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Abstract

We examined the hypothesis that vascular and renal dysfunction caused by angiotensin II (Ang II) through
increased levels of blood pressure, inflammatory cytokines, and oxidative stress in Sprague–Dawley rats can be
prevented by lentiviral-mediated delivery of endothelial heme oxygenase (HO)-1. We targeted the vascular
endothelium using a lentiviral construct expressing human HO-1 under the control of the endothelium-specific
promoter VE-cadherin (VECAD-HO-1) and examined the effect of long-term human HO-1 expression on blood
pressure in Ang II-mediated increases in blood pressure and oxidant stress. A bolus injection of VECAD-HO-1
into the renal artery resulted in expression of human HO-1 for up to 6–9 weeks. Sprague–Dawley rats were
implanted with Ang II minipumps and treated with lentivirus carrying either the HO-1 or green fluorescent
protein. Renal tissue from VECAD-HO-1-transduced rats expresses human HO-1 mRNA and proteins without
an effect on endogenous HO-1. Infusion of Ang II increased blood pressure ( p< 0.001) but decreased vascular
relaxation in response to acetylcholine, endothelial nitric oxide synthase (eNOS) and phosphorylated eNOS
(peNOS) levels, and renal and plasma levels of adiponectin ( p< 0.05); in contrast, plasma tumor necrosis factor-a
and monocyte chemoattractant protein-1 levels increased. Ang II-treated animals had higher levels of superoxide
anion and inducible nitric oxide synthase and increased urinary protein and plasma creatinine levels. Lentiviral
transduction with the VECAD-HO-1 construct attenuated the increase in blood pressure ( p< 0.05), improved
vascular relaxation, increased plasma adiponectin, and prevented the elevation in urinary protein and plasma
creatinine in Ang II-treated rats. Endothelial-specific expression of HO-1 also reduced oxidative stress and levels
of inflammatory cytokines resulting in increased expression of the anti-apoptotic proteins phosphorylated AKT,
phosphorylated AMP-activated protein kinase, peNOS, and eNOS. Collectively, these findings demonstrate that
endothelial-specific increases in HO-1 expression attenuate Ang II hypertension and the associated vascular
dysfunction that is associated with increases in adiponectin and peNOS and reductions in oxidative stress and
levels of inflammatory cytokines.

Introduction

Hypertension is a multifactorial condition that is as-
sociated with increased oxidative stress and vascular

dysfunction that predisposes the individual to the develop-
ment of atherosclerosis and organ damage, especially the
kidney. Activation of the renin–angiotensin system is a fea-

ture of many forms of hypertension, and infusion of angio-
tensin II (Ang II) is frequently used in rodents to produce
animal models of hypertension. Ang II produces myriad ef-
fects, and its actions, via the AT1 receptor, have been impli-
cated in numerous cardiovascular diseases including
hypertension. Ang II activates the NAD(P)H oxidase enzyme
system and promotes the production of reactive oxygen
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species (ROS) such as superoxide anion and hydrogen per-
oxide, which have been implicated in the development of
atherosclerosis and several hypertensive diseases (Haugen
et al., 2000; Hordijk, 2006). Ang II stimulates the formation of
superoxide anion radical (O2�

�)/ROS production by human
neutrophils that is accompanied by activation of mitogen-
activated protein kinase (El et al., 2003), protein tyrosine
kinases, and transcriptional factors (Chen et al., 2001). Ang II-
mediated augmentation of superoxide production contributes
to renal vasoconstriction, cortical hypoxia, and reduced effi-
ciency of O2 usage for sodium transport (Lopez et al., 2003;
Kopkan et al., 2006). Increased superoxide production in the
thick ascending loop of Henle stimulates sodium reabsorption
by decreasing the levels of nitric oxide (NO) (Ortiz and Gar-
vin, 2002a,b) and limits NO availability to the vasa recta,
which could lead to decreases in medullary blood flow and
blunting of pressure-natriuresis, resulting in hypertension
(Mori et al., 2003).

In contrast to the pro-oxidant actions of Ang II, the heme
oxygenase (HO) system serves an antioxidant role and is
activated in response to oxidative stress. HO catalyzes the
rate-limiting step in heme degradation, producing iron, car-
bon monoxide (CO), and biliverdin, which is rapidly con-
verted to bilirubin, a potent antioxidant (Abraham and
Kappas, 2008). HO-1, the inducible isoform, is up-regulated
by heme and a variety of non-heme stimuli, including heavy
metals, ROS, NO, Ang II, endotoxin, and cytokines (Abraham
et al., 1996; Abraham and Kappas, 2005). Recently, induction
of HO-1 in vivo was shown to suppress NADPH oxidase-
induced oxidative stress (Datla et al., 2007). Thus, the HO
system might serve an important protective role in the
cardiovascular system against the harmful effects of Ang II-
induced oxidative stress (Pflueger et al., 2005). In the rat kid-
ney, HO-1 is expressed mainly in the renal medulla, where it
plays an important role in maintaining blood flow to the renal
medulla (Olszanecki et al., 2007). Our previous studies indi-
cate that adenovirus- and retrovirus-mediated overexpression
of HO-1 blunts Ang II-induced oxidative damage (Quan et al.,
2004) and hypertension (Yang et al., 2004) and that pharma-
cological induction of HO-1 with cobalt protoporphyrin
attenuated the increase in blood pressure in a model of re-
novascular hypertension (Botros et al., 2005).

