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Arginase inhibition by piceatannol-3'-O-f3-D-glucopyranoside
improves endothelial dysfunction via activation of endothelial
nitric oxide synthase in ApoE-null mice fed a high-cholesterol diet
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Abstract.Elevated plasmacholesterolis ahallmark of numerous
cardiovascular diseases that are closely linked to endothelial
dysfunction indicating decreased nitric oxide (NO) production
in the endothelium. It has been previously demonstrated that
piceatannol-3'-O-p-D-glucopyranoside (PG) inhibits arginase
activity and reciprocally regulates NO production. Here, we
aimed to ascertain whether PG ameliorates vascular function
in wild-type (WT) and atherogenic model mice [apolipo-
protein E-null mice (ApoE™)] and to investigate the possible
underlying mechanism. Preincubation of aortic vessels from
WT mice fed a normal diet (ND) with PG attenuated vaso-
constriction response to U46619 and phenylephrine (PE),
while the vasorelaxant response to acetylcholine (Ach) was
markedly enhanced in an endothelium-dependent manner.
However, the endothelium-independent NO donor, sodium
nitroprusside (SNP), did not change vessel reactivity. In
thoracic aorta from ApoE” mice, a high-cholesterol diet
(HCD) induced an increase in arginase activity, a decrease in
NO release and an increase in reactive oxygen species genera-
tion that was reversed by treatment with PG. The effect of PG
was associated with enhanced stability of the eNOS dimer and
was not dependent on the expression levels of arginase II and
eNOS proteins, although eNOS expression was increased in
ApoE" mice fed an HCD. Furthermore, PG treatment attenu-
ated the PE-dependent contractile response, and significantly
improved the Ach-dependent vasorelaxation response in aortic
rings from ApoE™ mice fed an HCD. On the other hand, PG
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incubation neither altered the contractile response to a high K*
solution nor the relaxation response to SNP. When analyzing
the L-arginine content using high-performance liquid
chromatography, PG incubation increased the intracellular
L-arginine concentration. PG administration in the drinking
water significantly reduced fatty streak formation in ApoE™"
mice fed an HCD. These data indicate that PG improves the
pathophysiology of cholesterol-mediated endothelial dysfunc-
tion. Therefore, we conclude that the development of PG as a
novel effective therapy for preventing atherosclerotic diseases
is warranted.

Introduction

Elevated plasma cholesterol, such as native low-density
lipoprotein (LDL) and oxidized LDL (oxLDL), is a hallmark
of numerous cardiovascular diseases including hypercholes-
terolemia, atherosclerosis, hypertension, heart failure, and
diabetes. These diseases are closely linked with endothelial
dysfunction indicating decreased nitric oxide (NO) production
in the endothelium. In the vasculature, NO is a vasoprotective
molecule and plays a central role in vascular homeostasis by
regulating vasoreactivity, platelet activation, leukocyte adhe-
sion and smooth muscle cell migration and proliferation (1).
It is well established that endothelial arginase constrains
the activity of endothelial nitric oxide synthase (eNOS) by
substrate depletion, thereby reducing NO bioavailability and
contributing to vascular diseases. oxLDL, the primary patho-
genic lipid in atherogenesis, activates human endothelial cell
arginase II by stimulating the dissociation of arginase II from
microtubules and also by inducing arginase II mRNA tran-
scription (2). Furthermore, atherogenic-prone apolipoprotein
E-null (ApoE™) mice treated with an arginase inhibitor exhibit
restored NO bioavailability and endothelial function, reactive
oxygen species (ROS) production, and an arterial compliance
similar to that observed in wild-type (WT) mice (3). Therefore,
endothelial arginase may be a novel target for therapeutic drug
design for vascular diseases such as atherosclerosis (3).
Rhubarb is the rhizome of Rheum undulatum and is
commonly distributed in Asia. Many components of the
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rhizome possess diverse biological activities and have been
reported as being able to counter allergic (4) and diabetic states
(5), as having anti-oxidant properties (4), and as functioning as
a vasorelaxant (6). Piceatannol, one of the active components
of rhubarb, was recently found to inhibit lipooxygenase activity
(7) and VSMC proliferation and migration (8). Recently, we
reported that piceatannol-3'-O-p-D-glucopyranoside (PG) is a
potent inhibitor of arginase isoforms. PG inhibited the arginase
isoforms in a dose-dependent manner, resulting in augmented
NO production by enhancing eNOS dimer stabilization (9).

