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Abstract—Increases in arginase activity have been reported in a variety of disease conditions characterized by vascular
dysfunction. Arginase competes with NO synthase for their common substrate arginine, suggesting a cause and effect
relationship. We tested this concept by experiments with streptozotocin diabetic rats and high glucose (HG)-treated
bovine coronary endothelial cells (BCECs). Our studies showed that diabetes-induced impairment of vasorelaxation to
acetylcholine was correlated with increases in reactive oxygen species and arginase activity and arginase I expression
in aorta and liver. Treatment of diabetic rats with simvastatin (5 mg/kg per day, subcutaneously) or L-citrulline (50
mg/kg per day, orally) blunted these effects. Acute treatment of diabetic coronary arteries with arginase inhibitors also
reversed the impaired vasodilation to acetylcholine. Treatment of BCECs with HG (25 mmol/L, 24 hours) also increased
arginase activity. This effect was blocked by treatment with simvastatin (0.1 �mol/L), the Rho kinase inhibitor Y-27632
(10 �mol/L), or L-citrulline (1 mmol/L). Superoxide and active RhoA levels also were elevated in HG-treated BCECs.
Furthermore, HG significantly diminished NO production in BCECs. Transfection of BCECs with arginase I small
interfering RNA prevented the rise in arginase activity in HG-treated cells and normalized NO production, suggesting
a role for arginase I in reduced NO production with HG. These results indicate that increased arginase activity in
diabetes contributes to vascular endothelial dysfunction by decreasing L-arginine availability to NO synthase. (Circ Res.
2008;102:95-102.)
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Vascular dysfunction is a major cause of morbidity and
mortality in diabetic patients.1 The pathological process

is characterized by impaired endothelial cell production of the
vasodilator and antiplatelet adhesion factor NO and/or de-
creased NO bioavailability. NO is a major regulator of
vascular tone and integrity. In endothelial cells, NO is
produced by activity of endothelial NO synthase (eNOS) on
its substrate L-arginine.

Reduced availability of L-arginine to eNOS has been
implicated in vascular dysfunction in diabetes and a variety of
other disease conditions. Arginase, which metabolizes
L-arginine to urea and ornithine, competes directly with NOS
for L-arginine. Hence increases in arginase activity can
decrease tissue and cellular arginine levels, reducing its
availability to eNOS.2 This may lead to decreased NO
production and increased production of superoxide by
eNOS.3 Enhanced arginase activity has been implicated in a
number of conditions characterized by vascular dysfunction,
including diabetic erectile dysfunction, pulmonary hyperten-
sion, ischemia/reperfusion, atherosclerosis, and aging-

associated endothelial dysfunction.4–9 During diabetes, im-
paired vascular function is closely associated with oxidative
stress and vascular inflammation,10,11 both of which have
been associated with increases in arginase activity and
expression.4,12

Two types of mammalian arginase exist, arginase I and II.
Each is encoded by a different gene.13,14 Arginase I, located
in the cytoplasm, is expressed most abundantly in the liver as
part of the urea cycle, whereas arginase II is a mitochondrial
enzyme and is expressed primarily in kidney. Both arginase I
and II have been found in different types of endothelial
cells.15,16 The liver of diabetic rats has been found to show an
increase in specific arginase activity as compared with
nondiabetic rats.17,18 The increase in arginase activity may be
explained by increased tissue manganese content.17,18 How-
ever, transcriptional upregulation of enzyme expression can
also occur.19 It is well known that insulin represses expression
of genes for urea synthesis pathways and that insulin signal-
ing is impaired in both type 1 and type 2 diabetes. Thus,
diabetes-induced increases in arginase activity could explain
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the decreased L-arginine levels reported in plasma from
diabetic animals and patients,20,21 and in vascular tissue of
streptozotocin (STZ) diabetic rats.20

Acute administration of supplemental L-arginine is re-
ported to prevent or reverse endothelial dysfunction and
restore endothelial-dependent vasodilation in diabetes, hyper-
tension, and heart failure.22,23 However, a number of studies
in animals and humans have found no benefit or worsening of
adverse outcomes with prolonged administration of supple-
mental L-arginine.24,25 These negative outcomes may be
related to the ability of L-arginine to activate and induce
expression of arginase.26 We have shown previously that oral
administration of L-arginine (200 mg/kg per day) to rabbits
continuously for 3 days causes decreased NO production in
response to acetylcholine (ACh), which was associated with
increased arginase activity in both liver and aorta. In contrast,
continuous treatment with L-citrulline for 3 days was benefi-
cial in supporting NO production.27 L-Citrulline, the precursor
of L-arginine and a byproduct in the formation of NO by
NOS, is recycled back to L-arginine in many tissues and
contributes to sustained L-arginine supply for NO produc-
tion.28 L-Citrulline is also an allosteric inhibitor of arginase.29