The current studies were undertaken to address the pro-
tective effects of overexpression of HO-1 confined to the en-
dothelium in a rat model of hypertension induced by Ang II
infusion. The endothelium is central to cardiovascular disease,
and targeting was accomplished by using the endothelium-
specific promoter VE-cadherin (VECAD) (Lampugnani et al.,
1992), which has been used to selectively express genes in this
tissue (Gory et al., 1999). Lentiviral vectors have been used in
humans, and there are several clinical trials presently under-
way (Schambach and Baum, 2008).

We show here that lentiviral vectors carrying the HO-1
construct under the control of the endothelium-specific pro-
moter VECAD specifically target endothelial cells both
in vitro and in vivo. Augmentation of superoxide formation
by Ang II results in the development of hypertension and
endothelial and renal dysfunction; this was prevented by
VECAD-HO-1 transduction. HO-1 transduction was associ-
ated with elevation of adiponectin levels, activation of the
phosphorylated AMP-activated protein kinase (pAMPK)–
phosphorylated endothelial NO synthase (peNOS) pathway,

and improved endothelial function coincident with de-
creased levels of inflammatory cytokines and oxidative
stress. These results demonstrate a significant vascular and
renal protective role for endothelial HO-1 in an Ang II ani-
mal model of hypertension.

Materials and Methods

In vitro transduction

Lentiviral vectors expressing either human HO-1 or green
fluorescent protein (GFP) cDNA under the control of the
endothelial-specific promoter VECAD (Asija et al., 2007)
were constructed using the LentiMax system (Lentigen,
Baltimore, MD). Human embryonic kidney (HEK) cells and
EA.hy926 cells (a human endothelial cell line) were used to
evaluate functional transgene expression. Cells were infected
with the lentiviral vector (2 ml of 109 transducing units [TU]/
ml) carrying either the HO-1 construct under the control of
the endothelium-specific promoter VECAD (VECAD-HO-1)
or the GFP construct (SCMV-GFP) (Lentigen). GFP and HO-1
mRNA and protein levels were measured by western blot-
ting and real-time (RT) polymerase chain reaction (PCR), and
GFP expression was confirmed using confocal laser scanning
(Fluoview FV300, Olympus, Center Valley, PA) microscope.

Animal treatment

The animal studies were conducted in accordance with the
National Institutes of Health’s Guidelines for Care and Use of
Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee of New York Medical
College (Valhalla, NY). Sprague–Dawley rats (9–10 weeks
old, 225–250 g in body weight) were divided into four
groups—control, Ang II, HO-1, and Ang IIþHO-1—and
were fed normal chow diet and had free access to water. For
the Ang II-treated groups, Alzet osmotic minipumps (Durect
Corp., Cupertino, CA) were implanted subcutaneously to
deliver Ang II at the rate of 200 ng/min/kg of body weight.
The vascular endothelium was targeted by a lentivirus (50ml
of 109 TU/ml) carrying VECAD-HO-1 (Lentigen). VECAD-
HO-1 (50ml, 1–2�109 TU/ml in saline) was injected into the
left renal artery with a second injection into the tail vein (75ml
of 1�109 TU/ml in saline) of Sprague–Dawley rats under
anesthesia with sodium pentobarbital (65 mg/kg of body
weight, intraperitoneally). Control animals were injected with
mock virus (placebo). Rats receiving lentivirus were main-
tained for 2–3 weeks before treatment with Ang II was initi-
ated. Rats were placed in metabolic cages for urine collection
24 hr before and at 10-day intervals after placement of osmotic
minipumps. Blood pressure was measured by the tail cuff
method before and at 10-day intervals after lentiviral admin-
istration. Prior to the experiment, rats were all acclimated to
the tail cuff method. Rats were placed in a heat-controlled box
(36–388C) for approximately 10 min before the tail cuff was
applied. The mean of a minimum of five measurements was
obtained from each rat. All measurements were determined at
the same time of day, between 9:00 and 13:00 h. At day 30, rats
were euthanized, and femoral arteries and kidneys were col-
lected for further study. Prior to sacrificing, blood samples
were collected into tubes containing potassium EDTA and
centrifuged at 2,500 g for 10 min at 48C to separate the plasma,
which was stored at �208C.
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In addition, lentivirus-VECAD-HO-1-antisense (AS)
transgenic rats were generated to achieve genetic suppres-
sion of HO-1, which was accomplished by delivery of the
lentivirus-VECAD-HO-1 gene in the AS orientation using
Lenti-VECAD for rat AS (rat HO-1-AS) to newborn Sprague–
Dawley rats as described previously (Yang et al., 2004; Ols-
zanecki et al., 2007).

