose tissue
to the myocardium via paracrine mechanisms. Moreover,
our recent findings indicate that the suppression of pericar-
dial adiposity is associated with improved cardiac
function.35,64

Hemin also enhanced HO-1, HO activity, and the total
antioxidant capacity in ZL-control rats and correspondingly
reduced pericardial adiposity, 8-isoprostane, TNF-a, IL-6,
IL-1b, and fasting glucose. However, the magnitude of
hemin effects on ZL controls was smaller as compared to
ZFs with aberrant HO-1 and HO activity. Although the rea-
sons for this selective effect of hemin on HO-1 and HO
activity remain challenging and poorly understood, it is
possible that because ZLs are healthy animals, their HO
systems are more stable as compared to the aberrant and
vulnerable HO system in ZFs, so treatment with hemin
more potently enhance the depressed HO system in ZFs.
Correspondingly, the greater potentiation of the HO system
in ZFs may be responsible for the more pronounced physio-
logical effects in hemin-treated ZFs. Importantly, the higher
selectivity of hemin in diseased conditions could be
explored in the design of novel remedies against complica-
tions arising from excessive pericardial adiposity.

Oxidative stress is a pathophysiological driving force
that is implicated in tissue remodeling, hypertrophy, and
organ malfunction. Therefore, the potentiation of the anti-
oxidant defense system is important to safeguard tissue and
maintain optimal physiological function. The antioxidant
effect of the HO system has been widely acknowledged by
many authors using different methodologies including luci-
genin-enhanced chemiluminescence,62 the 20,70-dichlorodi-
hydrofluorescein diacetate probe,63 and flow cytometry.64

Figure 8 Effects of hemin on the expression of transforming growth factor beta (TGF-b) and osteopontin of the pericardial adipose of ZFs. Representative Western

immunoblotting and relative densitometry of the expressed proteins normalized by G6PHD shows that hemin (a) abated the expression of TGF-b and (b) reduced the

expression of osteopontin. Bars represent means�SEM; n¼ 4 rats per group (#p<0.01 versus all groups)
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Interestingly, the results obtained in the present study using
EIA for the assessment of 8-isoprostane and total antioxi-
dant capacity are consistent with the antioxidant effect of
the HO system reported by many authors in literature.

Although the mechanisms by which hemin restores adi-
pocyte morphology are multifaceted and complex, the pre-
sent study suggests a role of stem/progenitor cells and
proteins of regeneration. However, our findings represent
the tip of an iceberg and further studies would be needed to
fully characterize the role of the HO system in tissue regen-
eration. Nevertheless, the significance of our findings in the
pathophysiology of adipocyte dysfunction and obesity-
related complications cannot be overemphasized.

Given that hypertriglyceridemia, hypercholesteromia,
and excessive pericardial adiposity are major causes of
heart failure and related cardiac complications,8,43–46 the
concomitant suppression of hypertriglyceridemia, hyperch-
olesteromia, and pericardial adiposity with associated
reduction of adipocyte hypertrophy, inflammation/oxida-
tive stress, and extracellular matrix/profibrotic agents,
alongside the potentiation of proteins of regeneration, res-
toration of adipocyte morphology, and improved adipocyte
function in hemin-treated ZFs, HO inducers may be
explored as a novel class of drugs against cardiac compli-
cations arising from excessive adiposity.
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