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Abstract
Obesity-associated inflammation causes insulin resistance. Obese adipose tissue displays
hypertrophied adipocytes and increased expression of the cannabinoid-1 receptor. Cobalt
protoporphyrin (CoPP) increases heme oxygenase-1 (HO-1) activity, increasing adiponectin and
reducing inflammatory cytokines. We hypothesize that CoPP administration to Zucker diabetic fat
(ZDF) rats would improve insulin sensitivity and remodel adipose tissue. Twelve-week-old Zucker
lean and ZDF rats were divided into 4 groups: Zucker lean, Zucker lean–CoPP, ZDF, and ZDF–
CoPP. Control groups received vehicle and treatment groups received CoPP (2 mg/kg body weight)
once weekly for 6 weeks. Serum insulin levels and glucose response to insulin injection were
measured. At 18 weeks of age, rats were euthanized, and aorta, kidney, and subcutaneous and visceral
adipose tissues were harvested. HO-1 expression was measured by Western blot analysis and HO-1
activity by serum carbon monoxide content. Adipocyte size and cannabinoid-1 expression were
measured. Adipose tissue volumes were determined using MRI. CoPP significantly increased HO-1
activity, phosphorylated AKT and phosphorylated AMP kinase, and serum adiponectin in ZDF rats.
HO-1 induction improved hyperinsulinemia and insulin sensitivity in ZDF rats. Subcutaneous and
visceral adipose tissue volumes were significantly decreased in ZDF rats. Adipocyte size and
cannabinoid-1 expression were both significantly reduced in ZDF–CoPP rats in subcutaneous and
visceral adipose tissues. This study demonstrates that HO-1 induction improves insulin sensitivity,
downregulates the peripheral endocannabinoid system, reduces adipose tissue volume, and causes
adipose tissue remodeling in a model of obesity-induced insulin resistance. These findings suggest
HO-1 as a potential therapeutic target for obesity and its associated health risks.
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Obesity is increasingly recognized as a chronic inflammatory condition1 in which the
detrimental effects on metabolic function are mediated, at least in part, by an upregulation of
inflammatory molecules. Adipose tissue production and secretion of inflammatory proteins
such as tumor necrosis factor-α and interleukin-6, as well as the generation of reactive oxygen
species, have been linked to increased insulin resistance.2,3 Visceral adipose tissue (VAT), the
cause of central obesity and one of the features of the metabolic syndrome, plays a more
dominant role in obesity-induced, inflammation-mediated insulin resistance compared with
subcutaneous adipose tissue (SAT).1 Indeed, Kim et al showed significant improvement in
multiple parameters associated with the metabolic syndrome, including insulin resistance,
despite an almost unlimited expansion of SAT and in the absence of a concomitant increase in
VAT.4 In VAT, increased cannibinoid-1 (CB-1) receptor activity leads to a decrease in
adiponectin and an increase in lipogenesis, both of which contribute to insulin resistance. The
CB-1 receptor is a regulatory protein linked to abnormal glucose levels and obesity that has
shown to increase hepatic lipogenic transcription factor and fatty acid synthesis.5
Consequently, CB-1 levels could be an indicator of the adiposity state.

The heme oxygenase (HO) system exerts antioxidant and antiapoptotic effects via its end-
products bilirubin/biliverdin and carbon monoxide (CO).6,7 Whereas HO-2 is expressed
constitutively, HO-1 is an inducible molecule, produced in response to oxidative stress, which
has been shown to slow weight gain, decrease levels of tumor necrosis factor-α and
interleukin-6, and increase serum levels of adiponectin in obese rats and obese diabetic mice.
6,8 The association observed between HO-1 and adiponectin has led to the proposal of an HO-1–
adiponectin axis.8

The Zucker diabetic fat (ZDF) rat is a model of insulin resistance characterized by
hyperinsulinemia, hyperglycemia, hyperlipidemia, moderate hypertension, and obesity.9 In the
present study, we hypothesize that upregulation of the HO system with the HO-1 inducer cobalt
protoporphyrin (CoPP) would increase adiponectin levels, improve insulin sensitivity via
increased AMP kinase (AMPK) phosphorylation, decrease adipose tissue volumes, and cause
adipose tissue redistribution and remodeling in the ZDF model of obesity-induced insulin
resistance.