RNA extraction and RT-PCR

Total RNA was extracted from rat kidney or aorta using
the RNeasy Protect Mini kit (Qiagen, Gaithersburg, MD)
according to the manufacturer’s instructions. Total RNA
(1 mg) was transcribed into cDNA using the GeneAmp kit
(Applied Biosystems, Branchburg, NJ) reverse transcription
reagents. Total RNA was analyzed by a quantitative RT-
PCR. RT-PCR was performed using SYBR Green PCR Master
Mix (Applied Biosystems) on a 7500 HT Fast Real-Time PCR
system (Applied Biosystems). Specific primers for human
and rat HO-1 were used. The human HO-1 amplification
primers were as follows: forward, 5’-CAGGCAGAGAATG
CTGAGTTC-3’; and reverse, 5’-GATGTTGAGCAGGAACG
CAGT-3’ (Abraham, 1998; da Silva et al., 2001). The rat HO-1
amplification primers were as follows: forward, 5’-TGAAG
GAGGCCACCAAGGAG-3’; and reverse, 5’-CCCCTGAGA
GGTCACCCAGG-3’. Each reaction was performed in trip-
licate. The comparative threshold cycle method was used to
calculate the fold amplification as specified by the manu-
facturer. All experimental samples were normalized using
rat glyceraldehyde 3-phosphate dehydrogenase as an inter-
nal control.

Morphology and immunohistochemistry

Kidneys were harvested and cross-sectioned, and a por-
tion was fixed in formalin, paraffin-embedded, and pro-
cessed for histology using standard techniques. Tissue
sections were cut at 3–4 mm thickness. For histopathological
evaluation, sections were deparaffined, rehydrated, and
stained with hematoxylin–eosin or Sirius Red for collagen.
For immunofluorescence, sections were first deparaffined
and rehydrated. Sections were then incubated with 1% bo-
vine serum albumin (Sigma-Aldrich, St. Louis, MO) for 1 hr
in a humidified chamber at room temperature and treated
overnight at 48C with the primary antibodies, anti-human
HO-1 and CD31, diluted 1:50 in Tris buffer (0.1 M, pH 7.4)
(TBS). Subsequently, sections were washed in TBS and in-
cubated with fluorescent-conjugated secondary antibodies
(Alexa Fluor 488 for HO-1; Alexa Fluor 543 for CD31) diluted
1:200 in TBS for 1 hr at room temperature. Control reactions
were performed in the absence of the primary antibody and
in the presence of isotype-matched IgGs. Finally, they were
stained with 4’,6-diamidino-2-phenylindole (Invitrogen,
Carlsbad, CA) for 8 min at room temperature, mounted
in mounting medium (Dako, Carpinteria, CA), and ob-
served with a confocal microscope (LSM 510 META, Zeiss,
Oberkochen, Germany).

Plasma adiponectin, monocyte chemoattractant
protein-1, and tumor necrosis factor-a measurements

The high-molecular-weight form of adiponectin, mono-
cyte chemoattractant protein-1 (MCP1), and tumor necrosis
factor-a (TNFa) were determined using enzyme-linked im-

munosorbent assays (Pierce Biotechnology, Inc., Woburn,
MA) as previously described (Li et al., 2008).

Assessment of vascular reactivity

The femoral artery was removed, placed in cold Krebs-
bicarbonate solution, cleaned of fat and loose connective
tissue, and sectioned into rings approximately 3 mm in
length. Two rings per artery were obtained, and each ring
was mounted on stainless steel hooks and suspended in a 5-
ml tissue DMT myograph bath (DMT, Atlanta, GA) filled
with Krebs solution (pH 7.4), gassed with 95% O2/5% CO2,
and maintained at 378C. The rings were incubated under a
passive tension of 0.2 g for 1 hr. The Krebs buffer solution
was replaced every 15 min, and the tension was readjusted
each time. Force was recorded from force displacement
transducers via the Powerlab system, running Chart 5 soft-
ware, from ADInstruments, Inc. (Colorado Springs, CO). At
the end of the equilibration period, the maximal force gen-
erated by addition of a depolarizing solution of KCl (60 mM)
was determined. To evaluate acetylcholine-induced vasor-
elaxation, the rings were preconstricted with phenylephrine
(3.5�10–7 M) to obtain a stable plateau, and then cumulative
dose–response curves to acetylcholine were obtained.

Western blot analysis of renal tissue for HO,
endothelial NO synthase, peNOS, inducible NO
synthase, AMP-activated protein kinase, pAMPK,
AKT, phosphorylated AKT, and adiponectin

Frozen kidneys were pulverized under liquid nitrogen and
placed in a homogenization buffer consisting of 10 mM phos-
phate buffer, 250 mM sucrose, 1 mM EDTA, 0.1 mM phe-
nylmethylsulfonyl fluoride, and 0.1% (v/v) tergitol, pH 7.5.
Homogenates were centrifuged at 27,000 g for 10 min at 48C,
the supernatant was decanted, and protein levels were deter-
mined followed by immunoblotting with various antibodies.

In brief, proteins in 20 mg of supernatant were separated
by 12% SDS-PAGE and transferred to a nitrocellulose
membrane. Immunoblotting was performed as previously
described (L’Abbate et al., 2007). Chemiluminescence detec-
tion was performed with the Amersham (Piscataway, NJ)
ECL detection kit, according to the manufacturer’s instruc-
tions. Antibodies against HO-1 and HO-2 were obtained
from Stressgen Biotechnologies Corp. (Victoria, Canada).
Antibodies against AKT, AMP-activated protein kinase
(AMPK), pAMPK, phosphorylated AKT (pAKT), and adi-
ponectin were obtained from Cell Signaling Technology, Inc.
(Beverly, MA), and those against endothelial NO synthase
(eNOS), peNOS, and inducible NO synthase (iNOS) were
from Santa Cruz Biotechnology (Santa Cruz, CA). HO-1 and
HO-2 antibodies were prepared at a dilution of 1:1,000,
whereas eNOS, peNOS, iNOS, AMPK, AKT, pAMPK, pAKT,
and adiponectin antibodies were diluted 1:5,000.

