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Abstract: This study was designed to investigate the effect of increased levels of HO-1
on hypertension exacerbated by diabetes. Diabetic spontaneously hypertensive rat (SHR)
and WKY (control) animals were treated with streptozotocin (STZ) to induce diabetes
and stannous chloride (SnCl,) to upregulate HO-1. Treatment with SnCl, not only
attenuated the increase of blood pressure (p<0.01), but also increased HO-1 protein
content, HO activity and plasma adiponectin levels, decreased the levels of superoxide
and 3-nitrotyrosine (NT), respectively. Reduction in oxidative stress resulted in the
increased expression of Bcl-2 and AKT with a concomitant reduction in circulating
endothelial cells (CEC) in the peripheral blood (p<0.005) and an improvement of femoral
reactivity (response to acetylcholine). Thus induction of HO-1 accompanied with
increased plasma adiponectin levels in diabetic hypertensive rats alters the phenotype
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through a reduction in oxidative stress, thereby permitting endothelial cells to maintain an
anti-apoptotic environment and the restoration of endothelial responses thus preventing
hypertension.

Keywords: Heme oxygenase; hypertension; diabetes; adiponectin; oxidative stress;
apoptosis.

1. Introduction

Cardiovascular and renal disease are the leading causes of morbidity and mortality in patients with
diabetes [1]. Hypertension is an independent risk factor for both macrovascular (stroke, myocardial
infarct, peripheral vascular disease) and microvascular (nephropathy, neuropathy, retinopathy)
complications and is a common co-existing condition in diabetes [1]. Oxidative stress has been
implicated in the pathogenesis of insulin resistance, type 2 diabetes, and its cardiovascular
complications [2, 3]. Excessive generation of reactive oxygen species (ROS) in diabetes is the
underlying mechanism of endothelial injury, resulting in an accelerated rate of apoptosis and
endothelial cell sloughing [4,5]. Oxidative stress underlies hypertension in many animal models [6].
Superoxide (O,) raises blood pressure (BP) by both central [7] and peripheral mechanisms [8]. Recent
studies indicate that the combination of diabetes and hypertension adversely affects oxidative stress in
the kidney [9, 10], this is associated with the high prevalence of chronic kidney disease . In the 1999
to 2000 National Health and Nutrition Examination Survey (NHANES), 40.4% of people with diabetes
had hypertension [11]. In patients with newly diagnosed diabetes, hypertension is associated with a
56% increased risk for cardiovascular morbidity and mortality [12]. Even prehypertension, which is a
more prevalent (59.4% vs. 48.2%, P <0.001) in patients with diabetes, confers additional
cardiovascular risk. Compared with controls, in patients with diabetes with and without
prehypertension, the hazard ratios for developing cardiovascular disease are 3.70 and 2.90,
respectively [13]. One central therapeutic approaches to prevent diabetic and hypertensive organ
damage is strict blood glucose control, however blood pressure must also be rigorously controlled [14].
Therefore, in order to develop a drug with therapeutic efficacy as an antihypertension and antidiabetes
agent is of great importance that it should have renoprotective properties.

The heme oxygenase (HO) system displays both antioxidant and anti-apoptotic properties because
of its degradation products, bilirubin/biliverdin and carbon monoxide (CO), respectively [15]. The
beneficial effects of upregulation of HO-1 in antihypertension, antidiabetes and renoprotection have
been reported in a series animal models [15]. The HO system has been implicated in the regulation of
blood pressure and the blood pressure lowering effect of HO-1 induction has been attributed to various
mechanisms, including decreased production of vasoconstrictor eicosanoids and increased production
of CO [15]. CO is a vasodilator, a stimulator of soluble guanylate cyclase, an endogenous modulator of
the cGMP signaling system, an activator of calcium-activated potassium channels (KCa) in vascular
smooth muscle and an inhibitor of endothelin-1 mediated vasoconstriction [15-17]. HO has been
reported to be involved in the regulation of renal salt excretion. CO generated by HO-dependent heme
catabolism stimulates the apical 70-pS K-channel [18]. Inhibition of HO activity decreases sodium and
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fluid reabsorption in the thick ascending limb of the loop of Henle in the rat [19]. Furthermore,
exogenous heme administration induces HO-dependent natriuresis and diuresis which were blocked by
SnMP pretreatment [20]. These reports reinforce the potential importance of HO in the regulation of
kidney function. However, no study has examined the role of HO-1 in an animal model with both
hypertension and diabetes.

The objective of this study was to examine HO-1 induction in relation to the renal HO system,
plasma adiponectin levels, endothelial function, the extent of endothelial cell sloughing, oxidant levels
and blood pressure in a diabetic hypertensive animal model (SHR). Our results demonstrate that basal
levels of the constitutively expressed HO-2 are not increased, but O,  and nitrotyrosine levels were
increased in SHR compared to Wistar-Kyoto (WKY) rats. Administration of stannous chloride
(SnCly), a potent inducer of HO-1 protein and HO activity, attenuated the development of
hypertension. This was associated with the elevation of plasma adiponectin levels, decreased
endothelial apoptosis, oxidative and nitrosative stress and increased production of CO and bilirubin,
thereby demonstrating a significant role for HO-1 in cellular defense against endothelial dysfunction,
oxidant damage and the maintenance of renal hemodynamic function in the diabetic hypertensive
animal model. These findings have important clinical implications in the management of hypertension
in the diabetic patients.

2. Results and Discussion

This is the first study suggests the existence of an HO-1-adiponectin axis that is central to lowering
blood pressure in diabetic SHRs. In the present study, increased renal HO-1 expression and HO
activity with a concomitant increase in plasma adiponectin levels resulted in a reduction in the level of
hypertension as manifest by a decrease in blood pressure in a diabetic hypertensive animal model. In
addition, the diabetes-mediated increase in contractility in femoral arteries and CECs in peripheral
blood was reversed by increase in HO-1 expression and HO activity. The upregulation of HO-1 was
associated with a concomitant decrease in the levels of O, and 3-NT, markers for oxidative stress. In
addition, there was an increase in the expression of the anti-apoptotic proteins, Bcl-2 and AKT. Thus,
it appears that the induction of renal HO-1 combined with increased plasma adiponectin levels in the
diabtetic SHR animal model results in a change of phenotype from pro- to anti-apoptotic.