Based on these data, we hypothesized that PG regulates
vascular function. Therefore, we examined whether PG
improves NO/ROS production and endothelial dysfunction in
ApoE" mice fed a high-cholesterol diet (HCD). We also inves-
tigated whether arginase inhibition by PG restores L-arginine
bioavailability and attenuates fatty streak formation in this
atherogenic mouse model.

Materials and methods

Animals. Twenty 10-week-old male wild-type (WT)
(C57BL/6J) and ApoE” mice (Dae Han Biolink Co.) were
studied. The study was approved in accordance with the Guide
for the Care and Use of Laboratory Animals (Institutional
Review Board, Kangwon National University).

Protocol. To determine the effect of PG on vascular reactivity,
we studied aortic rings isolated from 20 male C57BL/6J WT
mice fed a normal diet (ND) and 20 male ApoE™ mice fed
an HCD (D12108C; Research Diet Inc., USA) for 6 weeks.
Aortic rings were incubated with or without PG (50 xzmol/l)
for 18 h as previously described (9). For the pathological assay,
PG was administered in the drinking water to ApoE” mice
for 6 weeks when the mice were started on the HCD. Given
that each mouse consumed ~10 ml water/day this represented
a daily dose of ~500 pg/mouse/day of PG.

Western blot analysis. Aortic vessel lysates were subjected
to SDS-PAGE, and densitometry of the bands was conducted
using NIH ImageJ (9). To analyze the ratio of eNOS dimer
to monomer, proteins were separated using low-temperature
SDS-PAGE followed by western blot analysis (9).

Aortic vascular tension assay. Male C57BL/6J mice fed an
HCD were anesthetized using isoflurane, and the thoracic
aorta was rapidly removed. The aortas were placed in ice-
cold oxygenated Krebs-Ringer bicarbonate solution (in mM:
NaCl 118.3, KCl1 4.7, MgSO, 1.2, KH,PO, 1.2, CaCl, 1.6,
NaHCO; 25, glucose 11.1), and cleared of adherent connec-
tive tissues. The mouse aortas were cut into 1.5-mm rings and
suspended between two wire stirrups (150 ym) in a myograph
(Multi Myograph System DMT-620) in 10 ml Krebs-Ringer
solution (95% 0,-5% CO,, pH 7.4, 37°C). One stirrup was
connected to a three-dimensional micromanipulator, and
the other was connected to a force transducer. The rings
were passively stretched at 10-min intervals in increments of
100 mg to reach optimal tone (600 mg). After the arterial rings
had been stretched to their optimal resting tone, the contractile
response to 100 mM KCI was determined. The response to a
maximal dose of KCI was used to normalize the responses
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to agonist across vessel rings. The dose response to the vaso-
constrictors, PE (10°-10"* M) and U46619 (10°-10”° M), was
performed first. This was followed by the dose response to
the vasodilators, acetylcholine (Ach, 10°-10°> M) and SNP
(10°-10°° M) after pre-constriction with PE (10-°® M). At the
end of the experiments, the NO-dependency of vasorelaxation
was confirmed by adding the inhibitor of guanylate cyclase
[1H-[1,2 4]oxadizolo[4,3-a]quinoxalin-1-one (ODQ), 10 M)].

Arginase activity. Tissue lysates were prepared using lysis
buffer (50 mM Tris-HCI, pH 7.5,0.1 mM EDTA and protease
inhibitors) by homogenization at 4°C followed by centrifuga-
tion for 20 min at 14,000 x g at 4°C. The supernatants were
used to assay for arginase activity as previously described (10).

Estimation of NO or ROS generation using DAF-FM or DHE
in isolated mice aorta. Mice aortic rings were isolated and
incubated overnight at 37°C in 5% CO, in Dulbecco's modified
Eagle's medium containing 2% FBS and antibiotics (1X) in
the presence of PG (50 gmol/l) (10). The fluorescence from the
aortic endothelium was measured at different time intervals
under microscopy (9).

