
Facilitated angiogenesis induced by heme oxygenase-1 gene
transfer in a rat model of hindlimb ischemia

Masatoshi Suzuki,a Naoyuki Iso-o,b Satoshi Takeshita,c Kazuhisa Tsukamoto,b

Ichiro Mori,d Tomohide Sato,c Minoru Ohno,a Ryozo Nagai,a and Nobukazu Ishizakaa,*

a Department of Cardiovascular Medicine, University of Tokyo Graduate School of Medicine, Bunkyo-ku Hongo 7-3-1, Tokyo 113-8655, Japan
b Department of Diabetes and Metabolic Disease, University of Tokyo Graduate School of Medicine, Bunkyo-ku Hongo 7-3-1, Tokyo 113-8655, Japan

c Department of Medicine, Teikyo University School of Medicine, Itabashi-ku Kaga 2-11-1, Tokyo 173-8606, Japan
d Department of Pathology, Wakayama Medical University, Wakayama-city Kimiidera 811-1, Wakayama 641-8509, Japan

Received 15 January 2003

Abstract

Heme oxygenase-1 (HO-1) is an inducible form of heme oxygenase that catabolizes heme to carbon monoxide, biliverdin, and

ferrous iron. We have investigated whether HO-1 can induce angiogenic effects in vivo. Rats were subjected to a bolus injection of

either wild type adenovirus (ad-wt) or adenovirus encoding HO-1 (ad-HO-1) through the right femoral artery, which was then

removed immediately. HO-1 gene transfer resulted in about a sixfold increase in HO-1 protein levels as compared to the non-treated

animals. The increase in both blood flow and capillary density was significantly greater in the ischemic hindlimbs that had been

injected with ad-HO-1 than in those injected with ad-wt. These angiogenic effects of ad-HO-1 infection could be completely

abolished by treating the animals with the HO inhibitor, zinc protoporphyrin, indicating that they were specifically due to the

expression of HO-1. Thus, HO-1 gene transfer improves the blood flow in ischemic hindlimb, at least in part, via angiogenesis

facilitated by the induction of this molecule.

� 2003 Elsevier Science (USA). All rights reserved.
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The enzyme heme oxygenase catabolizes heme to

carbon monoxide, biliverdin, and ferrous iron. Heme

oxygenase-1 (HO-1) is an inducible form of heme oxy-

genase that is known to be induced by various types of

oxidants and by physiological stress. Carbon monoxide

shares several similar characteristics with another gas-

eous molecule, nitric oxide [1–7]. Recent studies have
shown that nitric oxide may modulate angiogenesis in

response to tissue ischemia [8] and that nitric oxide may

upregulate the angiogenic factor, vascular endothelial

growth factor (VEGF) in vascular cells [9]. Interestingly,

carbon monoxide may also have a role in the expression

of VEGF [10] and an in vitro study has shown that

transferring the HO-1 gene into endothelial cells pro-

motes the formation of blood vessels [4]. Malaguarnera
and colleagues [11] have shown that HO-1 may modu-

late prolactin-mediated angiogenesis. Furthermore,

Nishie and colleagues [12] have reported that the ex-

pression of HO-1 correlates with angiogenesis in human

gliomas. Collectively, these findings suggest that the

HO-1 pathway may play a role in angiogenesis in some

pathological conditions. Here we have investigated the

effect of HO-1 gene transfer in a rat model of hindlimb
ischemia.

Materials and methods

Construction of recombinant adenoviruses. Second generation re-

combinant adenovirus constructs were constructed and purified as

described previously [13]. Wild type adenovirus, adenovirus encoding a

rat HO-1 (a gift from Dr. S. Shibahara, Tohoku University School of

Medicine, Japan), and adenovirus encoding an Escherichia coli lacZ

were designated as ad-wt, ad-HO-1, and ad-lacZ, respectively. Viruses

were amplified in 293 cells and concentrated by centrifugation through

a CsCl gradient.
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Rat ischemic hindlimb model and intra-arterial adenovirus gene deliv-

ery. A rat model of hindlimb ischemia was induced as described previ-

ously [14]. Briefly, male Sprague–Dawley rats (160–180 g) (Saitama

Animal Supply, Saitama, Japan) were anesthetized with pentobarbital

(50mg/kg i.p.) and a longitudinal incision, extending inferiorly from the

inguinal ligament to a point just proximal to the patella, was made.