Methods
Animal Protocols

Male ZDF and lean rats (Charles River Laboratory; Wilmington, Mass) were maintained on a
standard rat diet and given tap water ad libitum. Rats were divided into 4 groups: lean, lean-
CoPP, ZDF, ZDF–CoPP (n=5 in each group). ZDF and age-matched lean rats were treated
with CoPP (2 mg/kg body weight, once weekly), administered via intraperitoneal injection
from the onset of diabetes (age 12 weeks) for 6 weeks. Animals were euthanized at 18 weeks
of age, 2 days after the final injection. At euthanization, SAT and VAT in the abdomen (the
visible mesenteric fat, fat around the liver, kidney, and spleen) were dissected free, pooled for
each rat, and weighed.

Glucose monitoring was performed using an automated analyzer (Lifescan Inc). Food intake
did not change in the treatment groups. The animal care and use committee of New York
Medical College approved all experiments.
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Magnetic Resonance Imaging
SAT and VAT were determined by MRI, whereas hepatic fat was determined by magnetic
resonance spectroscopy. Rats were imaged in a General Electric excite 1.5T scanner using a
knee coil with a T1-weighted spin-echo pulse sequence (TEC, 9.0 ms; repetition time, 540 ms;
number of excitations, 4; field of view, 8×8 cm; image size, 224×192 pixels). The whole chest
and abdomen of each rat were covered with axial slices (3-mm thick, no spacing). Acquired
images underwent semiautomatic segmentation of SAT and VAT using the previously
validated HIPPO FAT tool.10–12

The software computed 3 masks (background, fat, and nonfat tissues) using a fuzzy clustering
segmentation. After this step, external and internal SAT boundaries were defined by an active
contour algorithm that exploited the previously computed masks as external force maps. A
third contour was computed surrounding the area where VAT was present together with other
tissues. VAT itself was assessed by the automated analysis of the signal histogram in the
visceral region defined previously by identifying the second peak of the signal histogram. This
provided whole body volume (including the skeletal and soft tissues), total fat, SAT, and VAT
volumes, VAT/SAT ratio, and fat/body volume ratio.10–12

Tissue Preparation for Western Blot in Kidneys and Aorta
At the time of euthanization, aorta and kidney tissues were harvested, drained of blood, and
flash-frozen in liquid nitrogen. Specimens were maintained at −80°C until needed. Frozen aorta
and kidney segments were pulverized and placed in a homogenization buffer (10 mmol/L
phosphate buffer, 250 mmol/L sucrose, 1 mmol/L EDTA, 0.1 mmol/L PMSF, and 0.1%
tergitol, pH 7.5). Homogenates were centrifuged at 27 000g for 10 minutes at 4°C, supernatant
was isolated, and protein levels were visualized by immunoblotting with antibodies. Antibodies
against phosphorylated AMPK (pAMPK) were obtained from Cell Signaling Technology.
Antibodies were prepared by dilution of HO-1, HO-2, and pAMPK as we described previously.
6,8,13

Assessment of CO Formation
CO formation will be measured in vascular tissues. Arterial specimens will be cut into 2-mm
segments and transferred into amber glass vials (2 mL) containing 1.0 mL of Krebs’ buffer
saturated with 95% and 5% CO2 with and without heme or HO inhibitors (chromium
mesoporphyrin [CrMP]). The vials will be capped tightly with rubberized Teflon liners, and
the samples will be incubated at 37°C for 1 hour. Subsequently, the vials will be placed on ice,
and the internal standard will be added. CO content in the headspace will be determined as
described above. CO-generating activity will be expressed as pmol/mg protein per hour. Values
obtained in the absence of NADPH (NADPH-independent CO generation) will be subtracted
from values in the presence of NADPH (total CO generation); the resulting values represent
the NADPH-dependent generation of CO, which is an index of HO activity, as we described
previously.14,15

Cytokine Measurements
Serum adiponectin (high molecular weight) was determined in rat plasma using an ELISA
assay (Pierce Biotechnology, Inc).