Determination of intracellular L-arginine concentrations.
The intracellular concentration of L-arginine was determined
by high-performance liquid chromatography (HPLC) using
pre-column derivatization with o-phthalaldehyde (OPA) by
modification of a previously published method (11). L-arginine
(100 gmol/l) was added to the cell lysate (0.5 ml) as an internal
standard. The samples were extracted on solid-phase extraction
cartridges (CBA Bond Elute; Varian, Inc.). Recovery rates were
87.5+3.9%. Eluates were dried over nitrogen and resuspended
in double-distilled water for HPLC analysis. HPLC was
performed on a computer-controlled Waters chromatography
system (M600E) consisting of an automatic injector (M7725i;
Waters Co.) and a fluorescence detector (FP-1520; Jasco
Co.) located in the Central Laboratory of Kangwon National
University. Samples were incubated for exactly 1 min with OPA
reagent (5.4 mg/ml OPA in borate buffer, pH 8.4, containing
0.4% 2-mercaptoethanol) before automatic injection for the
HPLC. The OPA derivative of L-arginine was separated on a
150x4.6 mm, 3.5-ym Zorbax Eclipse XDB-C18 column with
the fluorescence detector set at Ex 340 nm and Em 450 nm.
Samples were eluted from the column with 0.96% citric acid/
methanol (70:30), pH 6.8, at a flow rate of 1.5 ml/min.

Gross pathologic assessment of plaque. The extent of athero-
sclerosis in the aortas was quantified in an en face preparation.
Digital color images of the aortas after staining with Oil Red O
were analyzed using MetaMorph image analysis software
(Molecular Devices, Sunnyvale, CA, USA).

Data analysis and statistics. Aortic vasoconstrictor responses
are presented as percent change in the maximum response
induced by KCI. Vasodilator responses are expressed as
a percentage of pre-constricted tension. The ECs, and the
maximal response (E,,,) were calculated using nonlinear
logistic regression analysis with Prism (GraphPad) software.
All data are represented as means + standard error of at least
four independent experiments. An unpaired Student's t-test or
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Table I. Vasoconstrictor responses in PG-treated and -untreated aortic rings.

LogEC;, E, .« (%KCI)
Untreated PG Untreated PG n
U46619 -6.59+0.06 -6.42+0.11 192.0+5.94 155.248.61* 6
PE -6.91+0.10 -7.23+£0.07* 143.9+4 45 116.9+2.31* 7

Values are means + standard error; n, number of mice. “PG vs. untreated, P<0.05. PE, phenylephrine; PG, piceatannol-3'-O-f3-D-glucopyranoside.
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Figure 1. Effect of PG on vascular tension in WT mice fed an ND. The contractile response to the vasoconstrictors (A) U46619 and (B) PE was significantly
attenuated in PG-treated (50 pg/ml) rings (untreated vs. PG-treated, "P<0.01). Vessels were preconstricted to ~60% of contractile E,,, with PE (10"® M)
and cumulative dose responses to (C) Ach and (D) SNP were performed. The vasorelaxant E_,, and ECs, to Ach were enhanced in PG-treated aortic rings
(untreated vs. PG-treated, "P<0.01), whereas L-NAME incubation completely prevented Ach-dependent vasorelaxation in PG-treated rings. In contrast, the

efficacy of the vasorelaxant response to SNP was not significantly different.

2-way ANOVA was used to assess statistical significance. A
value of P<0.05 was accepted as significant.

Results

Vascular responses of PG-treated aortic rings from WT mice
fed an ND. It was previously demonstrated that PG inhibits
arginase activity and reciprocally increases NO production in
the endothelium by enhancing eNOS dimerization. Therefore,
we tested the vascular response to the vasoconstrictors, PE and
U46619, and the vasorelaxants, Ach and SNP, with and without
preincubation with PG.