2.1. Effect of SnCIl, on HO-1 and HO-2 expression in SHR and WKY rats

Figures 1A-C depict the inducing effect of SnCl, (50 mg/kg bw s.c.), as manifest by an increase in
the levels of renal HO-1 protein in both SHR and WKY rats (Figures 1A and B). In addition, we
examined the effect of diabetes on the expression of HO-1 and HO-2 in rat kidneys. As seen in Figures
1A and B, SnCl, caused significant increases in the levels of HO-1 protein, but not in HO-2 protein in
both SHR and WKY rats. Furthermore, HO activity increased from 0.16 nmol/hr/mg protein in the
kidneys of WKY animals to 0.24 nmol/hr/mg protein in SnCl,-treated animals and from 0.13
nmol/hr/mg protein in the kidneys of diabetic SHR to 0.42 nmol/hr/mg protein in SnCl,-treated
animals after four days of administration (Figure 1C).
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Figure 1. A) Western blot and densitometry analysis of HO-1 and HO-2 proteins in kidney
from WKY rats or SHRs. Rats were treated with SnCl, (once a week 50 mg/kg body
weight for 4 weeks, S.C.), STZ (once a week 65 mg/kg body weight for 4 weeks i.v. for
diabetic models) or both SnCl, and STZ. Immunoblots were performed with antibodies
against rat HO-1 and HO-2. Data are representative of 4 separate experiments. B) Mean
band density normalized relative to B-actin (n=4, * p<0.05 vs. WKY control rats, * *
p<0.05 vs. WKY DM (diabetic models), # p<0.05 SHR control, ¥ p<0.05 vs. SHR DM ). C)
HO activity in kidney from WKY rats or SHRs (n=4, * p<0.05 vs. corresponding
control rats).
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2.2. Effect of HO inducers on COX-2 in the diabetic kidney

HO-1 induction is associated with a reciprocal decrease in arachidonic acid metabolism by
cytochrome P450 (CYP450) monoxgenases and cyclooxygenases (COX) and to a decrease in blood
pressure in SHR, therefore we measured the expression of COX-2 in the kidneys of SHR and WKY
rats. Western blot analysis revealed significantly (p<0.05) higher levels of COX-2 protein expression
in both diabetic WKY and SHR animals compared to control rats (data not shown). SnCl,
administration resulted in a decrease in the levels of COX-2 expression in the kidneys of both animal
groups. In both the WKY and SHR SnCl,-treated animals, the levels of COX-2 expression returned to
control levels (data not shown). SnCl, administration had no effect on COX-2 expression in

nondiabetic animals.
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2.3. Effect of HO-1 induction on plasma adiponectin levels

To understand the possible mechanism by which HO-1 mediated increase in antioxidants levels, we
measured adiponectin levels. There was a significant decrease in plasma adiponectin levels in diabetic
SHRs compared to SHR controls (Figure 2). SnCl, administration resulted in a marked increase in the
levels of plasma adiponectin in diabetic SHRs as compared to diabetic untreated animals (Figure 2).
Moreover, plasma adiponectin in diabetic SHRs attained levels similar to those in the WKY control
animals (Figure 2).

Figure 2. Plasma adiponectin levels of WKY rats and SHRs (* p<0.05 vs. WKY control
and SHR control respectively, # p<0.01 vs. WKY control and SHR DM + SnCl,
respectively, ** p<0.05 vs. WKY control and SHR DM + SnCl,, respectively).
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Figure 3. O, production levels of kidney and western blot analysis of nitrotyrosine in
SHRs (* p<0.05 vs. SHR control, # p<0.05 vs. SHR DM).
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2.4. Effect of HO-1 induction on O, production in the kidney

O, production was assessed in the kidneys of SHR animals using a low concentration of lucigenin
(5 um). As seen in Figure 3, kidneys obtained from diabetic SHR show a significant increase in O,
SnCl, administration resulted in a decrease in O, levels in SHR control animals. This decrease
paralleled the decrease in COX-2 levels but was the reciprocal of the increase in HO activity and HO-1
levels described above (Figure 1 A-C).

2.5. Effect of HO inducers on nitrotyrosine levels

Nitrotyrosine (3-NT) levels were measured using Western blot analysis and untreated diabetic rats
showed increased levels of 3-NT. Treatment of diabetic animals with SnCl, resulted in a decrease in 3-
NT to levels lower than those in controls (Figure 3). SnCl, administration had no effect on 3-NT levels
in nondiabetic SHR. (Figure 3).

2.6. Effect of HO expression on the development of hypertension

Systolic blood pressure was significantly (p<0.05) increased in SHR compared to WKY rats. In
diabetic WKY rats, SnCl, treatment resulted in a small but significant (p<0.05) decrease in blood
pressure compared to controls (Figure 4). In the untreated diabetic SHR, systolic blood pressure was
significantly higher than that of the SHR controls (154 + 11 mmHg vs. 128 £ 8 mmHg, p<0.05)
(Figure 4). Treatment with SnCl, resulted in a decrease in systolic blood pressure in diabetic SHR to
levels of the SHR controls (Figure 4).

Figure 4. A and B. Blood pressure was measured by the tail cuff method after the
treatment (* p<0.05 vs. WKY DM, ** p<0.05 vs. WKY control, # p<0.05 vs. SHR control,
"p <0.05 vs. SHR DM).
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2.7. Effect of HO-1 expression on vascular responses to PE and Ach

To assess the effect of HO-1 expression on vascular response, we measured PE-induced contraction
and ACh-induced relaxation in the femoral artery. A significant increase in contraction and impairment
of relaxation was observed in SHR compared to normal WKY rats (Figures SA and B, respectively).
SnCl, treatment restored vascular reactivity in diabetic WKY rats to normal levels (Figures 5C and
5D). In addition, not only was the contraction in treated diabetic SHR decreased (Figure 6A) but the
relaxation was increased compared to untreated rats (Figure 6B), suggesting the existence of
endothelial cell damage in hypertensive rats and that HO-1 induction not only restores but also
improves endothelial dysfunction.