Measurement of kidney O2
� production

Kidney homogenates were placed in plastic scintillation
minivials containing 5mM lucigenin in a final volume of 1 ml
of air-equilibrated Krebs’ solution (pH 7.4) buffered with
10 mmol HEPES–1 M NaOH, for the detection of O2

� (Li
et al., 2008). Lucigenin chemiluminescence was measured
using a liquid scintillation counter (model LS6000IC,
Beckman Instruments, San Diego, CA).
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FIG. 1. (A and B) In vitro transduction with lentivirus-VECAD-HO-1 or lentivirus-VECAD-GFP in HEK and EA.hy926 (EC)
cells. Blots are representative of three separate experiments. Data are shown as mean band density normalized relative to
b-actin and are mean� SE values (n¼ 3). *p< 0.01 versus control, #p< 0.01 versus GFP, {p< 0.05 versus HEK. (C) Im-
munofluorescence analysis of GFP, CD31, and human HO-1 in renal cortical sections from rats transduced with lentivirus-
VECAD-GFP (upper panels) and with lentivirus-VECAD-HO-1 (lower panels). (D) Expression of human and rat HO-1 mRNA
in renal tissues following bolus injection of lentivirus-VECAD-HO-1. Quantitative RT-PCR revealed a marked expression of
human HO-1 without affecting rat HO-1 6 weeks after lentivirus administration. Data are mean� SEM values of three
independent experiments. *p< 0.05 versus lentivirus-GFP.
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Measurements of serum and urinary
creatinine and urinary protein

Urinary protein excretion was measured using the BCA
assay (Pierce, Rockford, IL). Serum and urinary creatinine
levels were measured by an enzyme-linked immunoassay
(Cayman Chemical Co., Ann Arbor, MI) according to the
manufacturer’s instructions.

Statistical analysis

The data are presented as mean� SE values. Statistical
significance ( p< 0.05) of differences between the experi-
mental groups was determined by Fisher’s method of anal-
ysis for multiple comparisons. For comparison between
treatment groups, the Null hypothesis was tested by either a
single-factor analysis of variance for multiple groups or an
unpaired t test for two groups.

Results

Endothelial-specific transduction

Transduction specificity was determined using cultured
kidney-derived HEK cells and human umbilical vein en-
dothelial cell-derived EA.hy926 cells. After transduction
with either VECAD-HO-1 or VECAD-GFP, HO-1 and GFP
expression was found only in EA.hy926 cells and not in
HEK cells (Fig. 1A). The presence of GFP-positive cells was
confirmed in the endothelial cells using confocal micros-
copy (Fig. 1B). The levels of HO-1 in EA.hy296 cells were
significantly ( p< 0.01) higher than in controls, indicating
that VECAD-HO-1 and VECAD-GFP specifically target
endothelial cells. The expression of HO-1 persisted for
the duration of the experimental protocols (6–9 weeks).
Immunohistochemistry of kidneys isolated from lentivirus-
GFP- and lentivirus-human HO-1-treated rats showed co-
localization of the endothelial-specific marker CD31
(platelet endothelial cell adhesion molecule) and HO-1 or

GFP (Fig. 1C), demonstrating the cell-specific targeting of
the viral vectors. Renal tissues from VECAD-HO-1-trans-
duced rats express human HO-1 mRNA and protein with-
out affecting levels of endogenous rat HO-1 (Fig. 1D).

Blood pressure and inflammation
in Ang II-treated animals

Systolic blood pressure was significantly ( p< 0.01) in-
creased in Ang II-treated Sprague–Dawley rats (222.6�
2.8 mm Hg) compared with control rats (112.2� 2.2 mm Hg)
and remained elevated (215.2� 2.9 mm Hg) throughout the
experiment. The elevation of the systolic blood pressure was
attenuated by VECAD-HO-1 transduction in Ang II-treated
Sprague–Dawley rats (194.9� 2.4 mm Hg). In the VECAD-
HO-1-transduced control rats, blood pressure (118� 2.0 mm
Hg) was unchanged (Fig. 2A). Similar patterns were noted
for plasma MCP1 (Fig. 2B), C-reactive protein (Fig. 2C), and
TNFa (Fig. 2D). Plasma MCP1 was increased ( p< 0.0.5) in
Ang II-treated rats compared with control and VECAD-HO-
1-transduced rats ( p< 0.05). Plasma C-reactive protein was
also significantly ( p< 0.05) increased in Ang II-treated rats
and decreased after lentivirus-VECAD-HO-1 transduction.
Likewise, plasma TNFa was higher ( p< 0.05) in Ang II-
treated rats compared with both control and VECAD-HO-1-
transduced rats. VECAD-HO-1 transduction reduced ( p<
0.05) plasma TNFa in Ang II-treated rats.