As presented in Fig. 1 and Table I, the E,,, in response
to U46619 in the PG-treated group (155.2+8.6%) was signifi-
cantly reduced when compared with that in the untreated group
(192.0+5.9%,P<0.01) (Fig. 1A). Similar to the U46619 response,
PG exposure significantly reduced the E,_,, of PE-dependent
vasoconstriction (Fig. 1B) (untreated vs. PG, 143.9+4.4 vs.
116.9+2.3%, P<0.01, n=7). The U46619 ECy, was significantly
lower in the PG-treated group (untreated vs. PG, -6.59+0.06

vs. -6.42+0.11 M [log (PE)], P<0.05), and the ECy, in response
to PE was more significantly reduced in the PG-treated group
(untreated vs. PG, -6.91+0.10 vs. -7.23+0.07 M [log (PE)],
P<0.05). Therefore, we used PE to pre-constrict vessels in the
experiments to test the vasorelaxant response.

To determine the effect of PG on endothelial-dependent
vasorelaxation, mouse aortas were preincubated with or
without PG and were preconstricted with PE (10° M). A
dose-response curve to the endothelial-dependent vasodilator
Ach was then constructed. Ach resulted in significant dose-
dependent relaxation in mouse aortas preincubated with PG.
The E,,, values were 69.5+1.6 vs. 80.3+4.0%, and the EC;,
was -6.66+0.05 vs. -7.26+0.14 M [log (Ach)] for untreated and
PG-incubated aortas, respectively (n=8, P<0.05) (Fig. 1C and
Table II). Interestingly, the enhanced relaxation response to
Ach by PG incubation was completely prevented by treatment
with L-NAME, a general NOS inhibitor.

The percentage of relaxation to SNP was similar between
the untreated and PG-treated mice (Fig. 1D). E ., values
for untreated and PG-treated groups were 109.0+1.6 and
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Table II. Vasodilator responses in PG-treated and untreated aortic rings.

LogEC;, E, . (%KCI)
Untreated PG Untreated PG n
Ach -6.66+0.05 -7.26+0.14* 69.5+1.61 80.3+4.02°
SNP -8.19+0.07 -8.64+0.57 109.0+1.62 112.5+10.7 5

Values are means + standard error; n, number of mice. *PG vs. untreated, P<0.05. PE, phenylephrine; PG, piceatannol-3'-O-f3-D-glucopyranoside;

SNP, sodium nitroprusside.
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Figure 2. PG-dependent arginase inhibition improves endothelial NO production in ApoE” mice fed an HCD. Arginase activity was significantly increased in
the endothelium of vessels from ApoE” mice fed an HCD for six weeks. This was blocked following incubation with PG (50 pg/ml, "P<0.01,”P<0.01, “P<0.01,
n=4). (B) Vascular NO was measured in mouse aortas (en face, endothelial side up) by monitoring the change in the slope of DAF fluorescence ("P<0.01,
#P<0.01). L-NAME (10 zmol/1) was used as a control, n=6. (C) ROS production was measured in mouse aortas using O2"-specific fluorescent dye (DHE), and
the slope of DHE fluorescence over time was determined ("P<0.01, “P<0.01). MnTBAP (1 ymol/l) was used as a negative control, n=6. (D) Isolated vessels were

treated with L-NAME (10 gmol/l), and DHE signals were measured (“P<0.01).

112.5+10.7%, respectively. ECs, values for untreated and
PG-treated groups were -8.19+0.07 and -8.64+0.57 M
[log (SNP)], respectively. Preincubation with PG and the pres-
ence of L-NAME as an eNOS inhibitor did not alter vascular
responses to SNP in any groups (data not shown).

PG inhibits arginase activity in mice fed an HCD and is
associated with increased NO generation and decreased ROS
production. We analyzed the lipid profiles from sera (n=10)
isolated from WT mice fed an ND and ApoE” mice fed an
HCD. The total cholesterol (100£2.3 vs. 989.2+12.9 mg/dl,
P<0.01), LDL content (3.0+1.2 vs. 572.7+0.9 mg/dl, P<0.01), and
the triglyceride level (31.0£1.9 vs. 86.0+3.8 mg/dl, P<0.01) of

the ApoE” mice fed an HCD were all significantly higher than
levels of the WT mice fed an ND. HDL concentration was also
significantly higher in ApoE” mice fed an HCD (91.9+2.8 vs.
688.6+9.6 mg/dl, P<0.01).

