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Oral Tetrahydrobiopterin Improves the Beneficial
Effect of Adenoviral-mediated eNOS Gene
Transfer After Induction of Hindlimb Ischemia

Jinglian Yan', Guodong Tie', Ari Hoffman?, Yagai Yang?, Philip T Nowicki' and Louis M Messina’

'Department of Surgery, University of Massachusetts Medical School, Worcester, Massachusetts, USA; 2Department of Surgery, University of California,
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We tested the hypothesis that oral supplementation with
the endothelial nitric oxide synthase (eNOS) cofactor tetra-
hydrobiopterin (BH,) improved the therapeutic efficacy of
eNOS gene transfer in the ischemic rat hindlimb. BH, or
vehicle were begun 1 week before induction of hindlimb
ischemia, whereas recombinant adenovirus containing
bovine eNOS cDNA (AdeNOS) or vehicle [phosphate-
buffered saline (PBS)] was infused intra-arterially into the
ischemic hindlimb 10 days after induction of ischemia.
Rats receiving co-treatment with dietary BH, and eNOS
gene transfer (the [eNOS, +BH,] group) had greater eNOS
expression, phospho-eNOS expression (Ser''”?), Ca?*-
dependent NOS activity, and nitrite + nitrate concentra-
tions in the ischemic gastrocnemius than did rats receiving
AdeNOS alone. The [eNOS, +BH,] group demonstrated
less nitrotyrosine and a higher ratio of reduced:oxidized
glutathione (GSH:GSSG) in the ischemic gastrocnemius
muscle than did rats receiving AdeNOS alone. The [eNOS,
+BH,] group had greater flow recovery and a higher
capillary:myocyte ratio in the ischemic hindlimb than did
rats receiving AdeNOS alone. Finally, the [eNOS,+BH,]
group had less necrosis of hindlimb muscles than rats
given AdeNOS alone. We conclude that adjunctive dietary
therapy with BH, increases the beneficial effects of eNOS
gene transfer within the ischemic gastrocnemius muscle,
as evidenced by increased nitric oxide (NO) production,
diminished oxidative stress, enhanced flow recovery, and
reduced necrosis.
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INTRODUCTION

Generation of novel therapeutic modalities for the clinical prob-
lem of critical limb ischemia is clearly warranted by the substantial
impact this condition has on morbidity and mortality, as well as
on the paucity of existing effective treatment options.! In this con-
text, our laboratory** and others** have investigated the potential
utility of intra-arterial gene transfer of endothelial nitric oxide
synthase (eNOS) into an ischemic limb as a therapeutic inter-
vention designed to improve perfusion and minimize tissue loss.

This treatment is based on the evidence that nitric oxide (NO)
derived from eNOS is a potent vasodilator and signaling molecule
that plays a essential role in vascular remodeling and perfusion
recovery in response to acute hindlimb ischemia.*"!

eNOS generates NO during the oxidation of L-arginine to
L-citrulline.’? An essential cofactor in this reaction is tetrahydro-
biopterin (BH,). BH4 maintains eNOS in the dimeric configuration
wherein electron transfer from the flavin of the reductase domain
of one monomer to the heme group within the oxidase domain
of the other monomer occurs, ultimately resulting in oxidation of
L-arginine. In the absence of BH,, eNOS becomes uncoupled; con-
sequently, electron transfer between monomers fails to occur and
the electron flux results in oxidation of molecular oxygen to form
superoxide anion (O,"), a highly toxic free radical."*** Importantly,
BH, can itself undergo oxidation to form 7,8-dihydrobiopterin,
which is functionally inactive. This circumstance can potentiate a
vicious cycle in which uncoupled (BH -deficient) eNOS generates
O, that in turn oxidizes available BH , causing further uncoupling
of eNOS."” BH, is itself a potent antioxidant and its loss might
compromise redox balance by reducing the pool of antioxidants
available to counteract an oxidant stress.

The capacity of eNOS to generate either NO or O, raises an
important question regarding the therapeutic efficacy of eNOS
gene transfer in the setting of critical limb ischemia. It might
be logically anticipated that administration of exogenous eNOS
would increase production of eNOS-derived NO leading to
enhancement in NO-mediated collateral artery vasodilation and
remodeling. However, if eNOS is administered into an environ-
ment deficient in BH,, then it is conceivable that this exogenously
delivered eNOS uncouples and therefore generates O, in lieu of
NO. To begin to address this question, this investigation tested
the hypothesis that dietary supplementation with BH, enhances
the beneficial effects of intra-arterial gene transfer of eNOS in the
setting of severe hindlimb ischemia in rats.