HO-1 targeting to vascular system
increases adiponectin release

As seen in Fig. 3A, infusion of Ang II resulted in the sup-
pression of adipocyte release and/or synthesis of adiponectin.
In contrast, rats treated with lentivirus-VECAD-HO-1 ex-
hibited a significant increase in circulating adiponectin
levels compared with lentivirus-VECAD-mock ( p< 0.05).
Furthermore, infusion of Ang II in rats transduced with
lentivirus-VECAD-HO-1 resulted in the continued expression

FIG. 2. Effect of Ang II and VE-
CAD-HO-1 transduction on (A)
blood pressure, (B) MCP1, (C) C-re-
active protein (CRP), and (D) TNFa
in Sprague–Dawley rats. Blood
pressure was measured by the tail
cuff method. Data are mean� SE
values (n¼ 6 for each group).
*p< 0.05 versus control, #p< 0.05
versus HO-1, **p< 0.05, {p< 0.01
versus Ang II.
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of high levels of circulating adiponectin compared with rats
infused with Ang II alone ( p< 0.05). Because circulating
adiponectin affects renal function, we examined whether
adiponectin is present in renal tissue and the effect of Ang
II on renal content of adiponectin. As seen in Fig. 3B, Ang II
infusion decreased ( p< 0.05) adiponectin levels in renal
tissue. Rats transduced with lentivirus-VECAD-HO-1 ex-
hibited an increase ( p< 0.05) of renal content of adipo-
nectin. To ascertain if targeting the vascular system is
involved in vascular protection, we administered lentivi-
rus-VECAD expressing the rat HO-1 gene in the AS
orientation. As seen in Fig. 3C, adiponectin protein levels
in renal tissue were decreased in rats transduced with
lentivirus-VECAD-HO-1-AS compared with rats that re-
ceived lentivirus-VECAD-mock ( p< 0.01). These results
showed that targeting vascular endothelial cells with the

HO-1 gene positively affects adipocyte-mediated adipo-
nectin synthesis.

Vascular reactivity, superoxide
production, and iNOS levels

Figure 4A shows the dose–response curves for acetylcho-
line-induced vasorelaxation of femoral artery rings pre-
contracted with phenylephrine. In rats infused with Ang II,
the acetylcholine dose–response curve was shifted to the
right, and the 50% effective concentration (Fig. 4B) increased
from 10�6 M to 10�4 M in rings isolated from control rats.
Treatment of rats with lentivirus carrying the HO-1 construct
prevented the Ang II-induced impairment of endothelial
function as the dose–response curves and the 50% effective
concentration for acetylcholine were not different from those

FIG. 3. (A) Plasma adiponectin (ACRP30) levels of Sprague–Dawley rats. Data are mean� SE values (n¼ 6) for each group.
*p< 0.05 versus control, #p< 0.05 versus Ang II. (B) Renal adiponectin in Sprague–Dawley animals. Immunoblots were
performed with antibodies against rat adiponectin. Data are shown as mean band density normalized relative to b-actin
(n¼ 6 for each group). *p< 0.05 versus control, #p< 0.05 versus Ang II. (C) Renal adiponectin of VECAD-HO-1-AS rats.
*p< 0.05 versus control.

FIG. 4. (A) Femoral arteries were
precontracted with phenylephrine for
dose-dependent (10–9–10–3 M) vaso-
relaxant responses to acetylcholine.
Vessels from Ang II-treated Sprague–
Dawley treated rats demonstrated a
decreased response compared with
control rats that was prevented by
VECAD-HO-1 transduction. *p< 0.05
versus control, #p< 0.05 versus HO-1,
{p< 0.05 versus Ang IIþHO-1. (B)
50% effective concentration for ace-
tylcholine. Results are mean� SE
values (n¼ 6). *p< 0.01 versus con-
trol, #p< 0.05 versus Ang II. (C) Ar-
tery renal superoxide levels. *p< 0.01
versus control, #p< 0.01 versus HO-1,
{p< 0.05 versus Ang II. (D) Artery
iNOS expression. Data are shown as
mean band density normalized rela-
tive to b-actin. *p< 0.05 versus con-
trol, #p< 0.05 versus Ang II.
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FIG. 5. Western blot and densitometry analysis of HO-1 and HO-2 in kidney and aorta of rats treated with either Ang II or
vehicle solution and transduced with VECAD-HO-1. Immunoblots were performed with antibodies against rat HO-1 and HO-2.
Data are shown as mean band density normalized relative to b-actin (n¼ 6 for each group). *p< 0.01 versus control, #p< 0.01
versus Ang II, **p< 0.05 versus HO-1.