Figure 5. A) The ring segments from femoral arteries were exposed to phenylephrine (PE)
in a dose-dependent manner (10® -10* M). PE-induced contraction of SHRs was
significantly increased as compared to WKY rats (*p<0.05 vs. WKY control rats). B)
Femoral arteries were precontracted with phenylephrine (PE) and then exposed to
acetylcholine (Ach) in a dose dependent manner (10 -10° M). Vessels from SHRs
demonstrated a decreased response compared to WKY rats. C) The ring segments from
femoral arteries were exposed to phenylephrine (PE) in a dose-dependent manner (10™ -10”
* M). PE-induced contraction of WKY rats treated with STZ was significantly increased as
compared to control rats, this increase was fully reversed in WKY rats treated with STZ
and SnCl, (*p<0.05 vs. WKY control rats). D) Femoral arteries were precontracted with
phenylephrine (PE) and then exposed to acetylcholine (Ach) in a dose dependent manner
(10° -10° M). Vessels from WKY rats treated with STZ demonstrated a decreased
response compared to control rats significantly, which was fully reversed by SnCl,
treatment (*p<0.05 vs. WKY control rats, # p<0.05 vs. WKY DM rats).
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Figure 6. A) The ring segments from femoral arteries were exposed to phenylephrine (PE)
in a dose-dependent manner (10® -10* M). PE-induced contraction of SHRs treated with
STZ was significantly increased as compared to control rats. With SnCl, administration,
the contraction in SHRs treated with STZ was more decreased compared to control rats
(*p, 'p<0.05 vs. SHR control, #p<0.05 vs. DM rats). B) Femoral arteries were
precontracted with phenylephrine (PE) and then exposed to acetylcholine (Ach) in a dose
dependent manner (10® -10° M). Vessels from SHRs treated with STZ demonstrated a
decreased response compared to control rats significantly, which was reversed by SnCl,
administration (*p<0.05 vs. SHR control, #p<0.05 vs. DM rats).
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Figure 7. Number of circulating endothelial cells in control and diabetic rats was measured.
Number of cells in SHR controls increased significantly compare to WKY control rats.
STZ treatment increased the cells significantly in WKY rats and SHRs relative to controls.
Administration of SnCl, decreased circulating endothelial cells in WKY DM rats, SHR
control and SHR DM, but had no significant effect in WKY control rats (*p<0.05 vs.
WKY control rats, * * p<0.05 vs. WKY DM rats, #p < 0.05 vs. SHR control rats, 'p < 0.05
vs. SHR DM ).
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2.8. Endothelial cell sloughing

Because endothelial cell sloughing is related to endothelial damage, CEC were isolated from
peripheral blood and counted. Cells were counted if they had at least 10 immunomagnetic beads
attached, fluoresced under ultraviolet light after staining with acridine orange, and maintained the
round to oval shape and the 20-50 um size typical of endothelial cells. As seen in Figure 7, the number
of CEC was significantly higher in diabetic animals compared to controls. Treatment with SnCl,
reduced the number of CEC in both diabetic SHR and WKY animals, reflecting the existence of
endothelial damage in hypertensive animals (Figure 7).

2.9. Effect of HO-1 induction on Bcl-2 in SHR and WKY rats

We examined the levels of Bcl-2, an anti-apoptotic protein, since oxidative stress results in the
activation of multiple signaling cascades that ultimately dictate the outcome for cell survival. As seen
in Figures 8A and B, Bcl-2 expression was significantly decreased in diabetic animals compared to
controls. Treatment with SnCl, restored the levels of Bcl-2 in both diabetic SHR and WKY animals. A
similar response was seen with AKT (results not shown).

Figure 8. A and B. Western blot and densitometry analysis of anti-apoptotic Bcl-2 in
kidney from WKY rats (A, * P<0.05 vs. WKY DM rats) or SHRs (B, * p<0.05 vs. SHR
control, #p<0.05 vs. SHR DM). Mean band density normalized relative to f-actin.
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The dramatic change in phenotype described above was highlighted by the decrease in the number
of CEC in the peripheral blood of SnCl,-treated diabetic animals when compared to control diabetic
animals. Diabetes increases contractility in femoral arteries; however, in the present study, contractility
was reversed by the induction of renal HO-1. Indeed, in diabetic animals, HO-1 induction resulted in
the restoration of contractility to pre-diabetic levels in both SHR and WKY animals. Increased
relaxation to Ach after CoPP treatment has been reported using the femoral artery model [21]. CoPP,
like SnCl,, is a powerful inducer of HO-1. Increased relaxation has also been achieved by the use of
the CO-releasing molecule CORM-3, but not with the antioxidant heme-degradation product,
biliverdin [21]. Recently, we reported that HO-1 upregulation by CoPP prevents the diabetic state in
non-obese diabetic (NOD) mice [22]. Also, exogenously administered CO and bilirubin both can
prevent endothelial cell sloughing in diabetic rats, presumably via a decrease in oxidative stress, and
thus represent a novel approach to prophylactic vascular protection in diabetes [23]. To examine the
impact of HO-1 expression on the vascular system, PE-induced contraction and Ach-induced
relaxation were measured in the femoral artery. A significant increase in contraction and impairment
of relaxation was observed in hypertensive animals when compared to WKY control animals (Figure
5). The administration of SnCl, to hypertensive animals resulted in both a decrease in contraction and
an increase in relaxation compared to untreated animals (Figure 6). Thus, it appears that increased
renal HO-1 expression not only restores endothelial cell function but also improves pre-existing
endothelial damage in the SHR animal model of diabetes. Indicating the seminal role of HO-1 in both
preventing and reversing diabetes-induced endothelial dysfunction in this animal model. Thus, the use
of HO inducers may be of clinical benefit in individuals with significant endothelial cell dysfunction in
an attempt to correct existing clinical deficits. Also, the beneficial effects of HO-1 overexpression on
blood glucose in this animal model of diabetes encourages the development of this approach in the
clinical arena.