Therefore, its use may suppress arginase activity.
In a previous study, we showed that STZ-induced diabetes

in rats causes impaired coronary endothelial cell-dependent
vasorelaxation.30 This dysfunction was prevented by treat-
ment with simvastatin (5 mg/kg per day, subcutaneously) but
not by L-arginine treatment (50 mg/kg per day, orally). Statins
are known to prevent activation of small GTPases such as
RhoA.31 Elevation of arginase activity has been shown to
involve activation of the RhoA pathway in endothelial
cells.32,33 Based on this and the evidence above that both
diabetes and L-arginine treatment can increase arginase ac-
tivity, we hypothesized that diabetes-induced vascular dys-
function involves increased levels of arginase activity and
that simvastatin prevents vascular dysfunction because it
reduces arginase activity. We tested this hypothesis and
investigated the protective effects of statin treatment and
L-citrulline supplementation in studies using STZ diabetic
rats and high glucose (HG)-treated endothelial cells.

Materials and Methods
Male Sprague–Dawley rats (240 to 265 g) were rendered diabetic
with STZ (50 mg/kg, intravenously). Control rats received injections
of vehicle alone. Rats with blood levels �350 mg/dL were consid-
ered to be diabetic. Bovine coronary endothelial cells (BCECs) were
from Cell Applications Inc.

An expanded Materials and Methods section is available in the
online supplement at http://circres.ahajournals.org.

Results
Coronary Artery Relaxation
Our previous study showed that 4 weeks of STZ-induced
diabetes in rats causes impaired coronary endothelial cell-
dependent vasorelaxation that was prevented by treatment
with simvastatin (5 mg/kg per day, subcutaneously) but not
by L-arginine treatment (50 mg/kg per day, orally).30 In the
present study, we extended the period of diabetes and
treatment with simvastatin to 8 weeks and also determined
the effects of L-citrulline (50 mg/kg per day, orally) instead of

L-arginine treatment on coronary endothelial-dependent va-
sorelaxation. ACh produced a concentration-dependent va-
sorelaxation in coronary arteries from all groups, with a
maximal relaxation (Emax) of 73�11% and an EC50 value of
94.0�1.4 nmol/L in arteries from control rats (Figure 1).
However, coronary arteries from 8-week diabetic rats exhib-
ited a markedly reduced Emax to ACh (32�3%) and a slight
rightward shift in the concentration–response curve with an
EC50 value of 110�1.5 nmol/L. Simvastatin treatment of
diabetic rats significantly improved the Emax in relaxation to
ACh to 60�3.6%, with an EC50 of 106�4 nmol/L.
L-Citrulline supplementation for 8 weeks was equally effec-
tive because simvastatin and significantly improved the Emax

in relaxation to ACh to 61�3.3% and reduced the EC50 to
64�1.8 nmol/L (Figure 1). The vasorelaxant response to ACh
was mostly a result of NO production because treatment with
NG-nitro-L-arginine methyl ester (L-NAME) (3 mmol/L) re-
duced the Emax in all groups to �22% (supplemental Table I).

Effect of Diabetes on Tissue Arginase Activity
To examine the role of arginase in this diabetes-induced
vascular dysfunction, we determined the effect of diabetes
and simvastatin, L-arginine, or L-citrulline treatment on tissue
arginase activity. After 4 or 8 weeks of diabetes, both
vascular and hepatic arginase activity were substantially
increased as compared with the controls (Figure 2). These
diabetes-induced increases in arginase activity were com-
pletely blocked by simvastatin treatment. Supplemental
L-arginine treatment for 4 weeks did not prevent the diabetes-
induced increases in tissue arginase activity (Figure 2A).
However, supplemental L-citrulline treatment for 8 weeks
completely inhibited the increases in both vascular and
hepatic arginase activity (Figure 2B).

Effect of Diabetes on Arginase Protein Levels
To determine whether increases in arginase activity in the
diabetic rats are associated with any change in levels of

Figure 1. Concentration–response curves for the effect of ACh
on coronary arteries from control, diabetic (D), simvastatin-
treated diabetic (D�SIM), and L-citrulline–supplemented diabetic
(D�Citrulline) rats at 8 weeks (n�8/group). Simvastatin treat-
ment and L-citrulline supplementation improved the Emax to ACh
compared with diabetic-untreated vessels. Values are expressed
as means�SEM. *P�0.05 vs control, simvastatin-treated, and
L-citrulline–supplemented diabetic rats.
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arginase I and II protein levels, we analyzed aortae and livers
of 8-week diabetic rats by Western blotting. This study
showed significant increases in arginase I protein in both
aorta (Figure 3A) and liver (Figure 3B) of diabetic rats.
Treatment of diabetic rats with simvastatin prevented the rise
in arginase I expression in both tissues. L-Citrulline treatment
also blocked the increase in vascular arginase I but was
slightly less effective in the liver. Arginase II protein was
barely detectable in aortas of control and diabetic rats (Figure
I in the online data supplement), suggesting that arginase I is
the predominant isoform. Arginase II levels in liver were not
examined.