FIG. 6. Western blot and densitometry analysis of AMPK, pAMPK, AKT, pAKT, eNOS, and peNOS in kidney from Sprague–
Dawley rats. Rats were treated with Ang II and transduced with (left panel) sense and (right panel) AS VECAD-HO-1. Data are
shown as mean band density normalized to b-actin or as pAMPK/AMPK, pAKT/AKT, or peNOS/eNOS ratio (n¼ 6 for each
group). *p< 0.05 versus control (cont), #p< 0.05 versus Ang II, **p< 0.05 versus HO-1, ##p< 0.05 versus Ang II.
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of control rats. The impairment of endothelial-dependent
vasorelaxation was proportional to renal superoxide gener-
ation (Fig. 4C). Thus, Ang II infusion resulted in a fourfold
increase in renal superoxide levels compared with the control
( p< 0.01), and this increase was greatly attenuated in Ang II-
infused rats that received the HO-1 construct. Arteries from
Ang II-treated Sprague–Dawley rats demonstrated a marked
( p< 0.01) increase in the levels of superoxide, suggesting an
induction of the oxidative stress response. VECAD-HO-1
transduction reduced ( p< 0.05) superoxide production in
Ang II-treated animals (Fig. 4C). Figure 4D displays the
effect of lentivirus-VECAD-HO-1 on artery iNOS levels. Ang
II infusion caused a significant increase ( p< 0.05) in iNOS
protein expression. Administration of lentivirus-VECAD-
HO-1 prevented the Ang II-mediated increase in iNOS
levels ( p< 0.05).

Effect of Ang II on lentivirus-VECAD-HO-1
transduction

As seen in Fig. 5, human HO-1 expression in renal tissue
was not affected by Ang II infusion. Similarly, western blot
analysis showed that anti-rat HO-1 detected both human
and rat HO-1; however, both anti-rat HO-1 and anti-human
HO-1 showed that lentivirus-VECAD HO-1 was expressed
at high levels in both renal and aortic tissue. Lentivirus-
VECAD HO-1 delivery did not affect endogenous HO-2
expression. In rats treated with VECAD HO-1 and infused
with Ang II, HO-1 expression was reduced compared with
rats that were treated with the lentiviral vector but did not
receive Ang II.

Effect of lentivirus-VECAD human HO-1
and lentivirus-VECAD rat HO-1-AS
on signaling molecules and peNOS

Administration of lentivirus-VECAD-HO-1 increased re-
nal pAKT, pAMPK and peNOS levels compared with con-
trol rats or rats administered Ang II (Fig. 6, left panel;

p< 0.05). This effect is considered to be due to selective
expression of human HO-1 in the vascular system. More-
over, administration of lentivirus-VECAD HO-1 prevented
the decline in peNOS that resulted from Ang II infusion. As
seen in Fig. 6, right panel, administration of lentivirus-
VECAD rat HO-1-AS resulted in decreased HO-1 levels
( p< 0.05) compared with control renal tissue. The decrease
in endogenous HO-1 seen after lentivirus-VECAD rat HO-
1-AS administration was associated with a significant de-
crease ( p< 0.05) in levels of the signaling molecules pAKT
and pAMPK and levels of peNOS.

Effect of Ang II and lentivirus-VECAD-HO-1
transduction on renal injury markers

Urinary protein excretion and serum creatinine levels
were significantly increased ( p< 0.01 and p< 0.05, respec-
tively) by the Ang II treatment (Fig. 7A and B). Lentivirus-
VECAD-HO-1 administration reduced the increase in urinary
protein excretion ( p< 0.05) and serum creatinine levels
( p< 0.05) in Ang II-treated animals, indicating that targeting
vascular expression of HO-1 has a beneficial effect on renal
function. Delivery of human HO-1 alone had no effect on
either urinary protein or serum creatinine levels compared
with control animals (Fig. 7A and 7B), although urinary
creatinine excretion was decreased by Ang II infusion. This
was prevented by lentivirus-VECAD-HO-1 treatment (Fig.
7C). Figure 7D shows that Ang II administration decreased
creatinine clearance, which was prevented by lentivirus-
VECAD-HO-1 transduction in Sprague–Dawley rats.

Discussion

We report for the first time that a lentiviral vector carrying
the HO-1 construct under the control of the endothelium-
specific promoter VECAD specifically targets endothelial
cells both in vitro and in vivo and endows cardiovascular
protection to rats infused with Ang II. Lentiviral vectors have

FIG. 7. Effect of Ang II and up-regu-
lation of HO-1 by gene transduction on
renal function in Sprague–Dawley ani-
mals. Results are mean� SE values
(n¼ 6 for each group). (A) Urinary
protein excretion. *p< 0.01 versus con-
trol, #p< 0.01 versus HO-1, {p< 0.05
versus Ang II. (B) Serum creatinine.
*p< 0.05 versus control, #p< 0.05 versus
HO-1, **p< 0.05 versus Ang II. (C) Ur-
inary creatinine. *p< 0.05 versus con-
trol, #p< 0.05 versus HO-1, **p< 0.05
versus Ang II. (D) Creatinine clearance
(Ccr). *p< 0.05 versus control, #p< 0.05
versus HO-1, **p< 0.05 versus Ang II.
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been shown to stably transduce renal and cardiac cells in vivo
(Gusella et al., 2002a,b; Der et al., 2008), although the use of
lentiviral vectors for the treatment of kidney diseases has
been limited. Recently, lentiviral vectors carrying the HO-1
construct together with the antioxidant response element
were successfully used to transduce human endothelial cells.
Antioxidant response element–driven HO-1 overexpression
inhibited nuclear factor kB activation and the subsequent
vascular cell adhesion molecule-1 expression induced by
TNFa (Hurttila et al., 2008). Similarly, overexpression of HO-1
using a VECAD promoter in endothelial cells prevented cell
death that resulted from hyperglycemia (Asija et al., 2007). The
VECAD promoter is widely used to direct endothelial-specific
expression of numerous genes (Gory et al., 1999). We used
lentiviral vectors (Huentelman et al., 2005) to achieve a longer
duration of transgene expression. Hence, a bolus intravenous
injection of lentiviral constructs expressing either HO-1 or
GFP under the control of the VECAD promoter directed
the expression of these genes to the vascular endothelium as
assessed by their co-localization with CD31, an endothelium-
specific marker. The vascular expression of both HO-1 and
GFP was evident 6–9 weeks after transduction.