Hyperglycemia-mediated increases in O, formation and ROS contribute to endothelial and beta cell
apoptosis and dysfunction. These defects may be reversed by the overexpression of antioxidant
enzymes and the administration of antioxidants. In the present study, overexpression of HO-1 resulted
in decreased O, generation, which may be due to a decrease in the levels of NADPH oxidase [24], a
heme-dependent protein, and/or an increase in the levels of EC-SOD [25]. In addition, the heme
degradation products, CO and bilirubin, have, respectively, potent anti-inflammatory and anti-
apoptotic activities and antioxidant properties [15]. Thus, the induction of HO-1 appear to provide a
favorable cellular environment for survival that is rich in antioxidants. Indeed, HO-1 overexpression
results in a phenotype that is both anti-oxidative and anti-apoptotic. Our results show that generation of
O, was prevented by increased renal HO-1 expression in diabetic SHRs. This was associated with
concomitant decreases in O,, 3-NT and COX-2 expression and increases in Bcl-2 and
AKT expression.

Renal medullary HO activity plays an essential role in the control of pressure natriuresis and arterial
blood pressure and that impairment of this HO/CO-mediated antihypertensive mechanism results in the
development of hypertension [26]. Kidney-specific induction of HO-1 prevents the development of
Ang II-dependent hypertension and that induction of HO-1 in the kidney may be the mechanism by
which systemic delivery of HO-1 inducers lowers blood pressure in Ang II-dependent hypertension
[27]. 3-nitrotyrosine, cellular heme and superoxide, all promoters of vascular damage, are reduced by
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HO-1 induction, thereby preserving vascular integrity and protecting renal function through a decrease
in blood pressure and an increase in antiapoptotic proteins. In contrast, inhibition of HO activity
exacerbated renal damage in a renovascular hypertension animal model [28,29]. Upregulation of HO-
I-linked signaling pathways and reversal of vascular remodeling in peripheral blood vessels likely
mediate the antihypertensive effect of hemin [30]. Human HO-1 gene transfer lowers blood pressure
and promotes growth in spontaneously hypertensive rats [31]. Upregulation of HO-1 prevents the
generation of oxidative stress only when the anti-oxidant defense system is operative [32]. Individuals
with low levels of HO-1 (caused by HO-1 genetic polymorphism) are more likely to have renal injury
and express a hypertensive phenotype following chronic ingestion of low-level Cd, compared with
those having higher levels of HO-1 [33]. HO-1 is essential for the antiproliferative and vascular
protective effects of rapamycin in vitro and in vivo in monocrotaline-induced pulmonary hypertension
[34]. The mesenteric vasodilator action of 11,12-EET mediated vascular relaxation is via an increase in
HO activity and activation of calcium-activated potassium channels [35]. CO releasing molecules
(CO-RMs) are effective therapeutic agents that deliver CO during kidney cold preservation and can be
used to ameliorate vascular activity, energy metabolism and renal function at reperfusion [36]. It has
been reported that bilirubin may effect the DOCA-salt model of systemic hypertension [37]. The
pressor and pro-oxidant effects of Ang II are attenuated in the hyperbilirubinemic rat, an effect which
may reflect scavenging of superoxide anion by bilirubin [38]. In agreement with these results, our
previous studies demonstrated higher levels of HO-1 in the renal medulla thus reinforcing the role of
the HO/CO system in the regulation of renal medullary blood flow. HO-1 in mTAL plays a vital role
in protecting against various noxious stimuli [39,40]. In the glycerol model of acute renal failure,
increased release of heme proteins caused renal toxicity whereas pre-induction of HO-1 preserved
renal function [41]. The protective actions of HO-1 are not confined to the attenuation of oxidant
levels, but extend to amelioration of inflammation, atherosclerosis, transplant pathobiology and
ischemia [15].

Abraham's group found that upregulation of HO-1 can increase adiponectin levels in several animal
models [42-46]. The beneficial effects of adiponectin in a variety of cardiovascular diseases have been
reviewed [47, 48], especially there is a negative relationship between adiopnectin and hypertension
[49]. The mechanism by which HO-1 is involved in increased adiponectin levels is related to the
function of HO-1 as a stress response/chaperone protein as well as its ability to decrease ROS by
increasing glutathione and EC-SOD levels [5, 15, 25] and by decreasing O, production [42, 50].
PPARYy agonists, are shown to induce both HO-1 [51] and the rate-limiting chaperone protein EroL
[52,53]. PPARy agonist which increases adiponectin may do so by increasing the levels of EroL
chaperone protein [52]. Since PPARY also increases HO-1 protein levels [51] and HO-1 is known as a
chaperone protein, it is possible that one of the mechanisms by which HO-1 can increase adiponectin
levels is through more efficient adiponectin stabilization and protection. This would confirm the report
of Wang et al who showed that the chaperone protein EroL increased adiponectin [53]. We also have
previously shown that upregulation of HO-1 protein in diabetic rats provided both cardio- and
vascular- protection against ROS [42].

Taken together, the results of the present study demonstrate that upregulation of renal HO-1
associated with increased adiponectin can prevent diabetes-induced vascular dysfunction in the SHR
model of diabetes. The HO-1-mediated increase in adiponectin resulted in a decrease in blood
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pressure, a decrease in the number of circulating endothelial cells and restoration of endothelial
function in diabetic SHR animals. Indeed, renal HO-1 overexpression can restore pre-existing
damaged endothelial cell function. Overexpression of renal HO-1 was associated with a concomitant
decrease in the levels of O, 3-NT and COX-2 and an increase in the levels of the anti-apoptotic
proteins Bcl-2 and AKT. The clinical significance of these observations can not be overestimated
(summarized in Figure 9) as the pharmacological enhancing of HO-1 expression, resulting in increase
of HO activity and adiponectin levels, allows the endothelial system to initiate a crucial and immediate
host defense against diabetes-mediated perturbations in cellular viability due to increased levels of
oxidative stress, thereby preventing the occurrence of high blood pressure and deleterious

perturbations in renal function.