RESULTS

Co-treatment with eNOS gene transfer and dietary
BH, significantly increased eNOS expression within
the ischemic gastrocnemius muscle

eNOS gene transfer was achieved by intra-arterial infusion of
bovine eNOS ¢DNA linked to an adenovirus vector (AdeNOS).
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Rats receiving AdeNOS alone (the [eNOS, -BH,] group)
demonstrated robust eNOS expression in the ischemic gastroc-
nemius muscle. This expression was significantly greater in rats
receiving co-treatment with AdeNOS and dietary BH, (the [eNOS,
+BH,] group) (Figure 1a,b). A similar pattern was observed in
the expression of phospho-eNOS in the ischemic gastrocnemius
(eNOS phosphorylated at Ser'””) (Figure 1c).

Co-treatment with eNOS gene transfer and dietary
BH, significantly increased eNOS activity within the
ischemic gastrocnemius muscle

Ca’*-dependent NOS activity, i.e., the sum of endogenous eNOS,
bovine AdeNOS, and endogenous nNOS (the neural is form of
NOS) was significantly less in the ischemic gastrocnemius muscle
of rats receiving only intra-arterial phosphate-buffered saline (PBS)
(the [PBS, —BH,] group) than in sham rats, a group fed a normal
diet and that underwent a sham femoral excision. Rats receiving
dietary BH, alone (the [PBS, +BH,] group) and rats receiving eNOS
gene transfer alone had Ca?*-dependent NOS activity levels greater
than the [PBS, ~BH,] group, but these levels still remained below
that noted in the sham limb. Rats in the [eNOS, +BH, ] group, how-
ever, did have a NOS activity level equivalent to the sham group
(Figure 2a). The Ca**-independent NOS activity level, which
reflects the inflammatory NOS isoform, was greater in the [PBS,
~BH, ] group than in all other groups. This level was similar among
the other treatment groups (data not shown). The NO_ concen-
tration in the ischemic gastrocnemius muscle, which represents
the sum of the NO metabolites NO, and NO,, closely paralleled
phospho-eNOS expression and Ca?*-dependent NOS activity levels:
NO, was greater in rats receiving eNOS than PBS, was greatest in
rats receiving both eNOS and BH, (Figure 2b). Collectively, these
findings indicate that co-treatment with intra-arterial AdeNOS
and dietary BH, exerted an additive effect on eNOS expression and
activity in the ischemic hindlimb, leading to an increased produc-
tion of NO. We have previously demonstrated that infusion of an
empty adenoviral vector into the ischemic hindlimb does not affect
eNOS expression or activity in the gastrocnemius muscle? and so
did not repeat these groups in the present study.

Co-treatment with eNOS gene transfer and dietary
BH, significantly reduced oxidant stress in the
ischemic gastrocnemius muscle

Nitrotyrosine, a marker of peroxynitrite-induced protein nitrosy-
lation, was most abundantly present as in the ischemic gastro-
cnemius muscle in the [PBS, ~BH,] group, as evidenced by both
western blotting and immunohistochemistry (Figure 3a,b). The
level of nitrotyrosine accumulation was significantly less in the
[PBS, +BH,] and [eNOS, ~BH,] groups than in rats receiving PBS
alone, indicating that the singular additions of BH, or AdeNOS
were sufficient to reduce nitrotyrosine accumulation. Most strik-
ing, however, was the virtual absence of nitrotyrosine in the isch-
emic gastrocnemius muscle from the [eNOS, +BH,] group. The
ratio of reduced:oxidized glutathione (GSH:GSSG) was also mea-
sured as an index of oxidant stress in the ischemic gastrocnemius
muscle. Treatment with eNOS gene therapy alone was sufficient
to increase the GSH:GSSG ratio, whereas the singular addition
of dietary BH, did not exert a significant effect. Rats co-treated
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Figure 1 Co-treatment with eNOS gene transfer and dietary BH,
significantly increased eNOS expression in the ischemic gastroc-
nemius muscle. Studies were carried out 4 days after AdeNOS or PBS
infusion (14 days after induction of ischemia). (a) Expression of bovine
eNOS in the ischemic gastrocnemius muscle was greater in rats receiv-
ing AdeNOS than in rats receiving only PBS, and this expression was
enhanced further by co-treatment with dietary BH, (mean + SD, n=4-5,
*P < 0.05 versus [PBS, -BH,], TP < 0.05 versus [eNOS, —BH,]). (b) This
finding was confirmed by immunohistochemistry, which demonstrated
greater evidence eNOS in rats receiving AdeNOS infusion than in rats
receiving PBS infusion. Representative micrographs are shown (x400);
eNOS is stained brown. (c) Expression of phospho-eNOS in the ischemic
gastrocnemius muscle paralleled that of bovine eNOS; thus, expression
was greater in rats receiving AdeNOS than PBS, and was greatest in rats
that received both AdeNOS and dietary BH, (mean + SD, n = 4-5, *P <
0.05 versus [PBS, —BH,], TP < 0.05 versus [eNOS, -BH,]). BH,, tetrahy-
drobiopterin; eNOS, endothelial nitric oxide synthase; PBS, phosphate-
buffered saline.

with eNOS gene transfer and dietary BH, had a GSH:GSSG ratio
greater than rats receiving AdeNOS alone (Figure 1c). Together,
these findings indicate that co-treatment with eNOS gene trans-
fer and dietary BH, had an additive beneficial effect in reducing
oxidant stress within the ischemic gastrocnemius muscle.