Effects of Arginase Inhibition on
Coronary Relaxation
To further determine the role of arginase activity in diabetes-
induced vascular dysfunction, we tested the efficacy of inhibit-
ing arginase activity in preserving NO-mediated vasodilation in
coronary vessels isolated from 8-week diabetic rats. Incubation
of diabetic coronary vessels with the arginase inhibitor difluo-
romethyl ornithine (DFMO) (50 �mol/L, 1 hour) resulted in an
increase in Emax to ACh from 30�4% before treatment to
74�7% after treatment (Figure 4). This enhanced response was
not different from responses to ACh in control (nondiabetic)
vessels with or without DFMO exposure or in vessels from
diabetic/simvastatin-treated rats exposed to DFMO. Similar

responses were observed in diabetic coronary arteries pretreated
with another arginase inhibitor, L-norvaline (50 �mol/L) (sup-
plemental Figure II).

Effect of Diabetes and High Glucose on
Oxidative Stress
Our previous study had demonstrated increases levels of
oxidative stress in the 4 week diabetic rat heart as shown by
elevated levels of lipid peroxidation (malonic dialdehyde
formation) and nitrotyrosine formation, a marker for ONOO�

production.30 Similar to those results, 8-week diabetic rats
displayed elevated lipid peroxidation and nitrotyrosine for-
mation in the heart by 37% and 39%, respectively (supple-
mental Figure III). Treatment with either simvastatin or
L-citrulline prevented the rise of both oxidant markers.

To evaluate oxidative stress levels in the coronary arteries
of the diabetic hearts and to identify potential sources of
reactive oxygen species formation, we performed dihydro-
ethidium (DHE) imaging of fresh frozen sections of the
cardiac ventricular septum of 8-week rats. Under identical
reaction conditions, the DHE signal was much more intense
within and around the coronary arteries of the diabetic rats
than the controls. This increase in DHE staining was blocked
by treatment with either L-NAME (3 mmol/L) or apocynin
(30 �mol/L), indicating that sources of superoxide production
in diabetic vessels include both NOS and NADPH oxidase
(Figure 5A). Specificity of the reaction for superoxide was
demonstrated by complete blockade of the signal by SOD.
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Figure 2. Arginase activity in aortas and livers from control, dia-
betic, diabetic simvastatin–treated (Diab/Simv), diabetic L-argi-
nine–supplemented (Diab/L-Arg), and diabetic L-citrulline–sup-
plemented (Diab/L-Cit) rats at 4 (A) or 8 (B) weeks (n�8/group).
Arginase activity is significantly increased in diabetic and L-argi-
nine–supplemented diabetic tissues. Simvastatin and L-citrulline
significantly decreased arginase activity in both aortas and livers
from diabetic rats. Values are expressed as means�SEM.
*P�0.05 vs control, diabetic simvastatin–treated, and diabetic
L-arginine–supplemented rats.
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Figure 3. Western blot analysis of arginase I expression in aor-
tas (A) and livers (B) of control, diabetic, diabetic simvastatin–
treated (Diab/Simv), diabetic L-arginine–supplemented (Diab/L-
Arg), and diabetic L-citrulline–supplemented (Diab/L-Cit) rats at
8 weeks (n�5/group). Results are quantified by densitometry.
Simvastatin and L-citrulline decreased arginase I expression in
both aortas and livers from diabetic rats. Values are expressed
as means�SEM. *P�0.05 vs control and diabetic simvastatin–
treated rats.
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To further evaluate effects of the diabetic condition on
coronary endothelial cells, we exposed BCECs to 25 mmol/L
D-glucose (HG) (24 hours) and analyzed superoxide forma-
tion by chemiluminescence. The HG-treated cells had signif-
icant increases in superoxide levels as compared with
control cells in 5 mmol/L D-glucose (Figure 5B). This HG
effect was completely blocked by L-NAME (3 mmol/L) or
apocynin (30 �mol/L), confirming that NOS and NADPH
oxidase are prominent sources of superoxide formation in the
HG-treated cells. Furthermore, treatment with the arginase
inhibitor S-2-boronoethyl-L-cysteine (BEC) (100 �mol/L) or
L-citrulline (1 mmol/L) was equally effective in preventing
the HG effect of superoxide formation, suggesting that
limiting arginase activity and increasing L-arginine availabil-
ity reduces superoxide formation.