Figure 9. Potential mechanisms underlying the chemoprotective actions of HO-1 in
diabetes and hypertension.
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These observations in DM hypertensive rats suggest that pharmacological
induction of HO-1 attenuates oxidative stress by increasing adiponectin,
decreasing cellular heme and the inducible COX-2 levels and increasing
anti-apoptotic Bcl-2.

3. Experimental Section
3.1. Animals: induction of diabetes and treatments

Male spontaneously hypertensive rats (SHR) and Wistar-Kyoto (WKY) rats, 180-220 g were used
in this study. Diabetes was induced by a single injection of streptozotocin (STZ) (65 mg/kg bw) via the
tail vein. STZ was dissolved in 0.05 mol/L sodium citrate buffer (pH 4.5). Age-matched control rats
were injected with an equal volume of vehicle (sodium citrate buffer). Rats administered STZ
developed hyperglycemia within three days with glucose levels reaching 475+65 mg/dL. To alleviate
extreme hyperglycemia and to maintain normal body weight, insulin (NPH 1-3 U/day/100 g bw) was
administered three times a week, maintaining glucose levels at 250-300 mg/dL [54]. Glucose was
determined (Lifescan, Milpitas, CA) using blood obtained from the tail vain via a capillary tube. All
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samples were obtained after an overnight fast. Stannous chloride (SnCl,) administration commenced
the day after diabetes developed. SnCl, (5 mg/100 g bw) was given subcutaneously (s.c.) once a week
for four weeks. Systolic blood pressure was measured without anesthesia, using the tail cuff method, at
least twice at the baseline and before sacrifice, respectively. Rats were divided into groups as follows:
control, STZ, SnCl, and STZ plus SnCl,. The Institutional Animal Care and Use Committee approved
all experiments, which were conducted under the guidelines for the Care and Use of Laboratory
Animals from the National Institutes of Health (NIH).

3.2. Tissue preparation

Frozen kidneys were pulverized under liquid nitrogen and placed in a homogenization buffer (10
mM phosphate buffer, 250 mM sucrose, 1 mM EDTA, 0.1 mM PMSF and 0.1% tergitol, pH 7.5).
Homogenates were centrifuged at 27,000 g for 10 min at 4°C. The supernatant was isolated and protein
levels were determined by the Bradford method. The supernatant was used for measurement of HO-1
and HO-2, COX-2, AKT and Bcl-2 protein and HO activity [43].

3.3. Western blot analysis

Protein levels were visualized by immunoblotting with antibodies against rat HO-1 and HO-2
(Stressgen Biotechnologies, Victoria, BC), AKT and Bcl-2 (Cell Signaling Technology, Danvers,
MA), COX-2 (Cayman Chemical, Ann Arbor, MI). Briefly, 30 ug of lysate supernatant was separated
by 12% SDS/polyacrylamide gel electrophoresis and transferred to Polyvinylidene fluoride or
nitrocellulose membrane. Immunoblotting was performed as has been previously described [43].
Chemiluminescence detection was performed with the Amersham ECL or ECL plus detection Kkit,
according to the manufacturer’s instructions (Amersham, Piscataway, NJ).

3.4. Measurement of HO activity

HO activity was assayed as previously described [43]. Bilirubin, the end product of heme
degradation, is extracted with chloroform and its concentration was determined spectrophotometrically
(Perkin-Elmer Dual UV/VIS Beam Spectrophotometer Lambda 25) using the difference in absorbance
between A 460 nm to A 530 nm with an absorption coefficient of 40 mM™ cm™.

3.5. Plasma Adiponectin measurement

The high molecular weight (HMW) form of Adiponectin was determined using an ELISA assay
(Pierce Biotechnology Inc., Woburn, MA) as described previously [43,44].

3.6. Measurement of vascular activity

Femoral arteries were isolated and connective tissue was removed. Rings measuring 2 mm in length
were made from the arteries and incubated in individually thermostated (37 °C) DMT myograph baths
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(DMT, Atlanta, GA) with a passive tension of 1 g for 1 hour in Krebs bicarbonate buffer (pH 7.4)
containing the following (mM): 118 NaCl, 4.7 KCl, 1.5 CaCl,, 25 NaHCOs, 1.1 MgSQOy4, 1.2 KH,PO,,
and 5.6 glucose, gassed with 21% 0,-5%CO, (balance N,). Force was recorded from force
displacement transducers via AD Instrument’s Powerlab system, running Chart 5 software. After I
hour of equilibration, we calculated, using a cumulative curve, the concentration of phenylephrine (PE)
that determined 70% contraction. Contracted vessels were then given increasing doses of acetylcholine
(Ach) (1 nM-10 uM).

3.7. Measurement of O, production in the kidney

Previously described methods [55] were used. Homogenized kidney samples of SHRs were placed
in plastic scintillation minivials containing 5 pm lucigenin for detection of O," and other additions, in a
final volume of 1 ml of air-equilibrated Krebs solution buffered with 10 mmol/L HEPES-NaOH (pH
7.4). Lucigenin chemiluminescence was measured in a liquid scintillation counter (LS6000IC,
Beckman Coulter, Inc, Fullerton, CA) at 37°C and data reported as counts/min per milligram of protein
after background subtraction.

3.8. Detection and quantification of circulating endothelial cells

For immunomagnetic isolation and quantification of circulating endothelial cells (CEC), we used
monodispersed magnetizable particles (Dynabeads CELLection Pan Mouse IgG kit) obtained from
Invitrogen (Carlsbad, CA). The 4.5 um diameter polystyrene beads were coated with affinity-purified
pan-anti-mouse immunoglobin G1 covalently bound to the surface. The beads were washed, according
to the instructions provided by the manufacturer, with a strong magnet (MPC6, Dynal) used to remove
sodium azide. Typically, 100 puL of bead suspension was coated noncovalently with 10 pg/mL RECA-
1 (Novus Biologicals, Littleton, CO), a pan-rat EL-specific monoclonal antibody diluted 1:10 in PBS-
BSA (0.1%) by overnight incubation at 4°C with head-over-head agitation. After three washes with
PBS-BSA to remove excess antibodies, the beads were resuspended in buffer until use. RECA-
uncovered particles were used as a negative control. If the beads were stored for an extended period of
time, 0.1% sodium azide was added to the buffer. Beads and target cells were incubated for 1.5 hours
at 4°C on a rotator. The amount of beads (4x10*/ml) was in great excess of target cells (>2,000 beads
per target cell). Separation of beads and rosetted cells from the blood samples required a minimum
exposure of 1 minute to the magnet. Three washes were performed to completely remove nonrosetted
cells. After the third wash, rosetted cells were recovered in a solution of acridine orange (a viral
fluorescent dye at a final concentration of Sug/mL in PBS, 150 uL) and subjected to fluorescence
microscopy (Olympus 1X81 F).