Co-treatment with eNOS gene transfer and dietary
BH, significantly improved blood flow and capillary
density in the ischemic hindlimb

Laser Doppler perfusion imaging demonstrated that calf per-
fusion was similar in the four treatment groups until 14 days

1483



Oral BH, and Intra-arterial AdeNOS for Hindlimb Ischemia

a
60 - 4
50 -
o 40
2
£
8 30 *T
20 *t
10 *
Sham  PBS,-BH, PBS,+BH, eNOS, —BH, eNOS, +BH,
*.
b, t
30 .
3
£
= 20 4
o
b4
) -
PBS,-BH, PBS,+BH, eNOS,-BH, eNOS,+BH,

Figure 2 Co-treatment with eNOS gene transfer and dietary BH,
significantly increased eNOS activity in the ischemic gastrocnemius
muscle. Studies were carried out 4 days after AdeNOS or PBS infusion
(14 days after induction of ischemia). (a) Ca?*-dependent NOS activ-
ity was measured in the gastrocnemius muscle from the four study
groups as well as in rats that underwent sham femoral ligation. NOS
activity was lower than the sham level in all study groups except the
[eNOS,+BH,] co-treatment group, although treatment with either BH,
or AdeNOS alone increased NOS activity level above that present in
rats receiving only PBS (mean + SD, n = 5, *P < 0.05 versus sham,
P < 0.05 versus [PBS,-BH,], *P < 0.05 versus [eNOS, —-BH,]). (b) The
NO, concentration in the ischemic gastrocnemius was greater in rats
receiving AdeNOS infusion than in rats receiving PBS infusion. Rats
receiving co-treatment with AdeNOS and BH, had gastrocnemius NO,
levels greater than rats receiving AdeNOS alone (m + SD, n = 4-5, *P <
0.05 versus [PBS, -BH,], TP < 0.05 versus [eNOS, —-BH,]). BH,, tetrahy-
drobiopterin; eNOS, endothelial nitric oxide synthase; PBS, phosphate-
buffered saline.

after induction of hindlimb ischemia (Figure 4a). Beginning at
this time point, the recovery of foot perfusion was significantly
greater in the two groups that received eNOS gene transfer than
in the [PBS, -BH,] and [PBS, +BH,] groups. Recovery of foot
perfusion was significantly greater in the [eNOS, +BH,] than
in the [eNOS, -BH,] group on days 21 and 30 after induction
of hindlimb ischemia. The angioscore, a measure of collateral
artery enlargement, was significantly greater in the two groups
that received eNOS gene transfer than in the [PBS, -BH,] or
[PBS, +BH,] groups, whereas the angioscores were similar in the
[eNOS, -BH,] and [eNOS, +BH,] groups (Figure 4b). Capillary
density, determined as the ratio of CD31% cells (endothelial
cells):myocytes, was similar in the [PBS, -BH,] and [PBS, +BH,]
groups, i.e., the ratio was not affected by the addition of dietary
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Figure 3 Co-treatment with eNOS gene transfer and dietary BH,
significantly reduced oxidative stress in the ischemic gastrocnemius
muscle. These studies were carried out 4 days after AdeNOS or PBS infu-
sion (14 days after induction of ischemia). (a) The expression of nitroty-
rosine in the ischemic gastrocnemius muscle was lower in rats receiving
either AdeNOS or BH, alone than in rats receiving only PBS; moreover,
nitrotyrosine was undetectable by western blotting in the ischemic gas-
trocnemius from rats receiving co-treatment with AdeNOS and BH, (m +
SD, n = 4-5, *P < 0.05 versus [PBS, —BH,]). (b) These findings were
confirmed by immunohistochemistry; thus, less nitrotyrosine was evi-
dent in the gastrocnemius muscles from rats receiving either AdeNOS
or BH,, but virtually none was evident in rats receiving both treatments.
Representative micrographs are shown (x400); nitrotyrosine is stained
brown. (c) The ratio of the reduced:oxidized forms of glutathione (GSH:
GSSQ) in the ischemic gastrocnemius muscle was greater in rats receiv-
ing AdeNOS alone than in rats receiving PBS; in contrast, treatment
with BH, alone had no effect. Rats receiving co-treatment with AdeNOS
and BH, had a GSH:GSSG ratio greater than rats receiving AdeNOS
alone (m % SD, n = 4-5, *P < 0.05 versus [PBS, —-BH,], TP < 0.05 versus
[eNOS, +BH,]). BH,, tetrahydrobiopterin; eNOS, endothelial nitric oxide
synthase; PBS, phosphate-buffered saline.