In the present report we demonstrate that overexpression
of HO-1 ameliorated and prevented the negative cardiovas-
cular and renal effects of Ang II infusion, including the in-
crease in blood pressure and the accompanying impairment
of endothelium-dependent vasorelaxation and creatinine
clearance associated with increased oxidative stress and in-
flammation. Moreover, this is the first study to suggest the
existence of an HO-1–adiponectin axis that may be central
to renoprotection in this animal model of hypertension.
Thus, improvements of endothelial and renal function were
accompanied by increases in adiponectin levels and the
pAMPK–peNOS pathway. Our previous studies showed
that adenoviral- and retroviral-based vectors that over-
express HO-1 in the rat prevented the development of hy-
pertension in both the spontaneously hypertensive rat and
an Ang II-dependent model (Sabaawy et al., 2001; Yang et al.,
2004). In contrast, we found that genetic suppression of HO-
1, using HO-1-AS, elevated blood pressure and exacerbated
renal damage in the two-kidney, one-clip model of reno-
vascular hypertension (Olszanecki et al., 2007).

Overexpression of HO-1 has been shown to lower blood
pressure in animal models of hypertension (Cao et al., 2009),
and the induction of HO-1 has a cytoprotective role against
renal injury secondary to rhabdomyolysis (Nath et al., 1992),
ischemia–reperfusion injury (Maines et al., 1993), glomeru-
lonephritis (Datta et al., 1999), renal transplant rejection
(Avihingsanon et al., 2002), and nephrotoxin (e.g., cisplatin)
administration (Agarwal et al., 1995). Under these conditions,
the protective effects of increased levels of HO-1 were related
to the increased degradation of the toxic free heme moiety
and stimulation of the efflux of pro-oxidant iron from the
cells as well as to the biological actions of bilirubin, a potent
antioxidant (Stocker, 2004), and CO, a vasodilatory and anti-
inflammatory molecule (Ryter and Otterbein, 2004). Re-
cently, inhibition of apoptosis was proposed as a new
mechanism for HO-mediated cytoprotection. Several lines of
evidence point to an anti-apoptotic role of HO. The absence
of the HO-1 gene significantly increases the susceptibility of
both fibroblasts and vascular smooth muscle cells to stressful
and toxic insults (Poss and Tonegawa, 1997; Li Volti et al.,

2002), whereas, on the other hand, fibroblasts (Ferris et al.,
1999) and neurons (Chen et al., 2000) overexpressing HO-1 are
resistant to stress-mediated cell death. Furthermore, both
pharmacological HO-1 induction and HO-1 gene over-
expression render human renal epithelial cells resistant to
cisplatin-induced apoptosis (Shiraishi et al., 2000). In contrast,
HO-1–/– mice exhibit increased susceptibility to renal apo-
ptosis and necrosis after treatment with cisplatin (Shiraishi
et al., 2000). Our previous studies showed that genetic sup-
pression of HO-1 exacerbates renal damage, which can be
reversed by an increase in the anti-apoptotic signaling path-
way (Olszanecki et al., 2007). Thus, it appears that the in-
duction of renal HO-1 results in an anti-apoptotic phenotype.

Ang II-mediated increases in O2
� and ROS contribute to

endothelial cell apoptosis and dysfunction (Li and Shah,
2004). These perturbations may be reversed by the over-
expression of antioxidant enzymes and the administration of
antioxidants (Paravicini and Touyz, 2006). In the present
study, lentivirus-mediated overexpression of HO-1 resulted
in decreased O2

� generation, which may be secondary to a
decrease in the levels of heme-dependent protein NADPH
oxidase (Kwak et al., 1991) and/or an increase in the levels of
endothelial cell superoxide dismutase (Turkseven et al.,
2005). In addition, the heme degradation products, CO and
bilirubin, have potent anti-inflammatory and anti-apoptotic
activities and antioxidant properties (Abraham and Kappas,
2008). Up-regulation of HO-1 also resulted in decreases of
TNFa and MCP1 levels in the Ang II animal model. TNFa
contributes to an increase in renal inflammation, and TNFa
inhibition reduces renal injury in DOCA-salt hypertensive
rats (Elmarakby et al., 2008). MCP1 can induce oxidative
stress and activate the mitogen-activated protein kinase
system and nuclear factor kB. In a variety of chronic kidney
diseases, the renal expression of MCP1 and/or the levels of
MCP1 predict the severity of tubulointerstitial disease and
the risk for loss of kidney function (Yoshimoto et al., 2004).
MCP1 was significantly up-regulated in the kidney of mu-
tant mice unable to express HO-1 (Nath et al., 2001). The
expression of HO-1 in the proximal tubule in protein-
uric human kidney disease correlates with the severity
of proteinuria, hematuria, and tubulointerstitial disease
(Pedraza-Chaverri et al., 2006). Interestingly, constitutive
overexpression of HO-1 by proximal tubular epithelial cells
reduced the production of MCP1 by these cells in response to
albumin. Thus, the induction of HO-1 appears to provide a
favorable cellular environment for survival by the endow-
ment of antioxidative and anti-inflammatory properties. In-
deed, HO-1 overexpression results in a phenotype that is
antioxidative, anti-inflammatory, and anti-apoptotic. Our
results show that the generation of renal O2