Through the proximal portion of the femoral artery, 1011 particles of ad-

HO-1 in 500lL of phosphate buffered saline were injected over 5–10 s,

while simultaneous obstruction of venous outflow was carried out by

temporary occlusion of the femoral vein. In control animals, the same

titer of ad-lacZ or ad-wt was infused through the femoral artery. Im-

mediately after the injection of virus, the right femoral artery was com-

pletely excised. To examine the localization of transgene expression,

hindlimbmuscles were harvested 3 days after ad-lacZ gene injection and

X-Gal staining was done as described previously [15,16].

Analysis of capillary density. Microscopic angiogenesis was evalu-

ated in terms of capillary density by light-microscopy of sections taken

from the ischemic hindlimb as described previously [17]. Unless

otherwise stated, the animals were killed 28 days after the operation,

and tissue specimens were obtained as transverse sections from the

gastrocnemius and the anterior tibial muscles of the ischemic hindlimb.

Frozen tissue sections (5lm in thickness) were first stained for alkaline

phosphatase using the indoxyl-tetrazolium method to detect capillary

endothelial cells and were then counterstained with eosin. A total of 20

randomly selected fields from one muscle section were examined under

a 20� objective to determine the capillary density and are expressed as

the mean number of capillaries per 1mm2.

Protein purification and immunoblot analysis. Protein was isolated

by homogenizing samples in the lysis buffer (50mmol/L Hepes,

5mmol/L EDTA, and 50mmol/L NaCl; pH 7.5) containing protease

inhibitors (10 lg/mL aprotinin, 1mmol/L PMSF, and 10lg/mL leu-

peptin) [18]. Polyclonal antibodies against rat HO-1 (StressGen, Vic-

toria, BC, Canada) and monoclonal antibodies against VEGF (Santa

Cruz Biotechnology, CA, USA) were used at a 1/1000 dilution. Band

intensity is expressed as the fold increase over the control value.

Laser Doppler perfusion image. Blood flow in both ischemic (right)

and nonischemic (left) hindlimbs was measured using a laser Doppler

perfusion imager system (PIM-II; Lisca Development AB, Stockholm,

Sweden). The perfusion signal was subdivided into six different inter-

vals, each displayed in a separate color from dark blue (low or no

perfusion) to red (very high perfusion). The stored perfusion values

behind the color-coded pixels were used for analysis. The blood flow in

ischemic limb was normalized to that of the contralateral non-ischemic

hindlimb to minimize variables including ambient light and tempera-

ture. Perfusion analyses were done sequentially before, immediately

after, and 2–28 days after the surgery. Some rats were given a daily

intraperitoneal injection of the HO inhibitor zinc-protoporphyrin

(ZnPP; Porphyrin Products, Logan, UT, USA) at a concentration of

50 lmol/kg/day, starting two days before and continuing until 7 days

after the operation.

Statistical analysis. Data are expressed as the means� SEM.

ANOVA followed by a multiple comparison test was used to compare

raw data before they were converted to a percentage of the control

value using the statistical analysis software, Statistica ver. 5.1J for

Windows (StatSoft Inc., Tulsa, OK, USA). A value of p < 0:05 was

considered to be statistically significant.

Results and discussion

Assessment of localization and semi-quantification of the

expression of transgenes

First, X-gal staining of the hindlimb 3 days after the

bolus intra-arterial injection of ad-lacZ was performed to

verify the integrity of the gene transfer method. X-gal
staining was found to be positive in the myofibers, capil-

laries (Figs. 1A–C), arterioles/venules, and perivascular

cells, presumably fibroblasts (Figs. 1D), which suggested

that gene transfer to these cells had been successful. The

validity of this assessment was supported by the fact that

no positive staining was seen in hindlimbmuscles injected

with ad-HO-1-injected (Figs. 1E and F). Next, expression

of HO-1 protein at various time points after the adeno-
virus-mediated gene transfer and the simultaneous in-

duction of ischemia were assessed semi-quantitatively by

Western blot analysis. Immunoblot analysis showed a

robust increase in HO-1 expression that peaked 2 days

after surgery in rats infected with ad-HO-1 (Figs. 1G and

H). Although HO-1 expression also increased slightly 2

days after surgery in control rats infected with ad-wt, the

extent was significantly smaller than that in the ad-HO-1
infected rats.