Effects of High Glucose on Arginase Activity and
NO Formation
To further define the role of arginase in diabetes-induced
vascular dysfunction, we next determined the effects of HG on
arginase activity in BCECs. HG treatment for 24 hours resulted
in a significant increase in arginase activity above the control
levels (Figure 6). Because simvastatin treatment and L-citrulline
supplementation prevented diabetes-induced elevation in vascu-
lar and hepatic arginase activity, we next determined simvastatin
and L-citrulline effects on arginase activity in the HG-treated
BCECs. Furthermore, because simvastatin reduces levels of
active RhoA and RhoA activation has been associated with
elevation of arginase activity,31,32,34,35 we also tested the effect of
pretreatment with the Rho kinase inhibitor Y-27362. Exposure
of cells to HG in the presence of either simvastatin (0.1 �mol/L)
or Y-27362 (10 �mol/L) completely prevented the HG effect in
increasing arginase activity. We also observed a prominent
increase in levels of active RhoA in the HG-treated BCECs

(inset of Figure 6). This effect was prevented by cotreatment
with simvastatin. These data indicate involvement of activated
RhoA in HG-induced activation of arginase. Concurrent expo-
sure of BCECs to HG with L-citrulline (1 mmol/L) or apocynin
(30 �mol/L) substantially reduced the rise in arginase activity,
implying the involvement of NOS and NADPH oxidase. Levels
of arginase I were not altered by the HG treatment (supplemental
Figure IV).
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Figure 4. Effect of the arginase inhibitor DFMO on ACh concen-
tration–response curves of diabetic and control coronary arter-
ies. A, In vitro treatment of diabetic coronary arteries for 1 hour
with DFMO caused a significant increase in Emax to ACh com-
pared with diabetic-untreated vessels (n�8/group) (open sym-
bols). This enhanced response with DFMO was not different
from responses in control (nondiabetic) vessels with or without
DFMO exposure or from vessels of diabetic/simvastatin-treated
rats exposed to DFMO (n�5 to 6/group). Values are expressed
as means�SEM. *P�0.05 vs diabetic untreated rats.
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Figure 5. Superoxide production in rat coronary arteries from
control and diabetic rats (A) and BCEC exposure to HG (B). A,
Superoxide production was assessed by intensity of DHE stain-
ing of fresh frozen sections of ventricular septum from control
and diabetic rats (8 weeks) (n�4/group). Effects of pretreatment
of slides with L-NAME (3 mmol/L) or apocynin (30 �mol/L) were
also assessed. Inhibition of the signal by superoxide dismutase
(SOD) shows specificity of the reaction for superoxide anion. B,
Superoxide production was measured using the luminance dye
L-012 in BCECs exposed to HG (25 mmol/L) for 24 hours with-
out and with concurrent treatment with L-NAME or apocynin
(same concentrations as in A), BEC (100 �mol/L), or L-citrulline
(1 mmol/L). Values are expressed as means�SEM. *P�0.05 vs
diabetic untreated rats.
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To directly determine the role of arginase I in the HG
effect, we used small interfering (si)RNA techniques to
downregulate arginase I in BCECs and determined the effect
on arginase activity and NO production following exposure to
HG. BCECs were transfected with arginase I siRNA or
scrambled (SC) siRNA as a control and exposed to HG for 24
hours. Western blotting confirmed that arginase I protein
expression was significantly decreased (�60%) in arginase I
siRNA-transfected BCECs (Figure 7, inset) but was unaltered
by SC siRNA. HG treatment increased arginase activity
similarly in both nontransfected cells and in control cells
transfected with SC siRNA (Figure 7A). Transfection with
arginase I siRNA completely blocked the HG-induced in-
crease in arginase activity and reduced arginase activity in the
control cultures by nearly 50%, indicating that arginase I is a
major source of the HG-induced increases in arginase activ-
ity. The residual activity may be attributable to the remaining
arginase I protein or to the activity of arginase II.

To demonstrate the role of arginase I activity in HG-
mediated endothelial cell dysfunction, we determined the
effects of arginase I knockdown on NO formation in the
HG-treated BCECs. This study showed that HG exposure
decreased NO production by 50% as compared with the
control cells. This inhibitory effect of HG was completely
blocked in cells transfected with arginase I siRNA (Figure
7B), implying the critical involvement of increased arginase I
activity in the HG-mediated decreases in NO formation.