We wished to determine the effect of PG on arginase
activity in aortic vessels of ApoE” mice fed an HCD. The
HCD induced an increase in arginase activity, which was
dominantly presented in the endothelium (ApoE” + HCD vs.
WT + ND, 119+1 vs. 100+1%, P<0.01; ApoE” + HCD
vs. ApoE”" + HCD + Endoth, 96+4 vs. 119£1%, P<0.01)
(Fig. 2A). Preincubation of aortic rings with PG significantly
decreased arginase activity in ApoE” mice fed an HCD
(ApoE” + HCD + Endoth + PG vs. ApoE” + HCD + Endoth,
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Figure 3. PG-dependent arginase inhibition restores HCD-dependent eNOS uncoupling. (A) Protein levels of arginase II and eNOS were analyzed after incuba-
tion of thoracic aortas from WT mice fed an ND and ApoE” mice fed an HCD with or without PG (50 pzg/ml). Incubation with PG had no effect on arginase 1T
expression. Expression of eNOS, however, was significantly increased in ApoE” mice fed an HCD ("P<0.01). (B) eNOS uncoupling induced by an HCD was

markedly restored by incubating isolated aortas with PG.

9242 vs. 119+1%, P<0.01) and in WT fed an ND. We next
tested whether PG-dependent arginase inhibition resulted in
increased NO production using an NO-sensitive fluorescence
dye, DAF-FM [3-amino-4-(N-methylamino)-2',7'-difluoroflu-
orescein] diacetate, over the indicated time intervals. HCD
induced a decrease in the slope of DAF fluorescence (Fig. 2B)
(ApoE" + HCD vs. WT + ND, 0.13£0.02 vs. 0.32+0.05 change
in DAF fluorescence/sec, P<0.01). This was improved by incuba-
tion with PG (ApoE™ + HCD + PG vs. ApoE” + HCD, 0.44+0.11
vs. 0.13+0.02 change in DAF fluorescence/sec, P<0.01). On the
other hand, incubation with N¢-nitro-L-arginine methyl ester
(L-NAME) acutely decreased the slope of DAF fluorescence
(0.06+0.01 change in DAF fluorescence/sec).

To determine whether increased NO production by arginase
inhibition contributes to ROS reduction, we measured 02~
generation using the O2"-sensitive dye, dihydroethidium (DHE),
in the endothelia of WT and ApoE" mice. The time-dependent
intensity of DHE fluorescence was increased in ApoE” mice
fed an HCD compared to WT mice fed an ND (Fig. 2C)
(ApoE” + HCD vs. WT + ND, 0.045+0.015 vs. 0.017+0.003
change in DHE fluorescence/sec, P<0.01). Preincubation with
PG reduced the slope of DHE fluorescence in ApoE™ fed an
HCD (ApoE” + HCD + PG vs. ApoE” + HCD, 0.01+0.002
vs. 0.045+0.015 change in DHE fluorescence/sec, P<0.01).
MnTBAP, a ROS scavenger, completely quenched DHE signal.
We next measured ROS production in the presence of NOS
inhibitor, L-NAME. Interestingly, L-NAME prevented ROS
production in ApoE” mice fed an HCD (Fig.2D) (ApoE” + HCD
+ L-NAME vs. ApoE” + HCD, 0.035+0.01 vs. 0.075+0.01
change in DHE fluorescence/sec, P<0.01).

PG enhances the stability of the eNOS dimer in ApoE" mice
fed an HCD without affecting protein expression levels. To
understand the underlying mechanism of how PG increases
NO production and reduces ROS generation in aorta from
ApoE” mice fed an HCD, we performed a western blot analysis
of arginase II and eNOS in the endothelium. The expression
level of arginase II was not significantly different between
untreated- and PG-treated aortas isolated from ApoE™

mice fed an HCD (ApoE” + HCD vs. ApoE” + HCD+PG,
96.9+5.1 vs. 94.8+10.0%, ns) compared to that of WT fed
an ND (100+9.1%) (Fig. 3A). However, eNOS protein levels
were significantly increased in ApoE” mice fed an HCD
(ApoE” + HCD vs. WT + ND, 134.2+5.9 vs. 100+4.7%,
P<0.01). PG incubation had no effect on the protein levels of
eNOS (ApoE" + HCD vs. ApoE” + HCD + PG, 134.2+5.9 vs.
128.5+8.3%, ns). On the other hand, the ratio of eNOS dimer/
monomer was significantly decreased in the aortas of ApoE™
mice fed an HCD from 1.83+0.27 to 1.18+0.08 (P<0.01). When
incubated with PG, this value in ApoE” mouse aortas was
restored to 1.92+0.25 (Fig. 3B) (P<0.01).