� was prevented
by increased HO-1 expression, and this effect was accom-
panied by concomitant decreases in TNFa and MCP1 levels
and increases in pAKT and pAMPK expression.

An increase in the endothelium HO-1 expression was as-
sociated with an increase in adiponectin levels that was ac-
companied by concomitant increases in the levels of renal
eNOS, peNOS, pAKT, and pAMPK. These changes were
associated with improved resistance to oxidants and apo-
ptosis, thereby protecting the kidney. Our results support the
idea that adiponectin is critical for endothelial cell survival
and function (Ouchi et al., 2004) via the activation of eNOS,
pAKT, and pAMPK. AKT is critical to cell survival (Franke
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et al., 1997; Kim et al., 2001; Tsang et al., 2005; Varma et al.,
2005). Phosphorylation of AKT augments ATP synthesis and
promotes the association of hexokinase with the mitochon-
drial voltage-dependent anion channel to promote voltage-
dependent anion channel closure and block the release of
cytochrome c (Gottlob et al., 2001). Activation of AMPK is
important in cellular energy homeostasis (Marsin et al., 2000)
and also reduces inflammation and improves insulin sensi-
tivity and glucose tolerance (Bandyopadhyay et al., 2006; Yang
et al., 2008). Both pAMPK and pAKT utilize eNOS as a sub-
strate and increase the levels of peNOS (Chen et al., 1999;
Dimmeler et al., 1999; Abraham and Kappas, 2008). Our
findings are especially novel inasmuch as they implicate HO-1
expression as a key regulator of peNOS levels, possibly via an
increase in adiponectin–pAMPK and, thereby, of renal and
vascular function. These results support the importance of the
temporal relationship of HO-1 and adiponectin in cytopro-
tection via increases in pAMPK and pAKT and subsequently
peNOS and NO availability. Further support for this pathway
is derived from observations in Sprague–Dawley rats treated
with HO-1-AS in which much lower levels of adiponectin,
pAMPK, pAKT, and peNOS were observed compared with
control animals, implicating a link with HO-1.

Our previous studies indicate that up-regulation of HO-1
expression increased adiponectin levels in both diabetic and
obese animal models (L’Abbate et al., 2007; Kim et al., 2008; Li
et al., 2008; Peterson et al., 2008). Adiponectin has many
beneficial effects in a number of cardiovascular diseases
(Han et al., 2007; Hopkins et al., 2007), most notably a neg-
ative relationship between adiponectin and hypertension
(Cao et al., 2009). Obese African Americans have reduced
adiponectin levels associated with albuminuria (Sharma
et al., 2008). Adiponectin deficiency in mice resulted in oxi-
dative stress, fusion of podocyte foot processes in the kidney
glomerulus, and urinary albumin excretion (Sharma et al.,
2008), all of which were reversed by adiponectin treatment,
likely through activation of AMPK. Furthermore, total serum
adiponectin levels are an independent determinant of arte-
riosclerosis in IgA nephropathy patients, suggesting that
adiponectin may prevent renal arteriosclerosis and protect
renal function (Iwasa et al., 2008). Moreover, the presence of
proteinuria, an important predictor of endothelial dysfunc-
tion in early diabetic nephropathy, is associated with lower
levels of adiponectin (Yilmaz et al., 2008). Our present results
show that lentivirus-mediated HO-1 gene transduction not
only increased plasma adiponectin, but also up-regulated the
levels of adiponectin in renal tissue, contributing to the re-
noprotective effects. It is of particular interest that adipo-
nectin synthesis by adipocytes is affected by vascular HO-1
levels, leading to increases in circulating adiponectin that
reaches renal tissue as determined by western blot analysis
of kidneys isolated from lentivirus-VECAD-HO-1 rats. In-
hibition of vascular HO-1 using lentivirus-VECAD-rat HO-1-
AS decreased renal levels of adiponectin and the signaling
molecules pAKT, pAMPK, and peNOS.

Collectively, the results of the present study demonstrate
that lentiviral vectors carrying the HO-1 construct under the
control of the endothelium-specific promoter VECAD spe-
cifically target endothelial cells. The resultant up-regulation
of HO-1 protects against Ang II-induced vascular and renal
dysfunction and is associated with increased adiponectin,
pAMPK, and pAKT. The present study highlights the exis-

tence of an HO-1–adiponectin regulatory axis that, along
with the pAMPK–peNOS pathway, can be manipulated to
ameliorate the deleterious cardiovascular and renal effects of
Ang II in an animal model of hypertension.
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