Insulin Tolerance Test
After a 6-hour fast, rats were injected intraperitoneally with insulin (2.0 U/kg). Blood samples
were taken at various time points (0 to 90 minutes), and blood glucose levels were measured.
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Tissue Preparation for Fat Determination and Histological Analysis
At the time of euthanization, SAT and VAT in the abdomen (the visible mesenteric fat, fat
around the liver, fat around the kidney, and fat around the spleen) were dissected free, pooled
for each rat, and weighed. Subcutaneous and visceral aortic adipose tissues collected from ZDF
control and ZDF–CoPP rats (4 animals per group) were prepared for morphological analysis.
Samples were fixed in 4% paraformaldehyde for 24 hours, cut into small pieces, and embedded
in paraffin for histological analysis. The samples were cut by microtome (5-μm thick), mounted
on D-polylisinated glass slides, deparaffinized in xylene, and stained with hematoxylin and
eosin for the evaluation of adipocyte size or processed for CB-1 or HO-1
immunohistochemistry.

Evaluation of Adipocyte Size
Digital images of adipose tissue sections were captured using a light microscope (Olympus)
at ×20 magnification. For each group, 3 fields from each of 5 different hematoxylin-eosin–
stained sections per animal were analyzed. Individual adipocyte areas (μm2) within each field
were determined using image analysis software (Image Pro Plus; Immagini e Computer). For
the quantitative analysis, adipocyte areas were calculated in arbitrary fields, measuring 50
adipocytes for each section.

Immunohistochemistry
Immunostaining of adipose tissue for CB-1 or HO-1 was performed using a goat polyclonal
anti–CB-1 primary antibody16 (Santa Cruz Biotechnology) or a rabbit polyclonal anti–HO-1
primary antibody (StressGen Biotechnologies). For each experimental group, 5 sections per
animal were stained. Sections were immersed in 3% hydrogen peroxide and diluted in methanol
for 30 minutes to quench endogenous peroxidase activity. Sections were preincubated with 3%
horse (for CB-1) or goat (for HO-1) serum for 60 minutes, followed by primary antibody anti–
CB-1 diluted 1:125 or primary antibody anti–HO-1 diluted 1:500 for 2 hours at 37°C. The
sections were then washed in Tris-buffered saline (0.1 mol/L), incubated for 30 minutes at
room temperature with biotinilated horse anti-goat immunoglobulin (for CB-1; Vector
Laboratories; Burlingame, Calif) or goat anti-rabbit immunoglobulin (for HO-1; Vector
Laboratories), and then for 30 minutes at room temperature with avidin-biotin–horse-radish
peroxidase complex (Vector Laboratories). The reaction product was visualized using
hydrogen peroxide and diaminobenzidine (Sigma) as a chromogen. All slides were dehydrated
and mounted in DPX (Sigma). Negative controls performed substituting primary antibody with
nonimmune serum revealed no signal.

Evaluation of CB-1 and HO-1 Immunostaining and Statistical Analysis
CB-1 and HO-1 staining intensity was computed as integrated optical density (IOD). Digitally
fixed images of the slices (n=5 per animal) at ×20 magnification were analyzed using an optical
microscope (Olympus) equipped with an image analyzer (Image Pro Plus; Immagini e
Computer). For quantitative analysis, IOD was calculated for arbitrary areas, measuring 3 fields
with the same area for each section.

Statistical Analyses
Statistical significance between experimental groups was determined by the Fisher method of
analysis of multiple comparisons, with P<0.05 considered significant. For comparison between
treatment groups, the null hypothesis was tested by a single-factor ANOVA for multiple groups
or unpaired t test for 2 groups, and data are presented as mean±SE.
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Results
Effect of CoPP on HO-1 and Adiponectin Expression

As seen in Figure 1A, the HO-1/actin ratio in aorta lean controls (0.150±0.010) was
significantly less than in ZDF controls (0.255±0.023; P<0.05). Treatment with CoPP
significantly increased aorta HO-1 levels in both ZDF and lean rats. The HO-1/actin ratio in
lean rats treated with CoPP (0.838±0.023) was significantly higher than in lean controls
(P<0.001). The ratio was also elevated in ZDF rats treated with CoPP (1.322±0.237) compared
with ZDF controls (P<0.05). At the same time, CO levels, an indicator of total HO activity,
were decreased in ZDF rats compared with lean controls, suggesting that HO-1 is inactivated
by obese/hyperglycemic conditions. CoPP administration increased CO in ZDF rats to levels
greater than those in lean controls, indicating an increase in HO-1 activity (Figure 1B).