Effect of PG on aortic vascular reactivity in ApoE™" mice fed
an HCD. PG-dependent arginase inhibition enhanced vascular
function in WT mice fed an ND (Fig. 1 and Table I). This also
reciprocally increased NO production and decreased ROS
generation by enhancing the stability of the eNOS dimer in
ApoE" mice fed an HCD. Therefore, we tested whether PG
restores impaired vascular function in ApoE” mice fed an HCD.

The vasoconstriction response induced by a 60 mM K*
solution was significantly higher in thoracic aortas isolated
from ApoE” mice fed an HCD compared to those isolated
from WT mice fed an ND (Fig. 4A) (ApoE” + HCD vs.
WT + ND, 150.2+9.6 vs. 100+11.4%, P<0.01). PG incubation
had no effect on K*-induced vasoconstriction (ApoE” + HCD
vs. ApoE” + HCD + PG, 150.2+9.6 vs. 147.3+13.4%, ns).
The vasoconstriction response to PE was markedly reduced
in ApoE” mice fed an HCD in a dose-response manner. As
presented in Fig. 4B, the E,, value in aortas from ApoE" mice
fed an HCD compared with WT mice fed an ND was signifi-
cantly decreased (WT + ND vs. ApoE” + HCD, 150.5+4.16 vs.
119.9+3.15%, P<0.01). LogECy, values were also significantly
decreased (WT + ND vs. ApoE” + HCD, -8.2+0.07 vs.
-71.9+0.06 M [log (PE)], P<0.01). Interestingly, preincubation
of vessels from ApoE” mice fed an HCD with PG resulted in
a marked decrease in the maximal vasoconstrictor response to
PE (ApoE” + HCD vs. ApoE” + HCD + PG, 119.9+3.15 vs.
79.6£5.2%, P<0.01).
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Figure 4. Preincuabtion with PG improves endothelial dysfunction in aortas from ApoE™ mice fed an HCD. (A) Maximal tension to a K* solution (60 mM
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HCD compared with WT mice fed an ND, whereas PG preincubation with aortas from ApoE™ mice fed an HCD enhanced the vasorelaxant response ("P<0.01,
“P<0.01, n=8). (D) In contrast, the efficacy of vasorelaxant responses to SNP was not changed in all rings.
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Figure 5. Effect of arginase inhibition by PG on intracellular L-arginine
content. Aortic vessels were incubated with or without PG, and intracellular
L-arginine concentrations were measured using HPLC. The L-arginine
levels were increased in PG-treated aortas of WT mice fed an ND ("P<0.01),
and reduced L-arginine content in aortas of ApoE” mice fed an HCD was
restored by arginase inhibition with PG ("P<0.01, “P<0.01, n=4).

To determine the effect of PG on the endothelium-depen-
dent vasorelaxation in ApoE” mice fed an HCD, mouse aortas
were preconstricted with PE (10°® M), and dose-response
curves were constructed to the endothelium-dependent vaso-
relaxant, Ach, and the endothelium-independent NO donor,
SNP. Ach resulted in significant dose-dependent relaxation
in mouse aortas. The vasorelaxant responses in aortic rings
from ApoE” mice fed an HCD were significantly attenuated
compared with those from WT mice fed an ND. The E,,

was 54.3+4.5 vs. 97.1+2.1% (Fig. 4C) (ApoE” + HCD vs.
WT + ND, P<0.01). The reduced response of the aortic rings
from HCD-fed mice was markedly improved by incubation
with PG (ApoE™ + HCD vs. ApoE” + HCD + PG, 54.3+4.5
vs. 95.3+4.5%, P<0.01). However, the logEC5, values were not
significantly changed (WT + ND, -6.77+0.06; ApoE”- + HCD,
-6.94+0.12; ApoE” + HCD + PG, -6.74+0.13 M [log (Ach)]).
SNP induced a maximal relaxant response in aortas from the
HCD-fed mice that was similar to responses in the aortas from
the ND-fed WT mice and from aortas from the HCD-fed mice
following PG incubation (Fig. 4D).