3.9. Statistical analysis

Data are presented as mean+SEM for the number of experiments. Statistical significance (p<0.05)
between experimental groups was determined by the Fisher method of analysis of multiple
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comparisons. For comparison between treatment groups, the null hypothesis was tested by a single-
factor ANOVA for multiple groups or unpaired t test for two groups.

4. Conclusions

These results strongly suggest that the pharmacological induction of HO-1 combined with increased
adiponectin levels in diabetic hypertensive rats alters the phenotype through a reduction in oxidative
stress, thereby permitting endothelial cells to maintain an anti-apoptotic environment through
increased expression of anti-apoptotic proteins and the restoration of endothelial responses thus
preventing hypertension.

Acknowledgements

We thank Professor Dr. Nader G. Abraham for his kind guidance, also Jennifer Brown and Chiara
Kimmel-Preuss for their outstanding editorial assistance in the preparation of the manuscript.

References

1. Jackowski, L.; Crockett, J.; Rowett, D. Adults with diabetes - pharmacological management of
hypertension. Aust. Fam. Physician 2008, 37, 419-421.

2. Robertson, R.P. Chronic oxidative stress as a central mechanism for glucose toxicity in pancreatic
islet beta cells in diabetes. J. Biol. Chem. 2004, 279, 42351-42354.

3.  Wellen, K.E.; Hotamisligil, G.S. Inflammation, stress, and diabetes. J. Clin. Invest 2005, 115,
1111-1119.

4. Bahia, L.; Aguiar, L.G.; Villela, N.; Bottino, D.; Godoy-Matos, A.F.; Geloneze, B.; Tambascia,
M.; Bouskela, E. Relationship between adipokines, inflammation, and vascular reactivity in lean
controls and obese subjects with metabolic syndrome. Clinics 2006, 61, 433-440.

5.  Kruger, A.L.; Peterson, S.; Turkseven, S.; Kaminski, P.M.; Zhang, F.F.; Quan, S.; Wolin, M.S_;
Abraham, N.G. D-4F induces heme oxygenase-1 and extracellular superoxide dismutase,
decreases endothelial cell sloughing, and improves vascular reactivity in rat model of diabetes.
Circulation 2005, 111, 3126-3134.

6. Wilcox, C.S. Oxidative stress and nitric oxide deficiency in the kidney: a critical link to
hypertension? Am. J. Physiol. Regul. Integr. Comp. Physiol. 2005, 289, R913-R935.

7. Zimmerman, M.C.; Lazartigues, E.; Lang, J.A.; Sinnayah, P.; Ahmad, 1.M.; Spitz, D.R;
Davisson, R.L. Superoxide mediates the actions of angiotensin II in the central nervous system.
Circ. Res. 2002, 91, 1038-1045.

8. Nakazono, K.; Watanabe, N.; Matsuno, K.; Sasaki, J.; Sato, T.; Inoue, M. Does superoxide
underlie the pathogenesis of hypertension? Proc. Natl. Acad. Sci. USA 1991, 88, 10045-10048.

9. Biswas, S.K.; Lopes de Faria, J.B. Hypertension induces oxidative stress but not macrophage
infiltration in the kidney in the early stage of experimental diabetes mellitus. Am. J. Nephrol.
2006, 26, 415-422.



Int. J. Mol. Sci. 2008, 9 2403

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Biswas, S.K.; Peixoto, E.B.; Souza, D.S.; de Faria, J.B. Hypertension increases pro-oxidant
generation and decreases antioxidant defense in the kidney in early diabetes. Am. J. Nephrol.
2008, 28, 133-142.

Saydah, S.H.; Fradkin, J.; Cowie, C.C. Poor control of risk factors for vascular disease among
adults with previously diagnosed diabetes. JAMA 2004, 291, 335-342.

Hypertension in Diabetes Study (HDS): II. Increased risk of cardiovascular complications in
hypertensive type 2 diabetic patients. J. Hypertens. 1993, 11, 319-325.

Zhang, Y.; Lee, E.T.; Devereux, R.B.; Yeh, J.; Best, L.G.; Fabsitz, R.R.; Howard, B.V.
Prehypertension, diabetes, and cardiovascular disease risk in a population-based sample: the
Strong Heart Study. Hypertension 2006, 47, 410-414.

Cooper, M.E.; Johnston, C.I. Optimizing treatment of hypertension in patients with diabetes.
JAMA 2000, 283, 3177-3179.

Abraham, N.G.; Kappas, A. Pharmacological and clinical aspects of heme oxygenase. Pharmacol.
Rev. 2008, 60, 79-127.

Zhang, F.; Kaide, J.I.; Yang, L.; Jiang, H.; Quan, S.; Kemp, R.; Gong, W.; Balazy, M.; Abraham,
N.G.; Nasjletti, A. CO modulates pulmonary vascular response to acute hypoxia: relation to
endothelin. Am. J. Physiol. Heart Circ. Physiol. 2004, 286, H137-H144.

Govindaraju, V.; Teoh, H.; Hamid, Q.; Cernacek, P.; Ward, M.E. Interaction between endothelial
heme oxygenase-2 and endothelin-1 in altered aortic reactivity after hypoxia in rats. Am. J.
Physiol. Heart Circ. Physiol. 2005, 288, H962-H970.