Similarly, plasma levels of adiponectin were significantly lower in ZDF control rats (2.9±0.74
μg/mL) compared with lean controls (6.2±1.84 μg/mL; P<0.05). HO-1 induction with CoPP
markedly increased adiponectin levels in ZDF rats (22.1±4.5 μg/mL) compared with untreated
ZDF animals (P<0.05; Figure 1C). However, HO-1 induction did not significantly change
adiponectin levels in lean rats (data not shown).

Effect of CoPP on Insulin Sensitivity
ZDF control rats demonstrated marked hyperinsulinemia compared with lean controls, with
serum insulin concentrations of 475.3±188.6 pM and 221.1±36.2 pM, respectively (P<0.05).
HO-1 induction corrected this difference, reducing insulin levels to 224.5±25.5 pM in ZDF–
CoPP rats (P<0.05). Similarly, CoPP improved insulin sensitivity as demonstrated by the
striking response in glucose levels of ZDF–CoPP rats to insulin administration compared with
ZDF controls (Figure 2).

Effect of HO-1 Induction on Weight Gain and Adipose Tissue Volumes
HO-1 and adiponectin induction significantly reduced weight gain in ZDF rats treated with
CoPP compared with ZDF controls. Figure 3 depicts representative samples of each of the 4
treatment groups, with the VAT dissected from each at the time of euthanization. Body weight
and SAT and VAT weights were reduced significantly in the ZDF–CoPP rats compared with
ZDF controls. At 12 weeks of age, the ZDF control group had an average total body weight of
470±4 g, which had increased to 607±17 g by 18 weeks of age. The ZDF–CoPP group had an
average body weight of 457±10 g at 12 weeks of age and remained relatively stable at 424±31
g at 18 weeks of age.

The SATs and VATs dissected at euthanization were pooled and weighed for each rat. SAT
weight in ZDF controls (8.9±0.7 g) was decreased to 5.6±1.9 g in ZDF–CoPP rats (P<0.05).
Most significantly, VAT weight in ZDF controls was 17.73±1.35 g and decreased ≈63% to
6.61±1.59 g in ZDF–CoPP rats (P<0.05).

Effect of CoPP on Fat Content Determined by MRI
Visual inspection and dissection of visceral fat around various organs and dissection of SAT
provide semiquantitative estimates of fat content. MRI was used to quantify SAT and VAT.

Figure 4 depicts a sagital MRI of a ZDF control rat and representative axial cross-sections from
a ZDF control and ZDF–CoPP rat, with VAT highlighted in red (top). MRI and HIPPO FAT
analysis demonstrated a significant reduction in SAT. As seen in Figure 4, global SAT and
VAT were significantly decreased in ZDF–CoPP rats compared with ZDF untreated rats
(P<0.04 and P<0.02, respectively).
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Effect of HO-1 Induction on Adipocyte Histology
To confirm the effects of CoPP on HO-1 expression in adipose tissue, adipocytes from ZDF
control and ZDF–CoPP animals were stained for HO-1 expression. HO-1 staining optical
density was increased in both SAT and VAT in ZDF rats treated with CoPP compared with
ZDF controls (P<0.05; Figure 5A and 5B).

As shown in Figure 5C, the average cross-sectional area of subcutaneous adipocytes from ZDF
control rats was 5221.871±1367.878 μm2. This area was significantly reduced (P<0.05) in the
subcutaneous adipocytes obtained from ZDF–CoPP rats (3553.136±1036.699 μm2). Although
the average adipocyte size in VAT (3744.738±971.195 μm2) was smaller than in SAT in ZDF
controls, HO-1–adiponectin induction still significantly reduced visceral adipocyte size
(2626.998±765.105 μm2; P<0.05).