Discussion
We previously observed significant impairment of endothe-
lium-dependent coronary vasodilation after 4 weeks of STZ-

induced diabetes, which was substantially reduced by simva-
statin treatment. However, no protection was observed when
diabetic rats were given supplemental L-arginine.30 The re-
sults of our present studies show that the diabetes-induced
impairment of coronary artery vasodilation is associated with
increased arginase activity in both vascular tissue and liver.
These increases in enzyme activity were correlated with
significant increases in tissue levels of arginase I protein.
Treatment with simvastatin or L-citrulline diminished argi-
nase I expression, normalized arginase activity, and restored
endothelial-dependent vasorelaxation responses. L-Arginine
treatment was without effect on arginase activity. Treatment
with the arginase inhibitors DFMO and L-norvaline signifi-
cantly improved endothelium-dependent vasorelaxation in
the diabetic vessels, supporting a causal role for arginase
activity in coronary dysfunction. Analyses of superoxide
formation in coronary arteries and BCECs showed that NOS
and NADPH oxidase are prominent sources of diabetes and
HG-induced reactive oxygen species formation. Studies using
isolated coronary endothelial cells showed that exposure to
HG conditions in vitro also caused an increase in arginase
activity, which was blocked by simvastatin and L-citrulline.
The Rho kinase inhibitor Y-27632 also normalized arginase
activity, implying the involvement of RhoA in the HG effect.
Knocking down arginase I expression with siRNA transfec-
tion blocked the action of HG in increasing arginase activity
and decreasing NO production, providing further support for
the causal role of increased arginase I activity in diabetes/
HG-induced impairment of vascular endothelial function.

Given that arginase is a major participant in L-arginine
catabolism and its activity is increased by diabetes, it is not
surprising that L-arginine supplementation failed to improve
the impaired endothelium-dependent vasodilation in our pre-
vious study. Although L-arginine supplementation has been
reported to be beneficial in preventing vascular dysfunction
in some settings,36,37 other studies have shown either no
benefit or worsening of cardiovascular disease with chronic
L-arginine treatment.24,25 We previously have observed that
continuous oral supplementation of L-arginine to rabbits over
3 days caused increased arginase activity in liver and aortas,
which was associated with decreases in NO production in
response to ACh.27 In contrast, supplemental oral L-citrulline
was beneficial in supporting NO production. Our present
results suggest that these adverse effects of L-arginine sup-
plementation involve stimulation of arginase activity.

Multiple factors are likely to contribute to elevated argi-
nase activity during diabetes. Increased arginase activity is
associated with inflammatory cytokines and reactive oxygen
species, both of which are increased during diabetes.38,39 In
particular, oxidative stress seems to be the major means by
which activity of arginase is increased. H2O2 and peroxyni-
trite have been shown to activate arginase in endothelial
cells,40,41 and these actions are prevented by antioxidants or
FeTTPs, a decomposition catalyst for peroxynitrite. There is
strong evidence that oxidative stress activates RhoA.42,43

Active RhoA, in turn, has been shown to activate argi-
nase.32,33 The lineage of events appears to be oxidative
stress3activation of RhoA3activation and enhanced expres-
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cause by HG. HG exposure for 24 hours also raised active
RhoA levels in BCECs, an effect prevented by simvastatin
cotreatment (inset). Values are expressed as means�SEM.
*P�0.05 vs all other groups.
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sion of arginase. Further study is needed to elucidate other
molecular mediators in this pathway.

Our vasorelaxation studies using coronary vessels from
rats diabetic for 8 weeks showed that severe impairment in
endothelium-dependent vasodilation was correlated with sig-
nificantly enhanced arginase activity and elevated arginase I
protein levels in both liver and vascular tissue. The simva-
statin treatment significantly improved the vasodilation with
a beneficial effect similar to that seen in the four week
diabetic rats in our previous study30 and also prevented the
rise in arginase expression and activity. Similar to the actions
of simvastatin in blocking the effects of diabetes on vascular
arginase activity, simvastatin treatment of coronary endothe-
lial cells reduced the elevation in arginase activity in response
to HG exposure. Statins block isoprenylation and activation
of small GTPases34 and their vasoprotective effects are
known to involve the enhancement of eNOS expression and
activity and suppression of NADPH oxidase assembly and
activity. Increased arginase activity also has been associated
with activation of the small GTPase RhoA,32,33 which is
known to occur during diabetes.44,45 Thus, statin blockade of
Rho and Rac GTPases46 could also improve NOS function by
blocking diabetes effects in increasing arginase activity and
thereby increasing L-arginine availability and NO production.
Our data showing that HG raised active RhoA levels in
coronary endothelial cells and that the Rho kinase inhibitor
Y-27632 and simvastatin were equally effective in preventing
the rise in arginase activity in the HG-treated cells imply that
RhoA activation has a critical role in HG-induced activation
of arginase.