Liu, H.; Mount, D.B.; Nasjletti, A.; Wang, W. Carbon monoxide stimulates the apical 70-pS K"
channel of the rat thick ascending limb. J. Clin. Invest. 1999, 103, 963-970.

Wang, T.; Sterling, H.; Shao, W.A.; Yan, Q.; Bailey, M.A.; Giebisch, G.; Wang, W.H. Inhibition
of heme oxygenase decreases sodium and fluid absorption in the loop of Henle. Am. J. Physiol.
Renal. Physiol. 2003, 285, F484-F490.

Rodriguez, F.; Kemp, R.; Balazy, M.; Nasjletti, A. Effects of exogenous heme on renal function.
Role of heme oxygenase and cyclooxygenase. Hypertension 2003, 42, 680-684.

Di Pascoli, M.; Rodella, L.; Sacerdoti, D.; Bolognesi, M.; Turkseven, S.; Abraham, N.G. Chronic
CO levels have [corrected] a beneficial effect on vascular relaxation in diabetes. Biochem.
Biophys. Res. Commun. 2006, 340, 935-943.

Li, M.; Peterson, S.; Husney, D.; Inaba, M.; Guo, K.; Kappas, A.; Ikehara, S.; Abraham, N.G.
Long-lasting expression of HO-1 delays progression of type I diabetes in NOD mice. Cell Cycle
2007, 6, 567-571.

Rodella, L.; Lamon, B.D.; Rezzani, R.; Sangras, B.; Goodman, A.L.; Falck, J.R.; Abraham, N.G.
Carbon monoxide and biliverdin prevent endothelial cell sloughing in rats with type I diabetes.
Free Radic. Biol. Med. 2006, 40, 2198-2205.

Kwak, J.Y.; Takeshige, K.; Cheung, B.S.; Minakami, S. Bilirubin inhibits the activation of
superoxide-producing NADPH oxidase in a neutrophil cell-free system. Biochim. Biophys. Acta
1991, 1076, 369-373.

Turkseven, S.; Kruger, A.; Mingone, C.J.; Kaminski, P.; Inaba, M.; Rodella, L.F.; Ikehara, S.;
Wolin, M.S.; Abraham, N.G. Antioxidant mechanism of heme oxygenase-1 involves an increase



Int. J. Mol. Sci. 2008, 9 2404

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

in superoxide dismutase and catalase in experimental diabetes. Am. J. Physiol. Heart Circ.
Physiol. 2005, 289, H701-H707.

Li, N.; Yi, F.; dos Santos, E.A.; Donley, D.K.; Li, P.L. Role of renal medullary heme oxygenase
in the regulation of pressure natriuresis and arterial blood pressure. Hypertension 2007, 49,
148-154.

Vera, T.; Kelsen, S.; Stec, D.E. Kidney specific induction of HO-1 prevents angiotensin II
hypertension. Hypertension 2008, 52, 660-665.

Botros, F.T.; Olszanecki, R.; Prieto-Carrasquero, M.C.; Goodman, A.l.; Navar, L.G.; Abraham,
N.G. Induction of heme oxygenase-1 in renovascular hypertension is associated with inhibition of
apoptosis. Cell Mol. Biol. (Noisy.-le-grand) 2007, 53, 51-60.

Botros, F.T.; Schwartzman, M.L.; Stier, C.T., Jr.; Goodman, A.l.; Abraham, N.G. Increase in
heme oxygenase-1 levels ameliorates renovascular hypertension. Kidney Int. 2005, 68,
2745-2755.

Wang, R.; Shamloul, R.; Wang, X.; Meng, Q.; Wu, L. Sustained normalization of high blood
pressure in spontaneously hypertensive rats by implanted hemin pump. Hypertension 2006, 48,
685-692.

Sabaawy, H.E.; Zhang, F.; Nguyen, X.; Elhosseiny, A.; Nasjletti, A.; Schwartzman, M.; Dennery,
P.; Kappas, A.; Abraham, N.G.; Human heme oxygenase-1 gene transfer lowers blood pressure
and promotes growth in spontaneously hypertensive rats. Hypertension 2001, 38, 210-215.
Polizio, A.H.; Gonzales, S.; Munoz, M.C.; Pena, C.; Tomaro, M.L. Behaviour of the anti-oxidant
defence system and heme oxygenase-1 protein expression in fructose-hypertensive rats. Clin. Exp.
Pharmacol. Physiol. 2006, 33, 734-739.

Satarug, S.; Nishijo, M.; Lasker, J.M.; Edwards, R.J.; Moore, M.R. Kidney dysfunction and
hypertension: Role for cadmium, p450 and heme oxygenases? Tohoku J. Exp. Med. 2006, 208,
179-202.

Zhou, H.; Liu, H.; Porvasnik, S.L.; Terada, N.; Agarwal, A.; Cheng, Y.; Visner, G.A. Heme
oxygenase-1 mediates the protective effects of rapamycin in monocrotaline-induced pulmonary
hypertension. Lab Invest. 2006, 86, 62-71.

Sacerdoti, D.; Bolognesi, M.; Di, P.M.; Gatta, A.; McGiff, J.C.; Schwartzman, M.L.; Abraham,
N.G. Rat mesenteric arterial dilator response to 11,12-epoxyeicosatrienoic acid is mediated by
activating heme oxygenase. Am. J. Physiol. Heart Circ. Physiol. 2006, 291, H1999-H2002.
Sandouka, A.; Fuller, B.J.; Mann, B.E.; Green, C.J.; Foresti, R.; Motterlini, R. Treatment with
CO-RMs during cold storage improves renal function at reperfusion. Kidney Int. 2006, 69,
239-247.

Nath, K.A.; d'Uscio, L.V.; Juncos, J.P.; Croatt, A.J.; Manriquez, M.C.; Pittock, S.T.; Katusic, Z.S.
An analysis of the DOCA-salt model of hypertension in ho-1-/- mice and the gunn rat. Am. J.
Physiol. Heart Circ. Physiol. 2007, 293, H333-H342.