BH, alone. In contrast, the [eNOS, -BH,] group had a greater
capillary:myofiber ratio than groups receiving PBS, whereas
the coaddition of AdeNOS and BH, increased this ratio further
(Figure 4c). We have previously demonstrated that intra-arterial
infusion of an empty adenoviral vector into the ischemic hindlimb
does not affect foot blood flow recovery or capillary density,>*
and so did not repeat these groups in the present study.
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Co-treatment with eNOS gene therapy and dietary
BH, significantly reduced the extent of muscle
necrosis in the ischemic hindlimb

Staining of the cut surface of tibialis anterior and gastrocnemius
muscles from the ischemic hindlimb with nitroblue tetrazolium
revealed substantial muscle necrosis in rats receiving only PBS.
The extent of necrotic area was similar in the [PBS, -BH,] and
[PBS, +BH,] groups; however, the degree of necrosis was signifi-
cantly less in the [eNOS, —BH,] group than in rats receiving PBS.
Rats co-treated with AdeNOS and BH, demonstrated the least

a 12
i #
1] —— PBS, -BH, 1 #
—=— PBS, +BH, ~ I
eNOS, -BH, . X
08 4 —— eNOS, +BH, I L
s |
Q +
2]
£
S 06
Q
o
3
0.4 4
0.2 4
0 y
pre-op post-op pre-in post-in Day4 Day7 Day14 Day21 Day 30

PBS, -BH, PBS, +BH, eNOS, -BH, eNOS, +BH,

c
25
*
20 .
<
o
(5]
g 15-
[=2}
f=
<
10—
5
PBS, -BH, PBS, +BH, eNOS, -BH, eNOS, +BH,
2.5+
*
o y
® 204
; *
=
8
E 1.5+
g
8 104
[$)
N - .

PBS,-BH, PBS,+BH, eNOS,-BH, eNOS,+BH,

Molecular Therapy vol. 18 no. 8 aug. 2010

Oral BH, and Intra-arterial AdeNOS for Hindlimb Ischemia

extent of muscle necrosis (Figure 5a). These differences were also
evident on hematoxylin and eosin-stained sections of tibialis ante-
rior (Figure 5b) and gastrocnemius (Figure 5¢) muscles from the
four study groups. Indeed, the gastrocnemius histology noted in
the [eNOS, +BH,] group was remarkably free of extensive necrosis
or inflammation. In contrast, muscle histology in the [PBS, ~BH, ]
and [PBS, +BH,] groups revealed heavy nuclear staining in the
intermyofibrillar connective tissue, as well as an inflammatory cell
infiltrate. Finally, the weights of the ischemic tibialis anterior and
gastrocnemius muscles, when expressed as a ratio to weight of
the nonischemic muscles, were significantly greater in the [PBS,
-BH,] and [PBS, +BH,] groups than in the [eNOS, -BH,] group.
The weight ratios were similar in the [eNOS, ~BH,] and [eNOS,
+BH,] groups (Figure 5d). Collectively, these findings indicate
that co-treatment with intra-arterial AdeNOS and dietary BH,
had an additive effect on reducing muscle necrosis in the ischemic
hindlimb.

DISCUSSION

The addition of dietary BH, supplementation to rats receiving
eNOS gene transfer had an additive effect in improving the mea-
sured outcome variables following induction of acute ischemia in
the rat hindlimb and these data support the experimental hypoth-
esis. Thus, eNOS expression and NO production, and blood flow
recovery and capillary density were increased in co-treated rats,
whereas evidence of oxidant stress and tissue necrosis were sig-
nificantly reduced when both AdeNOS and BH, were provided.
The ultimate goal of therapy for limb ischemia is preservation
of muscle and hence limb function. In this context, the present
findings provide the first in vivo evidence that dietary supplemen-
tation with BH,, coupled with eNOS gene therapy, exerts a ben-
eficial additive effect on this most clinically relevant of dependent
variables, i.e., the extent of postischemic muscle necrosis.

The premise of this study was that delivery of eNOS gene ther-
apy in the setting of critical limb ischemia will provide maximal
benefit only if the substrates (L-arginine, NADPH, O,) and cofac-
tors (flavin adenine dinucleotide, flavin mononucleotide, iron