Interestingly, L-citrulline supplementation enhanced endo-
thelial-dependent coronary vasodilation in 8-week diabetic
rats to a level similar to that seen in the simvastatin-treated
diabetic rats. L-Citrulline, the precursor of L-arginine, is a

byproduct in the formation of NO and is recycled back to
L-arginine in many tissues, contributing to sustained
L-arginine supply for NOS activity.28 We believe that supple-
mental L-citrulline provides sufficient L-arginine to endothe-
lial NOS for robust NO production and prevents NOS
uncoupling and superoxide production. Because L-citrulline is
also an allosteric inhibitor of arginase,29 its use may suppress
arginase activity. In fact, L-citrulline prevented the increase in
arginase activity in hepatic and vascular tissue from 8-week
diabetic rats and in HG-treated coronary endothelial cells.
Moreover, arginase I protein levels tended to decrease in both
vascular and hepatic tissues of the L-citrulline-treated diabetic
rats. Improvement of endothelium-dependent vasodilation in
diabetic coronary vessels after treatment with the arginase
inhibitors further demonstrates a role for arginase in impaired
coronary vasorelaxation in diabetic rats. Given that acute treat-
ment of the diabetic coronaries with 2 different arginase
inhibitors had a vasorelaxant-enhancing effect comparable
with chronic L-citrulline and simvastatin treatment of the
animals and that arginase inhibitor treatment did not further
improve the vasorelaxant responses in vessels from the
simvastatin treated rats, our data strongly suggest that the
protective actions of L-citrulline and simvastatin are mediated
by blockade of diabetes-induced arginase activation.

We speculate that the decreases in arginase activity in the
simvastatin and L-citrulline–treated diabetic rats and cultured
endothelial cells are attributable to decreased oxidative stress.
In support of this idea, simvastatin or L-citrulline treatment of
the diabetic rats prevented the elevation of vascular and
cardiac lipid peroxidation and protein tyrosine nitration, a
measure of ONOO� formation from superoxide combining
with NO. We believe that the resultant increase in NO
availability is a cardinal effect of both treatments. Enhanced
NO production could reduce superoxide production by
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NADPH oxidase because of NO-mediated S-nitrosylation of
the enzyme, which inhibits its activity.47 Furthermore, the
decrease in arginase activity would increase the availability
of arginine to NOS, reducing superoxide formation attribut-
able to NOS uncoupling. This reasoning is supported by the
results of our DHE imaging and chemiluminescence analyses
of superoxide formation in diabetic coronary arteries and
HG-treated coronary endothelial cells. The data showing that
diabetes- and HG-induced increases in superoxide formation
are prevented by treatment with L-NAME or apocynin
indicate that NOS and NADPH oxidase are both sources of
superoxide formation in the diabetic vessels.

Our studies using arginase I siRNA in coronary endothelial
cells provide further support for the competitive role of
arginase I in decreasing L-arginine availability to NOS. The
treatment with arginase I siRNA markedly reduced arginase I
protein expression, completely blocked the actions of HG in
increasing arginase activity, and restored NO formation to
normal levels. These data indicate that arginase I is critically
involved in endothelial NOS dysfunction under HG condi-
tions. Although we were unable to determine the effects of
diabetes on arginase I protein levels in the coronary vessels,
the role of this enzyme in diabetes vascular complications is
supported by our data showing that diabetes-induced in-
creases in arginase activity in the aorta are correlated with
increases in arginase I protein levels.

It is possible that arginase II may also contribute to the
increase in arginase activity in diabetes. Increases in arginase
II mRNA have been reported in human aortic endothelial
cells exposed to oxidized low-density lipoprotein.48 However,
our data indicate that arginase II protein expression is low in
rat aorta and BCECs. Others have shown that arginase I is the
predominant form in rat aortic endothelial cells and the form
responsible for reciprocal regulation of NOS in aorta of aging
rats.2,9 Our observations that HG-induced increase in arginase
activity is totally blocked in the arginase I siRNA-transfected
coronary endothelial cells imply that arginase I is very likely
to be involved in the diabetes-induced endothelial cell
dysfunction.