PG incubation restores intracellular L-arginine content.
Given that upregulation of arginase activity regulates NOS
activity by limiting L-arginine bioavailability, we measured
the intracellular L-arginine concentration by OPA derivatiza-
tion. Arginase inhibition by PG resulted in an increase in
L-arginine levels in WT aorta (WT + ND + PG vs. WT + ND,
115.5+6.5 vs. 100+£3.8%, P<0.05) (Fig. 5). On the other hand,
L-arginine content was significantly decreased in the aortas
of ApoE™" mice fed an HCD (ApoE” + HCD vs. WT + ND,
86.7+4.0 vs. 100+3.8%, P<0.01). This decreased content was
attenuated by incubation with PG (ApoE” + HCD + PG vs.
ApoE" + HCD, 106.44.6 vs. 86.7+4.0%, P<0.01).

PG decreases fatty streak formation in ApoE™" mice fed an
HCD. PG reduced the area of the aorta with fatty streaks
(Fig. 6A), as quantified by staining with the lipid dye Oil Red
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Figure 6. PG reduces fatty streak formation in ApoE” mice. (A) A repre-
sentative descending thoracic aorta stained with Oil Red O shows the fatty
streak area. (B) The cumulative quantitative assessment of fatty streak area
was determined by pixel count of the red-stained area.

O (Fig. 6B) (ApoE” + HCD + PG vs. ApoE™ + HCD, 2.8+0.4
vs. 1.620.2%, P<0.01).

Discussion

We previously established that PG is an active component of
rhubarb that inhibits arginase I and II activity and recipro-
cally regulates NO/ROS generation by enhancing the stability
of the eNOS dimer. Here, we demonstrated that in aortic
rings isolated from WT mice fed an ND, PG attenuated the
response to vasoconstrictors U46619 and PE and enhanced the
response to the vasorelaxant Ach in an endothelium-dependent
manner. PG did not alter the response to the NO donor, SNP.
Furthermore, in atherogenic model mice (ApoE™) fed an
HCD, arginase activity was increased, NO production was
decreased, ROS production was increased. All of these were
significantly reversed by treatment with PG. Furthermore, PG
treatment enhanced eNOS coupling by increasing L-arginine
bioavailability and reduced fatty streak formation. PG treat-
ment attenuated the impaired vascular responses to both, PE
and Ach, in ApoE” mice fed an HCD.

Arginase negatively regulates eNOS-dependent NO produc-
tion in endothelial cells. Thus, increased arginase activity has
been shown to contribute to reduced NO bioavailability in
several pathologies including vascular dysfunction (10,12,13),
asthma (14), erectile dysfunction (15), aging (12), and athero-
sclerosis (3,16). oxLDL, a prime atherogenic agent, increases
arginase activity by two distinct mechanisms: transcrip-
tional upregulation and a posttranslational mechanism that
dissociates the enzyme from the microtubule, resulting in acti-
vation (10). This oxLDL-dependent effect on arginase activity
is one possible mechanism by which high cholesterol may lead
to endothelial dysfunction dysregulating NO production.
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NO has multiple vasoprotective characteristics (1).
NO-based therapeutics are under investigation and include
dietary L-arginine (17-19), drug-eluting stents (20), inhala-
tional NO gas (21,22), and NOS gene therapy (23,24). Here
we investigated the potential of PG, an inhibitor of arginase,
as a novel NO-based therapeutic. PG improved HCD-induced
endothelial dysfunction by attenuating the vasoconstriction
response to PE and U46619, and it also augmented the vaso-
relaxation response to Ach by increasing NO bioavailability.