Figure 4 Co-treatment with eNOS gene transfer and dietary BH,
significantly improved blood flow and capillary density in the
ischemic hindlimb. (a) LDPI data were expressed as the ratio of the
ischemic:nonischemnic limb. Rats receiving AdeNOS 10 days after
induction of ischemia demonstrated greater foot blood flow recovery
between postischemia days 14 through 30 than rats receiving PBS infu-
sion, and the addition of BH, alone had no effect. Rats who received
co-treatment with AdeNOS and BH, had greater foot flow recovery
between postischemia days 21 and 30 after induction of ischemia
than rats receiving AdeNOS alone (m + SD, n = 5, *P < 0.05 versus
[PBS, -BH,], #P < 0.05 versus [eNOS, —BH,]). (b,c) The angioscore, deter-
mined 18 days after AdeNOS or PBS infusion (28 days after induction
of ischemia), was greater in rats receiving AdeNOS than in rats receiv-
ing PBS; co-treatment with dietary BH, and AdeNOS did not cause a
further increase in the angioscore (mean + SD, n = 5, *P < 0.05 versus
[PBS, —BH,]). (d) Capillary density, expressed as the ratio of CD31 * cells
(endothelial cells):myocytes, was determined in the ischemic gastrocne-
mius muscle 18 days after AdeNOS or PBS infusions (28 days after induc-
tion of ischemia). Rats receiving AdeNOS had higher capillary density
measurements than rats receiving PBS, and this effect was increased in
rats receiving co-treatment with AdeNOS and BH, (mean + SD, n = 5,
*P < 0.05 versus [PBS, —BH,], P < 0.05 versus [eNOS, -BH,]). BH,, tetra-
hydrobiopterin; eNOS, endothelial nitric oxide synthase; I/R, ischemia/
reperfusion; PBS, phosphate-buffered saline.
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Figure5 Co-treatment with eNOS gene transfer and BH, significantly
reduces the extent of muscle necrosis in the ischemic hindlimb.
Studies were carried out on tibialis anterior and gastrocnemius muscles
taken from the thigh and calf, respectively, 7 days after AdeNOS or PBS
infusion (17 days after induction of ischemia). (a) Transverse sections
were made through the muscles, and the cut surfaces (=3 per muscle)
were stained with nitroblue tetrazolium to delineate between viable and
necrotic tissue. The data are expressed as the ratio of necrotic surface
area:total cut surface area. This ratio was less in rats receiving AdeNOS
infusion than in rats receiving PBS infusion. In the gastrocnemius muscle,
this ratio was reduced further by co-treatment with AdeNOS and BH,
than in rats receiving AdeNOS alone (mean + SD, n=5, *P < 0.05 ver-
sus [PBS, —BH,], TP < 0.05 versus [eNOS, —BH,]). Histological evaluation
revealed that co-treatment with AdeNOS and BH, significantly reduced
evidence of cellular necrosis in the (b) tibialis anterior muscle and
(c) gastrocnemius muscle. This difference was particularly evident in the
gastrocnemius. Representative micrographs are shown (x400); sections
were stained with hematoxylin and eosin. (d) The tibialias anterior and
gastrocnemius muscles from the ischemic and nonischemic hindlimbs
were weighed and the ratio calculated. This ratio was significantly greater
in rats receiving AdeNOS infusion than PBS infusion. Co-treatment with
AdeNOS and dietary BH, did not affect the ratio further (m £ SD, n=5,
*P < 0.05 versus [PBS, —BH,]). BH,, tetrahydrobiopterin; eNOS, endothe-
lial nitric oxide synthase; PBS, phosphate-buffered saline.

protoporphyrin IX, and BH,) are present at levels sufficient to per-
mit normal enzymatic activity.'> Of these substrates and cofactors,
we focused on supplementation of BH, for three reasons. First,
BH, is requisite to maintain eNOS in the dimeric form necessary
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for the transfer of electrons from NADPH to L-arginine; the
absence of BH, “uncouples” eNOS monomers wherein the elec-
tron flow is diverted to O,, resulting in eNOS-derived production
of O,~.""® An intracellular eNOS:BH, molar ratio >1 is necessary
to prevent eNOS “uncoupling,’'® and studies carried out in vitro'®
and in vivo” have demonstrated that BH, supplementation
enhances NO production and reduces O, production by eNOS.
Second, BH, is readily oxidized," and oxidant stress is present in
critical limb ischemia because of the repetitive episodes of tran-
sient reperfusion.'® It is thus possible that BH, levels are reduced
in the ischemic hindlimb and that supplementation with dietary
BH, might restore level of this cofactor within the collateral arter-
ies and capillaries within the ischemic hindlimb, the principal
sites of eNOS activity. Third, BH, is itself a potent antioxidant that
eliminates peroxynitrite 6-10 times faster than thiols (e.g., gluta-
thione) and ascorbate.'* Peroxynitrite, formed by the combination
of NO and O, is one of the nitrogen radicals responsible for pro-
tein nitrosylation and hence nitrotyrosine formation,'* a process
established to be present in the ischemic hindlimb.??