In conclusion, our whole animal and cellular studies have
provided direct evidence for the role of arginase in coronary
dysfunction in diabetes. Increased arginase activity and ex-
pression of arginase I appear to be associated with diabetes-
induced increases in oxidative stress and activation of the
RhoA pathway. The elevated arginase activity could initiate a
feed-forward cycle of diminished NO levels and further
oxidative stress. Arginase can be a novel therapeutic target in
the treatment of diabetic endothelial dysfunction. L-Citrulline
is also a promising adjunct therapy to treat diabetic cardio-
vascular complications because of its actions in limiting the
activation of arginase and oxidative stress.
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SUPPLEMENTAL METHODS 

Vascular function experiments 

Septal coronary arteries from rats were prepared as previously described.1  Briefly, vascular 

segments were mounted in a small vessel myograph (Danish Myo Technology), contracted with the 

thromboxane A2 analog U46619, and tested for their ability to relax in response to progressive 

concentrations of acetylcholine.  Other experiments were performed in coronary vessels before and 

after exposure to the arginase inhibitors, difluoromethyl ornithine (DFMO) or L-norvaline (50 

µmol/L) for 1 and 2 hours, respectively. Control responses were obtained in vessels from the same 

animals. The vasorelaxant responses are expressed as percent decreases from U46619-induced 

contraction. The amount of contraction produced by 1 µmol/L U46619 in each ring from its initial 

resting tension was considered to be 100%. 

 

Arginase activity 

Arginase activity was assayed by measuring urea produced from L-arginine.  Tissues were 

frozen in liquid nitrogen, pulverized, combined 1:4 (wt:vol) with ice-cold lysis buffer (50 mmol/L 

Tris-HCl, 0.1 mmol/L EDTA and EGTA, pH 7.5) containing protease inhibitors and homogenized on 

ice.  The homogenate was centrifuged at 14,000 g for 20 minutes and the supernatant was removed 

for enzyme assay.  BCEC were rinsed with ice-cold PBS, collected in lysis buffer and lysed by three 

freeze-thaw cycles. Arginase activity was assayed as previously described. 2    

  

Arginase protein expression 

Rat tissues or BCEC were homogenized in lysis buffer containing protease inhibitors and 

centrifuged for 20 minutes at 14,000 g.  Protein samples were electrophoresed, transferred to 

nitrocellulose membrane and reacted with anti-arginase I (BD Transduction Laboratories, 1:1000) or 

anti-arginase II antibodies (Santa Cruz Biotechnology, INC., 1:250), followed by sheep anti-mouse 

(Amersham, 1:4000) or donkey anti-rabbit (GE Healthcare, 1:4000) horseradish peroxidase-labeled 

secondary antibody, respectively, and enhanced chemiluminescence.  Membranes were stripped and 

re-probed for α-actin to demonstrate equal loading and results were analyzed using densitometry. 

 

Transfection of BCEC with arginase I siRNA 
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BCEC were transfected with arginase I siRNA (Smartpool, Dharmacon) or scrambled siRNA 

(non-targeting siRNA) using Lipofectamine2000 reagent (Invitrogen), according to the 

manufacturer’s instructions. In brief, cells were transfected with 100 nmol/L of arginase I siRNA or 

scrambled siRNA for 5 hours.   To evaluate the effects of high glucose (HG) on arginase activity and 

NO production, transfected cells were incubated in serum free media medium containing 25 mmol/L 

of D-glucose for 24 hrs.  This glucose concentration corresponds to a blood glucose concentration of 

500 mg/dL, which is commonly seen in diabetic rats or patients with uncontrolled diabetes. 

 

Nitric oxide (NO) measurement  

To measure NO, nitrite (NO-
2) the stable breakdown product of NO in aqueous medium was 

analyzed using NO-specific chemiluminescence. In brief, samples containing NO2
- were refluxed in 

glacial acetic acid containing sodium iodide. NO2
- is quantitatively reduced to NO under these 

conditions, which can be quantified by a chemiluminescence detector after reaction with ozone in a 

NO analyzer (Sievers). The amount of NO generated is calculated as the difference in basal and NOS 

agonist - stimulated NO levels. 

 

BCEC transfected with arginase I siRNA or scrambled siRNA were exposed to 5 mmol/L or 

25 mmol/L D-glucose in serum free medium for 24 hours. Medium was then replaced with fresh 

serum free medium for 30 minutes and medium aliquots were collected for basal reading.  Cells were 

then exposed to the calcium ionophore ionomycin (1 µmol/L) for 30 minutes and medium samples 

were collected. 