Pflueger, A.; Croatt, A.J.; Peterson, T.E.; Smith, L.A.; d'Uscio, L.V.; Katusic, Z.S.; Nath, K.A.
The hyperbilirubinemic Gunn rat is resistant to the pressor effects of angiotensin II. Am. J.
Physiol. Renal Physiol. 2005, 288, F552-F558.



Int. J. Mol. Sci. 2008, 9 2405

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Quan, S.; Yang, L.; Shenouda, S.; Schwartzman, M.L.; Nasjletti, A.; Goodman, A.l.; Abraham,
N.G. Expression of human heme oxygenase-1 in the thick ascending limb attenuates angiotensin
II-mediated increase in oxidative injury. Kidney Int. 2004, 65, 1628-1639.

Da Silva, J.L.; Zand, B.A.; Yang, L.M.; Sabaawy, H.E.; Lianos, E.; Abraham, N.G. Heme
oxygenase isoform-specific expression and distribution in the rat kidney. Kidney Int. 2001, 59,
1448-1457.

Nath, K.A.; Balla, G.; Vercellotti, G.M.; Balla, J.; Jacob, H.S.; Levitt, M.D.; Rosenberg, M.E.
Induction of heme oxygenase is a rapid, protective response in rhabdomyolysis in the rat. J. Clin.
Invest. 1992, 90, 267-270.

L'Abbate, A.; Neglia, D.; Vecoli, C.; Novelli, M.; Ottaviano, V.; Baldi, S.; Barsacchi, R ;
Paolicchi, A.; Masiello, P.; Drummond, G.; McClung, J.; Abraham, N. Beneficial effect of heme
oxygenase-1 expression in myocardial ischemia-reperfusion increases adiponectin in mildly
diabetic rats. Am. J. Phyisiol. Heart Circ. Physiol. 2007, 293, H3532-H3541.

Li, M.; Kim, D.H.; Tsenovoy, P.L.; Peterson, S.J.; Rezzani, R.; Rodella, L.F.; Aronow, W.S.;
Ikehara, S.; Abraham, N.G. Treatment of obese diabetic mice with a heme oxygenase inducer
reduces visceral and subcutaneous adiposity, increases adiponectin levels, and improves insulin
sensitivity and glucose tolerance. Diabetes 2008, 57, 1526-1535.

Kim, D.H.; Burgess, A.P.; Li, M.; Tsenovoy, P.L.; Addabbo, F.; McClung, J.A.; Puri, N;
Abraham, N.G. Heme oxygenase-mediated increases in adiponectin decrease fat content and
inflammatory cytokines, tumor necrosis factor-alpha and interleukin-6 in Zucker rats and reduce
adipogenesis in human mesenchymal stem cells. J. Pharmacol. Exp. Ther. 2008, 325, 833-840.
Abraham, N.G.; Li, M.; Vanella, L.; Peterson, S.J.; Ikehara, S.; Asprinio, D. Bone marrow stem
cell transplant into intra-bone cavity prevents type 2 diabetes: Role of heme oxygenase-
adiponectin. J. Autoimmun. 2008, 30, 128-135.

Peterson, S.J.; Drummond, G.; Hyun, K.D.; Li, M.; Kruger, A.L.; Ikehara, S.; Abraham, N.G. L-
4F treatment reduces adiposity, increases adiponectin levels and improves insulin sensitivity in
obese mice. J. Lipid Res. 2008, 49, 1658-1669.

Hopkins, T.A.; Ouchi, N.; Shibata, R.; Walsh, K. Adiponectin actions in the cardiovascular
system. Cardiovasc. Res. 2007, 74, 11-18.

Han, S.H.; Quon, M.J.; Kim, J.A.; Koh, K.K. Adiponectin and cardiovascular disease: response to
therapeutic interventions. J. Am. Coll. Cardiol. 2007, 49, 531-538.

Wang, Z.V.; Scherer, P.E. Adiponectin, cardiovascular function, and hypertension. Hypertension
2008, 51, 8-14.

Abraham, N.G.; Rezzani, R.; Rodella, L.; Kruger, A.; Taller, D.; Li, V.G.; Goodman, A.L;
Kappas, A. Overexpression of human heme oxygenase-1 attenuates endothelial cell sloughing in
experimental diabetes. Am. J. Physiol. Heart Circ. Physiol. 2004, 287, H2468-H2477.

Kronke, G.; Kadl, A.; Ikonomu, E.; Bluml, S.; Furnkranz, A.; Sarembock, 1.J.; Bochkov, V.N.;
Exner, M.; Binder, B.R.; Leitinger, N. Expression of heme oxygenase-1 in human vascular cells is
regulated by peroxisome proliferator-activated receptors. Arterioscler. Thromb. Vasc. Biol. 2007,
27, 1276-1282.



Int. J. Mol. Sci. 2008, 9 2406

52.

53.

54.

55.

Ollinger, R.; Yamashita, K.; Bilban, M.; Erat, A.; Kogler, P.; Thomas, M.; Csizmadia, E.; Usheva,
A.; Margreiter, R.; Bach, F.H. Bilirubin and biliverdin treatment of atherosclerotic discases. Cell
Cycle 2007, 6, 39-43.

Wang, Z.V.; Schraw, T.D.; Kim, J.Y.; Khan, T.; Rajala, M.W.; Follenzi, A.; Scherer, P.E.
Secretion of the adipocyte-specific secretory protein adiponectin critically depends on thiol-
mediated protein retention. Mol. Cell Biol. 2007, 27, 3716-3731.

Kang, S.W.; Adler, S.G.; Nast, C.C.; LaPage, J.; Gu, J.L.; Nadler, J.L.; Natarajan, R. 12-
lipoxygenase is increased in glucose-stimulated mesangial cells and in experimental diabetic
nephropathy. Kidney Int. 2001, 59, 1354-1362.

Mohazzab, H.; Kaminski, P.M.; Fayngersh, R.P.; Wolin, M.S. Oxygen-elicited responses in calf
coronary arteries: Role of H202 production via NADH-derived superoxide. Am. J. Physiol. 1996,
H1044-H1053.

© 2008 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.

This article is an open-access article distributed under the terms and conditions of the Creative

Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