Immunostaining for the CB-1 receptor was performed on SAT and VAT in ZDF control and
ZDF–CoPP rats. As shown in Figure 5D, compared with ZDF controls, HO-1–adiponectin
induction significantly reduced (P<0.05) CB-1 expression in SATs (IOD, 595.45±119.04
versus 520.25±105.4, respectively) and VATs (IOD, 788.77±124.44 versus 589.45±153.82,
respectively), with a more pronounced decrease in CB-1 expression in VAT. These changes
in CB-1 expression were not accompanied by a significant change in food intake between
control and CoPP groups (data not shown).

Effect of HO-1 Induction on pAMPK Levels
Figure 6 represents Western blot analysis of the levels of pAMPK and phosphorylated AKT
(pAKT) in aorta and kidney tissues from lean control, lean–CoPP, ZDF control, and ZDF–
CoPP animals. pAKT and AMPK phosphorylation was reduced in ZDF controls compared
with lean animals. Although HO-1 induction increased both pAKT and pAMPK levels in ZDF
rats (P<0.05), there was not a significant difference in AMPK phosphorylation and pAKT
between lean control rats and lean rats treated with CoPP.

Discussion
In the present report, we demonstrate that HO-1 induction improved insulin sensitivity and
decreased adiposity, resulting in a decrease in both SAT and VAT volumes, with increased
numbers of adipocytes that were significantly smaller in size. Both improved insulin sensitivity
and adipose tissue remodeling were accomplished by HO-1 induction via a mechanism that
involves increased levels of adiponectin and pAMPK. We have shown previously that an
increase in cardiac HO-1 proteins levels increases serum adiponectin and enhances pAKT.17

A large body of evidence has shown that activated AMPK and phosphatidylinositol 3-kinase/
AKT signaling participates in regulation of cell survival and protects against oxidative stress.
18–21 Activation of AMPK and pAKT increases phosphorylation of several target molecules
that results in increased glucose transport, fatty acid oxidation,22,23 and phosphorylated
endothelial nitric oxide synthase (eNOS).24 Thus, HO-1 induction appears capable of
reprogramming adipocytes in a manner that results in the expression of a new phenotype that
is better able to respond to insulin and restore insulin sensitivity. This phenomenon is similar
to the response of vascular tissue to HO-1 induction that has already been observed.8,16,25,26

We reported previously the effects of HO-1 induction on adiponectin levels, inflammatory
cytokine levels, and weight gain in the ZDF model.6 The new results reported here extend the
purview of our previous findings, indicating that upregulation of the HO-1/adiponectin system
exerts beneficial effects on obesity-induced insulin resistance.

Western blot analysis and CO assays of aorta and kidney tissues demonstrated that HO-1
protein levels are increased but that HO-1 activity is reduced in the ZDF rat compared with
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lean controls, and that treatment with CoPP drastically increases HO-1 activity in ZDF animals.
These findings are in agreement with previous studies of HO-1 expression and activity in the
ZDF model.26 Similarly, adiponectin secretion was reduced significantly in ZDF rats compared
with lean, which was again dramatically reversed with CoPP treatment and HO-1 induction.
As postulated previously, the effect of HO-1 induction on adiponectin secretion may be
attributable to the role of HO-1 as a stress response/chaperone protein, as well as to its
antioxidant effects.6,8,27

Serum insulin levels, which were elevated in the ZDF rat, were restored to normal with
induction of the HO-1 system. In addition, blood glucose levels dropped markedly in response
to exogenous insulin administration after HO-1 induction. Both of these results indicate
improved insulin sensitivity in ZDF rats treated with CoPP. In the 2007 study by Kim et al,4
obese diabetic mice that had been transgenically modified to overexpress adiponectin showed
significant improvement in insulin sensitivity. Thus, the increased insulin sensitivity we
observed may be adiponectin mediated, possibly because of increased expression of the
GLUT-4 receptor, as well as to decreased inflammation and reactive oxygen species generation
attributable to the antioxidant effects of HO.