  

Superoxide production 

Superoxide production in rat coronary arteries was assayed by using the oxidative fluorescent 

dye dihydroethidium (DHE). DHE is oxidized on reaction with superoxide to ethidium bromide, 

which binds to DNA in the nucleus and fluoresces red.  Serial cryosections from fresh-frozen 

ventricular septum were first incubated in NAD(P)H (100 µmol/L) or NAD(P)H with PEG-SOD (400 

U), or apocynin (30 µmol/L) or L-NAME (3 mmol/L) for 20 minutes followed by DHE with or 

without PEG-SOD (Sigma), apocynin or L-NAME (20 minutes, 37°C). Apocynin specifically blocks 

activity of NADPH oxidase by interfering with the assembly of the cytosolic NADPH oxidase 

components (p40phox, p47phox, p67phox) with the membranous components gp91phox and 
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p22phox.  L-NAME is a non-specific inhibitor of NOS.  DHE images from serial sections treated 

with or without inhibitors were obtained using a fluorescence microscope. 

 

In BCEC, superoxide production was determined by luminescence generated upon the 

addition of L-012 dye in a BMG Polar Star plate reader.  Cells were seeded in 96 well luminescence 

plates and at ~80% confluence, cells were exposed to normal or high glucose for 24 hrs in the 

presence or absence of L-NAME, apocynin, the arginase inhibitor S–2-boronoethyl- L-cyteine 

(BEC), or L-citrulline.  

  

Nitrotyrosine formation and lipid peroxidation (supplement) 

Nitrotyrosine immunoreactivity, an indicator for ONOO- formation, was measured by slot blot 

analysis as described previously.3   Lipid peroxide concentration was determined by measuring the 

amount of malondialdehyde (MDA) formed from thiobarbituric acid (TBA) during acid hydrolysis of 

lipid peroxides as described.3 

 

Measurement of active RhoA  

RhoA activation was determined using an affinity precipitation assay incorporating the Rho-

binding domain (RBD) of rhotekin, which binds only the active GTP-Rho (Upstate). In brief, 

confluent BCEC were incubated in 25 mM D-glucose medium with or without simvastatin (10-7 M). 

Control cells were maintained in 5 mM D-glucose medium. After 24 hours, cells were scraped in 

lysis buffer (25 mmol/l HEPES, pH 7.5, 150 mmol/l NaCl, 1% Igepal CA-630, 10 mmol/ l MgCl2, 1 

mmol/l EDTA, 10% glycerol, 10 µg/ml aprotinin, 10 µg/ml leupeptin) at 4 °C. Whole cell lysates 

were incubated with agarose conjugated rhotekin-RBD for 45 min at 4 °C and washed three times 

with lysis buffer. Agarose beads were boiled in Laemmli reducing sample buffer to release active 

Rho. Samples were resolved on a 12.5% polyacrylamide gel followed by immunoblotting with RhoA 

antibody. 

Statistics 

 Data are given as mean ±  SEM.  Statistical analysis was performed by one way analysis of 

variance (ANOVA) with the Tukey post test.  In some experiments, statistical differences were 

determined by the Student T test.  Results were considered significant when p < 0.05.  
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SUPPLEMENTAL FIGURES 

 
Supplemental Figure I. Western blot analysis of arginase II protein expression in aorta of Control, 

Diabetic Diab/Simv and, Diab/L-Cit rats at eight weeks. 

 

Supplemental Figure II.  Effect of the arginase inhibitor L-norvaline on ACh concentration-

response curves of diabetic coronary arteries.  In vitro treatment of diabetic coronary arteries  (n =6 - 

7 / group) for 2 hr with L-norvaline caused a significant increase in Emax  to ACh compared with 

diabetic-untreated vessels.  Values are expressed as means ± S.E.M.;  *, p < 0.05 versus Diabetic-

untreated. 

 

Supplemental Figure III.  Cardiac levels of lipid peroxides, as malondialdehyde (MDA) formation 

(A), and nitrotyrosine formation (B) in Control, Diabetic, simvastatin-treated diabetic (Diab/Simv) 

and, L-citrulline-supplemented diabetic (Diab/L-Cit) rats at 8 weeks (n = 8 / group).  Values are 

expressed as means ± S.E.M.; *, p < 0.05 versus control, Diab/Simv and, Diab/L-Cit. 

 

Supplemental Figure IV.  Effect of high glucose (HG) on arginase I protein levels in BCEC.  BCED 

were exposed to HG (25 mmol/L) or normal levels of glucose (control, 5 mmol/L) for 24 hours and 

arginase I levels were determined by Western blotting. 
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Supplemental Table I.  Maximum vasorelaxant response after L-NAME treatment 
____________________________________________________________      
Group  Control Diabetic Diab/Simv   Diab/L-Cit 
 
Emax

#
  22 +/- 3.2 20 +/- 2.5 24 +/- 1.8   25 +/- 2.8  

____________________________________________________________ 
# Maximum vasorelaxant response to acetylcholine (10 µmol/L) after treatment  
of vessels with L-NAME (3 mmol/L).  n = 5 –6. 
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