The increased NO_ tissue concentration, the increased
expression of phospho-eNOS, the increased GSH:GSSG ratio,
and virtual elimination of nitrotyrosine staining in the ischemic
gastrocnemius muscle provide strong, albeit indirect evidence
that dietary supplementation with BH, reduced the extent of
eNOS uncoupling in the ischemic gastrocnemius muscle of rats
receiving eNOS gene transfer. NO, represents the sum of the NO
metabolites NO, and NO,, and is an accepted surrogate measure-
ment for NO production.” The [eNOS, +BH,] co-treatment group
had an NO_ concentration and a Ca**-dependent NOS activity
in the ischemic gastrocnemius that were significantly greater than
rats who underwent eNOS gene transfer alone, findings that were
consistent with the increased expression of phospho-eNOS in
this muscle. The ratio of reduced:oxidized glutathione provides
insight into the redox balance of the tissue, insofar as glutathi-
one peroxidase is a critical oxidant detoxification pathway.? The
GSH:GSSG ratio was greater in the [eNOS, +BH,] group than
in the [eNOS, -BH,] group, indicating less oxidant stress in the
ischemic gastrocnemius muscle from rats receiving co-treatment.
Nitrotyrosine staining reflects protein nitration by peroxynitrite,
formed in the presence of excess O,'>'* in this context, the virtual
absence of nitrotyrosine in the [eNOS, +BH,] ischemic gastroc-
nemius muscle indicates a marked reduction in oxidative and
nitrative stress therein. We interpret these data to indicate that
rats receiving co-treatment with AdeNOS and BH, had more NO
and less O, production in the ischemic gastrocnemius, circum-
stances that would be anticipated in the absence of eNOS uncou-
pling. Demonstration of a reduced eNOS monomer:dimer ratio
in the gastrocnemius of the [eNOS, +BH,] group would provide
direct evidence of reduced eNOS uncoupling, but was not carried
out in this study insofar as the indirect evidence was consistently
supportive of the experimental hypothesis.

The present findings are entirely consistent with previous
observations made in the heart and liver. Dumitrescu et al?'
correlated time-dependent reductions in eNOS activity and
BH, levels during ischemia in rat hearts, as well as a concomi-
tant increase in NOS-derived superoxide production. Treatment
with BH, partially restored eNOS activity in ischemic hearts and

www.moleculartherapy.org vol. 18 no. 8 aug. 2010



© The American Society of Gene & Cell Therapy

improved postischemic flow recovery in a manner reminiscent to
that we observed in the ischemic hindlimb. Elrod ef al.*> adminis-
tered AdeNOS to diabetic (db/db) mice and then induced hepatic
ischemia/reperfusion; db/db mice receiving AdeNOS experienced
greater hepatic ischemia/reperfusion damage than sham-treated
db/db mice. However, co-treatment with AdeNOS and BH, had
the opposite effect, significantly reducing hepatic necrosis follow-
ing ischemia/reperfusion. These findings are redolent to those we
observed in the ischemic hindlimb, wherein co-treatment with
eNOS and BH, reduced the extent of ischemia-induced gastroc-
nemius muscle necrosis.

The study design, specifically the use of dietary supplemen-
tation with BH,, was based on the supposition that this cofactor
would be absorbed and transported to the microvasculature within
the ischemic hindlimb where it would serve to increase NO pro-
duction by eNOS delivered by gene therapy. This notion was based
on three facts: first, BH, added to the chow is stable at room tem-
perature; second, dietary BH, is effectively absorbed;* and third,
that dietary BH, supplementation results in an increase in tissue
BH, levels.*** Direct measurement of BH, and its metabolites in
the gastrocnemius would provide definitive evidence that dietary
BH, had the anticipated effect. We attempted to measure the levels
of BH, and its immediate oxidation product BH2 in homogenates
of gastrocnemius muscle using established methods,"*"'” but were
encumbered by an elevated signal-to-noise ratio, even in gastroc-
nemius muscles from untreated sham-operated rats. This variabil-
ity precluded data analysis and interpretation. We contend that the
absence of tissue BH, measurements does not abrogate the present
findings. A robust literature documents the efficacy of oral BH,
supplementation on production of eNOS-derived NO and reduc-
tion of eNOS-derived O,"."*""” As well, the variables measured
herein consistently demonstrated that the addition of dietary BH,
to eNOS gene transfer provided an additive improvement over
eNOS gene transfer alone, findings that strongly support the study
hypothesis.