We employed an intra-arterial approach for deliver-

ing the adenovirus vector into hindlimb because we

found that this method resulted in a greater efficiency of

transgene expression than did direct intramuscular ad-

enovirus injection (see Fig. 5), in agreement with the

findings of other investigators [19,20]. We previously

found that pressurization of the arterial wall during
adenovirus-mediated gene transfer markedly augments

the efficacy of gene delivery [21,22]. Thus, in the present

study, we simultaneously obstructed venous outflow by

the temporary occlusion of the femoral vein at the time

of intra-arterial adenovirus injection in an attempt to

increase the transgene efficacy. Because HO-1 expression

was increased also in the ad-wt-infected muscle, this may

indicate that hypoxia itself can increase the expression
of HO-1 in some tissues, possibly by a mechanism in-

volving hypoxia-inducible factor-1 [23].

Laser Doppler flow analysis after adenovirus mediated

HO-1 gene transfer

Laser Doppler blood flow analysis was performed

immediately before and after, and subsequently at 2, 14,

and 28 days after the induction of hindlimb ischemia.
Both the ad-HO-1-infected and the ad-wt-infected

hindlimb muscles showed progressive recovery of blood

perfusion (Fig. 2); however, the recovery of blood flow

was found to be significantly greater in the hindlimb of

ad-HO-1 infected rats than in control infected animals

(Fig. 2).

Analysis of capillary density

To determine whether the facilitated recovery in

hindlimb perfusion that seen in the ad-HO-1-infected

hindlimb was attributable to the angiogenic effects of

HO-1, we analyzed the capillary density of the hindlimb

muscle at 28 days after the surgery and concomitant
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Fig. 2. Time course of hindlimb blood flow recovery after administration of adenovirus followed by immediate removal of the femoral artery.

Measurements of hindlimb blood flow were performed with laser Doppler blood-flow analysis and have been normalized to blood flow in the normal

hindlimb. (A) Representative laser Doppler perfusion imaging recorded at the indicated days after injection of either ad-wt or ad-HO-1. (B) Line

graph summarizing data from 10 to 12 different animals for each time point. Values are means� SEM. *p < 0:05 versus values of ad-wt-infected

animals at each time point after adenovirus gene transfer.

Fig. 1. Gene expression after adenovirus-mediated gene transfer in the ischemic hindlimb. (A–F) X-Gal staining of the rat hindlimb muscle 3 days

after adenovirus-mediated gene transfer. Rats were subjected to intra-arterial injection of either ad-lacZ (A–D) or ad-wt (E,F) at a dose of 1011

particles per rat, followed by immediate removal of the femoral artery. Positive X-Gal staining is observed in myofibers in ad-lacZ-injected muscle,

but not in ad-wt-injected muscle. At higher magnification, positive X-Gal staining can be seen not only in myofibers (B) and capillaries (C), but also

in venous veins (D). Original magnifications are 250� (A and E) and 800� (B–D, and F). (G,H) Time course of HO-1 expression in the hindlimb

after gene transfer and immediate induction of ischemia. (G) Representative immunoblot. (H) Summary of the data from four to six animals for each

time point. Although expression of HO-1 increased slightly in the ad-wt-infected hindlimb muscle slightly increased in some animals, this difference

did not reach statistical significance. *p < 0:05 and yp < 0:01 versus the value at day 0, i.e., before injection. Values are means� SEM. {p < 0:05

versus values of ad-wt-infected animals at the same time point after adenovirus gene transfer.
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gene transfer. The capillary density in the hindlimb of
ad-HO-1-injected rats was significantly greater than that

in the hindlimb of the ad-wt-injected animals (Figs. 3A

and B), which suggests that ad-HO-1 can increase blood

flow in the hindlimb, at least in part, by promoting

angiogenesis. As HO-1 may induce VEGF in some

conditions [24,25], we also investigated the expression of

VEGF after gene transfer. VEGF protein was increased

in the ad-HO-1-infected ischemic hindlimb and peaked
14 days after the surgery. Although VEGF protein was

also increased in the hindlimb of rats infected with ad-

wt, the increase was significantly smaller than that in

rats infected with ad-HO-1 (Figs. 3C and D). This ob-

servation is consistent with the finding that limb ische-

mia itself can increase local expression of VEGF [26].

Effect of HO inhibitor on ad-HO-1-induced increase in

blood flow and capillary formation in the hindlimb

To examine whether the increase in hindlimb blood

flow seen in ad-HO-1-infected animals was mediated by

the specific actions of HO-1, we investigated the effect of

an HO inhibitor, ZnPP, on the ad-HO-1 induced facil-

itated recovery of blood flow. Administration of ZnPP
had abolished the facilitated increase in hindlimb blood

flow induced by infection with ad-HO-1 at both 7 days

(Fig. 4A) and 21 days (Fig. 4B) after the induction of

ischemia and concomitant gene transfer. In addition,

ZnPP treatment also abolished the increase in capillary

density facilitated by ad-HO-1 infection at both 14 days

(Fig. 4C) and 28 days (Fig. 4D). These data indicate that

the facilitated increase in blood flow and capillary den-
sity observed in ischemic hindlimb infected with ad-HO-

1 is mediated specifically by HO-1.