In aortic rings isolated from ApoE” mice fed an HCD,
vasoconstriction induced by a high K* solution was increased
when compared to those isolated from WT mice fed an ND.
This increase observed in ApoE” mouse tissues may be due
to changes in the properties of the smooth muscle itself, rather
than from injury to the endothelial cells. Alterations in smooth
muscle cell function would be expected to occur when consid-
ering the morphological and biochemical changes observed in
vascular tissues during cholesterol-induced atherogenesis; i.e.,
an increase in foam cells or in cell proliferation or a decrease
in Na*/K*-ATPase activity (25).

The expression of inducible nitric oxide synthase (iNOS)
has also been reported in atherosclerotic lesions (26).
Therefore, increased iNOS expression and/or activity may be
an additional possible mechanism to explain the decreased
contraction in the aortic rings of these mice in response to PE.
This enhanced iNOS activity does not require an increase in
cytosolic Ca**, and this may help explain how the observed
decreased contraction was Ca?*-independent. Indeed, elevated
cGMP content was found in atherosclerotic aortas from athero-
genic rabbits (27). This observation indicates that an absence
of NO or relative deficiency of NO resulted in compensatory
upregulation of a downstream pathway.

Paradoxically, eNOS expression/abundance is actually
increased in most animal models of atherosclerosis (28). This
is consistent with observations in eNOS-deficient and eNOS-
overexpressing mice in which an HCD resulted in decreased
and increased measures of atherosclerosis, respectively (29,30).
Interestingly, NO production in ApoE” mice fed an HCD was
decreased despite an increase in eNOS expression, suggesting
that coupling rather than protein abundance is critical.
Furthermore, eNOS inhibition with L-NAME in ApoE” mice
fed an HCD significantly decreased ROS production, which
suggests that uncoupled eNOS is an important ROS-producing
enzyme in atherogenesis (Fig. 2D). Several mechanisms could
explain eNOS uncoupling under pathophysiological condi-
tions, including: i) substrate (L-arginine) depletion; ii) cofactor
(BH4) depletion; iii) loss of dimerization; and iv) altered
eNOS phosphorylation. These are interrelated and depend on
the spatial confinement of NO signaling and the nitroso-redox
milieu. NOS uncoupling in the setting of cofactor (BH4) or
substrate (L-arginine) limitations could be amplified by an
overabundance of the enzyme itself. This is consistent with our
results (Figs. 2 and 3). Our data suggest that the upregulation
of arginase results in NOS uncoupling, and arginase inhibition
results in recoupling (Fig. 3B), with restoration of the nitroso-
redox balance of endothelium function (Fig. 4).

In fact, we found that the L-arginine concentration was
66.6 ymol/mg protein in WT mice fed an ND and 57.7 ymol/mg
protein in ApoE” mice fed an HCD. Previous studies (31-33)
have demonstrated that endothelial cells contain two pools of
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L-arginine: i) pool I, regulated by the cationic transporter and
can be depleted by cationic amino acid L-lysine, ii) pool II
(pool ITA and IIB), accessible to eNOS but is not freely
exchangeable with extracellular L-lysine (or L-arginine). Arg II
specifically in mitochondria utilizes pool IIB. Pool IIB may be
influenced by arginase and thus modulates the local concentra-
tion of L-arginine available to eNOS. Although our study did
not distinguish the L-arginine pools, we demonstrated that
arginase activity is involved in the regulation of the intracellular
L-arginine concentration (Fig. 5). The relationship between
arginase activity and L-arginine concentration was also shown
in the plasma of mice (32).

Atherosclerosis is defined as a chronic inflammatory
disease that is the result of activation and inhibition of multiple
complex interacting mechanisms. Overall atherosclerotic
process and fatty streak formation are inhibited by NO and
enhanced by ROS. Despite advanced fatty streak development
in the ApoE” mice, arginase inhibition with PG, thereby
increasing NO bioavailability and decreasing ROS production,
significantly decreased fatty streak formation (Fig. 6).

In summary, we present the novel molecule PG that
enhanced vascular function in WT mice, and improved
impaired vascular function and reduced fatty streak forma-
tion in an atherosclerotic mouse (ApoE™) model fed an HCD.
PG inhibited arginase activity and reciprocally increased NO
production through enhanced stability of the eNOS dimer in
aortic rings isolated from ApoE” mice fed an HCD. These
insights suggest PG as the basis for development of safe and
effective preventative therapies for atherosclerotic disease.
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