One of the most compelling findings was the effect of co-treat-
ment with dietary BH, and eNOS gene therapy on the reduction
of muscle necrosis, especially in the gastrocnemius muscle that
lies well downstream from the site of femoral artery excision. This
reduction in muscle necrosis most likely reflects improved down-
stream oxygen delivery in the [eNOS, +BH,] group, which in turn
reflects more effective postischemic arteriogenesis and angiogen-
esis in this group. In the presence of femoral excision, flow to the
gastrocnemius must be reconstituted by enlargement of existing
collateral arteries in a process termed arteriogenesis.*® One means
to assess arteriogenesis is by measurement of blood flow to the
distal-most portion of the hindlimb.** Here, we observed that the
[eNOS, +BH,] group manifest greater perfusion than other groups
between postischemia days 21 and 30; interestingly, this timing is
coincident with the point of maximal flow restitution in the pos-
tischemic hindlimb.?” Moreover, these perfusion data were mea-
sured in anesthetized, immobile mice wherein hindlimb muscle was
in a resting state. Brevetti et al.”® reported that the flow reduction
present in the resting ischemic hindlimb become more exaggerated
during exercise, when the oxygen demand by contracting muscle is
increased; it is thus likely that differences in flow recovery among
the study groups were even more severe, making the enhanced
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resting flow level in the [eNOS, +BH,] group more physiologically
relevant when the mice were awake and mobile. Angiogenesis is
the de novo generation of capillaries within the muscle microcircu-
lation and can be assessed by measurement of the CD31%: myofi-
ber ratio, wherein CD31% cells indicate the presence of endothelial
cells, and hence capillaries.” This ratio was significantly greater in
rats receiving co-treatment with dietary BH, and eNOS gene ther-
apy than in any other group. Both arteriogenesis and angiogenesis
require the mobilization of bone marrow-derived vascular progen-
itor cells, as well as homing of those cells to the site of injury.”-!
These processes are dependent on eNOS-derived NO;' thus, the
greater presence of arteriogenesis and angiogenesis in the [eNOS,
+BH,] group is further evidence of enhanced NO production in
response to co-treatment and also provide important physiological
correlation to NO production.

The therapeutic goal of the medical or surgical treatment
of critical limb ischemia is preservation of muscle integrity and
maintenance of limb function.® The present findings demon-
strate, for the first time, that co-treatment with dietary BH, and
intra-arterial AdeNOS significantly reduce the degree of gastroc-
nemius muscle necrosis in the setting of acute hindlimb ischemia,
a commonly used and highly relevant preclinical model of criti-
cal limb ischemia.* It is interesting to note that previous clinical
trials designed to improve vascular outcome by increasing eNOS
expression or function (e.g., the VIVA trial*?) have met with lim-
ited success. We propose that supplementation with BH, might
significantly improve the clinical therapeutic efficacy of treatments
aimed to improve eNOS expression, particularly in circumstances
wherein oxidation of endogenous BH, might have occurred.

MATERIALS AND METHODS

Experimental animals. The study was approved by the Institutional Animal
Care and Use Committee at the University of California, San Francisco, CA
and the University of Massachusetts Medical School, Worcester, MA. Adult
male Sprague-Dawley rats were obtained from Charles River Laboratories,
Wilmington, MA. All rats underwent induction of hindlimb ischemia by
excision of the left common femoral artery under 2% isoflurane.

Treatment groups. The [PBS, —BH,] group was maintained on standard
rat chow and received intra-arterial PBS infusion 10 days after induction
of hindlimb ischemia. The [PBS, +BH,] group was given dietary BH, sup-
plementation, described below, and received intra-arterial PBS infusion 10
days after induction of hindlimb ischemia. The [eNOS, ~BH,] group was
maintained on standard chow and received intra-arterial AdeNOS infusion,
described below, 10 days after induction of hindlimb ischemia. The [eNOS,
+BH,] group was given dietary BH, supplementation and received intra-
arterial AdeNOS infusion 10 days after induction of hindlimb ischemia.

Dietary BH, supplementation. Powdered standard rat chow was obtained
from Research Diets (New Brunswick, NJ). The chow was supplemented
with BH » 0.04/20g chow (Schircks Laboratories, Jonas, Switzerland). This
supplementation was designed to provide 10 mg/kg/day of BH, based on
the average amount of chow ingested per rat per day. Assigned rats were
begun on the supplemented diet 1 week before induction of hindlimb isch-
emia and were continued on the diet until the end of study. Food supply
within each cage was changed every other day.

Recombinant adenovirus preparation and in vivo gene transfer.
Recombinant adenovirus containing bovine eNOS ¢cDNA driven by the
Rous sarcoma virus promoter (AdeNOS; a generous gift from Beverly
Davidson, University of Iowa, Iowa City, IA) was propagated and titrated
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in 293 cells as described previously.’ Adenovirus stocks were stored at
-80°C, then thawed immediately before use and diluted in PBS to achieve
a final concentration of 1 x 10" plaque forming units per ml. The left com-
mon femoral vein was occluded with a microvascular clamp; thereafter,
the saphenous artery was cannulated in a retrograde manner, and AdeNOS
(10" pfu/ml; 0.7ml) or PBS (0.7 ml) was infused. The venous clamp was
removed 30 minutes later. These infusions were carried out 10 days after
induction of ischemia and studies of eNOS transgene expression and func-
tion, and tissue oxidant stress were carried out 4 days later. These time
points were based on prior work from our lab that demonstrated optimal
eNOS expression when the transgene was given 10 days after ischemia and
measured 4 days thereafter.>**

Laser Doppler perfusion imaging. Hindlimb blood flow was determined
by means of laser Doppler imaging (Moor Instruments, Axminster, UK).
Scans were obtained during inhalation of 1% isoflurane, whereas core
body temperature was maintained between 36.8 and 37.2°C. Scans were
repeated three times and the average for each rat determined. Scans were
obtained through day 30 postischemia as we have previously determined
that maximal flow recovery occurs by this time.>**