Effect of HO-1 gene transfer on the blood flow of the non-

ischemic hindlimb

Finally, we investigated whether HO-1 gene transfer

could also increase blood flow in non-ischemic hindlimb.

As the femoral artery was not removed in this experi-
ment, either ad-HO-1 or ad-wt was injected intramus-

cularly into the non-ischemic hindlimb of the rats. Gene

transfer of ad-HO-1, but not ad-wt, significantly in-

creased expression of HO-1 protein (about 3.5-fold) at 2

days after gene transfer (Fig. 5A). Laser Doppler blood

Fig. 3. Capillary density measurement and VEGF expression after adenovirus mediated gene transfer. (A,B) Capillary density analysis. (a) Alkaline

phosphatase staining of the frozen section of the hindlimb muscles at 28 days after adenovirus infection followed by immediate induction of ischemia.

(a,b) ad-wt-infected muscle. (c,d) ad-HO-1-infected muscle. Original magnifications are 250� (a and c), and 500� (b and d). (B) Bar graph sum-

marizing the data from six animals in each group. Values are means� SEM. *p < 0:05 versus values of ad-wt-infected animals. (C,D) Time course of

VEGF expression after gene transfer. A representative immunoblot. (B) Summary of the data from four to six animals for each time point. Although

HO-1 expression increased slightly in the ad-wt-infected hindlimb muscle in some animals, this difference did not reach statistical significance as

compared with control levels. Values are means� SEM. *p < 0:05 and zp < 0:01 versus the value at day 0, i.e., before injection. {p < 0:05 and
yp < 0:01 versus values of ad-wt-infected animals at the same time point after adenovirus gene transfer.
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flow analysis was performed on days 3 and 7 after gene
transfer, and blood flow in the hindlimb that had un-

dergone gene transfer was normalized to the blood flow

in the contralateral hindlimb. Gene transfer of ad-HO-1,

but not ad-wt, significantly increased blood flow in the

non-ischemic hindlimb (Fig. 5B). However, capillary

density was not increased in the ad-HO-1-infected

hindlimb (97% of the ad-wt-infected hindlimb, day 14

after gene transfer, n ¼ 4 in each group) as compared to
the ad-wt-infected hindlimb; thus, this effect was con-

sidered not to be due to the angiogenic effects of HO-1.

In the present study, adenovirus-mediated HO-1 gene

transfer into the ischemic hindlimb facilitated a significant

recovery of blood flow in the hindlimb; this effect was, at

least in part, due to an increase in the capillary density

and, thus, to angiogenic effects of HO-1. There are several

possible pathways by which activating the HO system
may be linked to the process of angiogenesis. First, bili-

rubin, anHO-mediated degradation product of heme, is a

strong scavenger of peroxyl radicals [27], whichmay have

an anti-angiogenic effect [28]. Alternatively, induction of

HO-1 may increase expression of the angiogenic growth

factor,VEGF, aswas indeedobserved in the present study

(Figs. 3C andD); expression ofVEGF can bemediated by

another heme-catabolizing product, carbon monoxide
[10]. Interestingly, a recent study has shown that carbon

monoxide may increase the release of nitric oxide in mi-

crovessels [29]; therefore, a third possibility is that ad-HO-

1 infection promotes angiogenesis by increasing the re-

lease of nitric oxide, although this possibility was not

examined in the present study.

In the final set of experiments, we showed that ad-HO-

1 gene transfer could also potently increase the blood flow
in the non-ischemic hindlimb, and this phenomenon was

not accompanied by an increase in the capillary density as

compared to the ad-wt-infected hindlimb. This increase in

blood flow may be caused by the vasodilatory action of

carbon monoxide [30]; however, this possibility remains

to be investigated in future studies.

In summary, the intra-arterial administration of an

adenovirus encoding HO-1 at the time of the induction of
ischemia of hindlimb facilitated an improvement in the

blood flow of the ischemic hindlimb. This was at least

partly mediated through an increase in capillary density;

in other words, expression of HO-1 facilitated angiogen-

esis.AsHO-1 is amember of the heat shock protein family

and is readily induced by various stimuli such as oxidative

stress, the induction of localHO-1 expression represents a

potential therapeutic target for the treatment of limb is-
chemia.
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