The improvement in insulin sensitivity may also have been linked to decreased inflammation
in the adipose tissue of rats treated with CoPP. HO-1/adiponectin induction led to histological
changes in adipose tissue appearance largely characterized by dramatically lower average
adipocyte size. It has been proposed that smaller adipocyte size represents healthier adipose
tissue with decreased macrophage infiltration and inflammation.4,28 Other studies suggested
that adiponectin acts as a starvation signal when adipocyte size is small to upregulate adipose
tissue accumulation of triglycerides.4,29 It is not completely clear from our data whether
adipocyte size is smaller because of higher levels of circulating adiponectin or whether
adiponectin levels increase in response to smaller adipocytes, although this is certainly a
relationship that bears further study.

In addition to smaller adipocyte size, there was a marked decrease in weight gain observed in
ZDF rats treated with CoPP. Although both SAT and VAT masses were reduced with HO-1
induction, the reduction in VAT mass was greater than the reduction in SAT mass. This was
supported by MRI evaluation of SAT and VAT volumes, which demonstrated a decrease in
the VAT/SAT ratio consistent with a greater loss of VAT than of SAT. A spectrum of
compounds has been shown to upregulate HO-1 expression such as statins, AG1067, and
apolipoprotein A-I mimetic peptides L-4F and D-4F.30–32 D-4F and L-4F, synthesized from
amino acids,29 are potent inducers of HO-1 that decrease superoxide and increase extracellular
superoxide dismutase.16,32 Recently, L-4F treatment has been shown to reduce adiposity,
increase adiponectin levels, and improve insulin sensitivity in obese mice.13 Whatever the
mechanism by which HO-1 induction reduces adiposity, the resultant decrease in the relative
amount of VAT is significant because VAT appears to play a greater role in obesity-induced
insulin resistance than does SAT. There are several possible mechanisms that may have
contributed to this phenomenon. One possible explanation is that in the presence of increased
adiponectin levels, the distribution of adipose tissue deposition was shifted preferentially from
visceral depots to subcutaneous depots. Again, the 2007 study by Kim et al demonstrated a
virtually unlimited expansion of SAT in the presence of elevated circulating adiponectin levels
without a similar expansion of VAT.4

Another possible mechanism involves CB-1 receptor expression. Obesity has been shown to
increase activity in the peripheral endocannabinoid system, with increased CB-1 expression
and signaling resulting in visceral fat accumulation, decreased adiponectin secretion, and
hyperglycemias.33,34 Our data reflect a decrease in CB-1 receptor expression after HO-1
induction, which may contribute to lower VAT accumulation in ZDF animals.

Nicolai et al. Page 7

Hypertension. Author manuscript; available in PMC 2009 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



A large body of evidence demonstrates that pAMPK signaling participates in the regulation of
energy balance at both the cellular and systemic levels, downregulating ATP-consuming,
anabolic processes and upregulating ATP-producing, catabolic processes.19,21 AMPK
activation is known to reduce inflammation and improve insulin sensitivity and glucose
tolerance.35,36 Therefore, it is significant that pAMPK seems to be reduced in obesity-induced
insulin-resistant states and that HO-1–adiponectin induction with CoPP appears to improve
AMPK phosphorylation. Similarly, the present data do not permit us to identify conclusively
the molecular mechanism underlying increased eNOS expression resulting from HO-1
upregulation (data not shown). However, ≈2 points must be considered. First, CoPP treatment
significantly improves insulin sensitivity. Second, in contrast, circulating adiponectin levels
were increased. This finding confirms previous observations6,8 and seems of particular
relevance because adiponectin has been reported to possess a vascular protective role,37

preserve endothelial cell function in diabetic subjects, increase eNOS activity, and reduce the
expression of eNOS inhibitors such as tumor necrosis factor-α.27 The association of increased
serum adiponectin levels and increased stem cell homing27 and preservation of vascular
function closely fits with previous findings by Ouchi et al who, reported a critical role for
adiponectin in endothelial cell survival and function38 via activation of eNOS, pAKT, and
pAMPK. These enzymes enhance phosphorylated eNOS levels,24,39,40 suggesting that
restoration of vascular function in obesity and diabetes is a result of the reprogramming of
specific metabolic pathways and their signaling components, such as HO-1, pAKT, pAMPK,
and phosphorylated eNOS, in a manner that enhances vascular function in Zucker diabetic
obese rats.