Angiograms. Barium sulfate (2.5ml; E-Z-Paque; Merry X-Ray, South
San Francisco, CA) was infused into the infrarenal aorta after ligation of the
proximal aorta and inferior vena cava during inhalation of 2% isoflurane. A
grid was superimposed over the film between the greater trochanter of the
femur to the patella. The number of intersections between contrast-filled
vessels and gridlines was determined independently by blinded observers.
Angiograms were obtained on postischemia day 30 as we have previously
determined that maximal flow recovery occurs by this time.>**

Capillary:myofiber ratio. Cryosections were stained with 1° anti-mouse
CD31 monoclonal antibody, then a biotinylated 2° antibody, and then
developed with ABC (Vector Laboratories, Burlingame, CA). Slides were
counterstained with eosin. Capillary density was determined by count-
ing the number of CD317 cells (endothelial cells) and myocytes at x400.
At least three fields were counted per muscle section and the average was
taken.

Immunodhistological staining. Analysis of eNOS expression by immu-
nostaining was carried out 4 days after AdeNOS or saline administra-
tion (14 days after induction of ischemia) insofar as previous work has
demonstrated maximal vascular AdeNOS expression at this time point.’
Cryosections (10 um) of gastrocnemius and tibialis anterior muscle were
stained with monoclonal antibody targeting both rat and bovine eNOS
(BD Biosciences, San Diego, CA) or monoclonal antibody directed against
nitrotyrosine (Cayman Chemical, Ann Arbor, MI). Negative controls were
created by substituting blocking buffer for primary antibody.

Western blotting. One hundred micrograms of protein were separated
on a 12% sodium dodecyl sulfate-polyacrylamide gel for nitrotyrosine
or 7.5% sodium dodecyl sulfate-polyacrylamide gel for eNOS, and trans-
ferred to nitrocellulose membranes. Membranes were incubated overnight
(4°C) with monoclonal antibodies directed against eNOS, phospho-eNOS
(Ser''””), or nitrotyrosine, and then horseradish peroxidase-conjugated
secondary antibody was applied. Band intensity was determined by
densitometry.

Ca?*-dependent NOS activity. Fifty micrograms of muscle protein homo-
genate were incubated in 10mmol/l NADPH, 1uCi/ul “C-arginine,
6mmol/lCaCl,, 50mmol/l Tris-HCI (pH 7.4), 6umol/l BH,, 2umol/l
FAD, and 2 umol/l FMN for 30 minutes at 37 °C. The reaction was stopped
with 400 ul of 50 mmol/l HEPES (pH 5.5) and 5mmol/l EDTA. Identical
samples were prepared without CaCl,, and all reactions were performed in
duplicate. The radioactivity of the sample eluate was measured in a liquid
scintillation counter. Enzyme activity was expressed as counts per million
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per minute per microgram protein (cpm/minute/ug). The Ca?*-NOS
activity was calculated by subtracting the NOS activity measured without
calcium from the total activity measured in the presence of calcium.

NO_ (nitrite + nitrate) assay. Samples of gastrocnemius were homogenized
and thehomogenates were centrifuged; the supernatants were recovered and
passed through a filter. Nitrate was reduced to nitrite via nitrate reductase
and the subsequent product reacted with 2,3-diaminonaphthalene (Griess
reagent) and fluorescence measured. This work was carried out with a kit
from Cayman Chemical.

GSH:GSSG ratio. Samples of gastrocnemius were homogenized and the
homogenates centrifuged; the supernatants were recovered and passed
through a filter. The total glutathione content was measured by enzy-
matic reduction of all glutathione to GSH, followed by quantification
with Ellman’s reagent. GSSG was measured by determining GSH content
in nonreduced samples. A kit from Cayman Chemical was used for this
assay.

Evaluation of muscle necrosis. Muscle necrosis was determined using cut
sections of tibialis anterior and gastrocnemius muscle. Muscle samples
were cut transversely into three pieces (cuts made in 2 mm increment); two
sections were stained with nitroblue tetrazolium. These sections were incu-
bated in phosphate-buffered saline (pH 7.4) containing 0.033% nitroblue
tetrazolium and 0.133% NADH for 10 minutes, and then fixed in 4% para-
formaldehyde. The areas of viable (stained) and nonviable (unstained)
tissue were quantified using Image-Pro software (Media Cybernetics,
Bethesda, MD) and the average was taken for each rat. The third cut muscle
section was used for hematoxylin and eosin staining.

Statistical analysis. Analysis was performed using analysis of variance.
Post hoc Student-Newman-Keuls tests were carried out if the analy-
sis of variance f-statistic was significant to determine sites of difference.
Probability values less <0.05 were accepted as significant.
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