Perspectives
This study extends our previous findings of HO-1 induction effects on adiponectin secretion
and obesity-associated inflammation to include its consequences on insulin resistance and
adipose tissue volume, distribution, and structure. The HO–adiponectin system appears to exert
encouraging beneficial effects on these consequences of obesity, especially because this study
demonstrates upregulation of pAMPK and downregulation of the peripheral endocannabinoid
system, the focus of much attention in the science of weight loss. A deeper understanding of
the mechanisms involved will provide new approaches for the treatment of obesity, diabetes,
and atherosclerosis and improve the effectiveness of cell-based treatment of vascular diseases.
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Figure 1.
A, Aortic tissue homogenates were subjected to Western blotting for HO-1 and HO-2 protein
determination and densitometry analyses of HO-1 and HO-2/actin ratio. *P<0.05; **P<0.05
vs ZDF rats; #P<0.001. CoPP was administered once per week for 6 weeks. B, CO levels were
lower in ZDF control rats. Results are mean±SE; n=4. CO release was determined as in Methods
and expressed as pmol/mg per 30 minutes. Significance levels were *P<0.05 lean vs ZDF rats
and **P<0.05 vs ZDF rats. C, Effect of CoPP on serum adiponectin levels in lean, ZDF, and
ZDF–CoPP rats. CoPP was administered weekly for 6 weeks, and serum samples were obtained
immediately before euthanization. Results are expressed as μg/mL serum; mean±SE; n=8 to
12. Significance levels were *P<0.05 lean vs ZDF rats and **P<0.005 ZDF vs ZDF–CoPP
rats.
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Figure 2.
Effect of HO-1 expression on insulin sensitivity. Intra-peritoneal insulin sensitivity tests were
performed on ZDF controls and ZDF–CoPP rats as described in Methods. Results are expressed
as mean±SEM; n=3. *P<0.05; **P<0.01 ZDF vs ZDF–CoPP rats.
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Figure 3.
Effect of CoPP on body weight appearance and visceral fat content in lean, lean–CoPP, ZDF,
and ZDF–CoPP rats. A, Effect of CoPP administration on body appearance. B, Examination
of SAT and examples of SAT and VAT. C, Dissected fat from lean and ZDF rats.
Representative photographs show 1 rat from each group after 6 weeks of treatment (n=8) and
untreated ZDF, ZDF–CoPP, and obese–CoPP rats after 6 weeks of treatment.
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Figure 4.
MRI sagital image with representative axial cross sections of a ZDF control and ZDF–CoPP
rat. VAT is highlighted in red (top). Percent decrease in adipose tissue volumes is represented
graphically. HO-1 induction significantly reduced SAT and VAT volumes. *P<0.05; n=4.
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Figure 5.
A and B, Immunostaining for HO-1 expression (arrows) in SAT (Aa and Ab) and VAT (Ac
and Ad) from ZDF (Aa and Ac) and ZDF–CoPP (Ab and Ad) rats. B, CoPP treatment increases
HO-1 expression in SAT and VAT. C, HO-1 induction resulted in significantly smaller
adipocytes in the SAT and VAT of ZDF rats and (D) IOD after immunostaining for the CB-1
receptor in subcutaneous and visceral aortic adipose tissues from ZDF and ZDF–CoPP rats.
*P<0.05 control vs diabetic animals; mean±SE; n=40.
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Figure 6.
Western blot and densitometry analysis of effect of HO-1 expression on pAKT and total AKT
in proteins of aortas from lean, lean–CoPP, ZDF, and ZDF–CoPP rats. Quantitative
densitometry evaluation of pAMPK and pAKT in the aorta was determined. *P<0.05.
Diabetic–obese vs control or diabetic–obese-CoPP. Each bar represents mean±SE of 4
experiments.
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