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Abstract
Oxidized low-density lipoprotein (OxLDL) causes impairment of endothelium-dependent, nitric
oxide (NO)-mediated vasodilation involving L-arginine deficiency. However, the underlying
mechanism remains elusive. Since arginase and endothelial NO synthase (eNOS) share the
substrate L-arginine, we hypothesized that OxLDL may reduce L-arginine availability to eNOS
for NO production, and thus vasodilation, by up-regulating arginase. To test this hypothesis,
porcine subepicardial arterioles (70-130 μm) were isolated for vasomotor study and for
immunohistochemical detection of arginase and eNOS expressions. The coronary arterioles dilated
dose-dependently to the endothelium-dependent NO-mediated vasodilator serotonin. This
vasodilation was inhibited in the same manner by NOS inhibitor L-NAME and by lumenal
OxLDL (0.5 mg protein/ml). The inhibitory effect of OxLDL was reversed after treating the
vessels with either L-arginine (3 mM) or arginase inhibitor difluoromethylornithine (DFMO; 0.4
mM). Consistent with vasomotor alterations, OxLDL inhibited serotonin-induced NO release from
coronary arterioles and this inhibition was reversed by DFMO. Vascular arginase activity was
significantly elevated by OxLDL. Immunohistochemical analysis indicated that Ox-LDL increased
arginase I expression in the vascular wall without altering eNOS expression. Taken together, these
results suggest that OxLDL up-regulates arginase I, which contributes to endothelial dysfunction
by reducing L-arginine availability to eNOS for NO production and thus vasodilation.
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Introduction
The impairment of endothelium-dependent relaxation of coronary conduit arteries by
atherosclerotic insult [5,52] or by a high level of atherogenic molecule, oxidized low-density
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lipoprotein (OxLDL) [20,43,48], is well documented. The functional consequences of this
pathology have been shown to extend into coronary arterioles (<150 μm in diameter)
[12,35], the primary site involved in the coronary flow regulation [13]. A number of studies
have shown that the endothelial NO bioavailability and NO synthase (eNOS) pathway are
adversely affected by OxLDL [20,25,33,43,48]. We have previously reported that OxLDL
selectively impairs endothelium-dependent, NO-mediated dilation of porcine coronary
arterioles in response to pharmacological agonists [25] and to increased shear stress [27].
Interestingly, administration of NO precursor L-arginine improves OxLDL-impaired
vasodilatory function [25,27]. These studies indicate that reduced L-arginine availability
contributes to the vascular dysfunction elicited by OxLDL. Although the mechanism
responsible for the L-arginine deficiency remains elusive, it is possible that the increase in
L-arginine consumption by other enzymes might lead to the reduction of L-arginine
availability for eNOS during OxLDL insult.

Arginase enzymes (both type I and type II isoforms) consume L-arginine to form L-
ornithine and urea and have been shown to be constitutively expressed in the endothelial and
smooth muscle cells [3,6,55]. These enzymes, at the endothelial level, can play a
counteracting role in modulating NO production [8,11,58] and in NO-mediated vasodilation
by competing with eNOS for their common substrate L-arginine [6,17,58]. Interestingly,
accumulating evidence has shown that the expression of arginase is elevated in a variety of
cells and tissues with inflammation and oxidative stress [3,10,46,54], the conditions that are
known to be associated with atherogenesis. Moreover, L-arginine deficiency was recently
found to be involved in the vascular dysfunction in hypercholesterolemia and atherosclerosis
[51]. In view that enhanced arginase activity and/or expression can contribute to endothelial
dysfunction related to NO deficiency in various cardiovascular diseases [6,29,56], it is likely
that arginase may influence arteriolar vasomotor function during the development of
atherosclerosis. However, it remains unclear whether the OxLDL, one of the major
atherogenic molecules, plays a role in modulating vasodilatory function by manipulating NO
bioavailability via the arginase pathway. In this context, we examined the effect of OxLDL
on NO production and arginase activity/expression in relation to the vasomotor function of
isolated coronary arterioles. We speculated that OxLDL might exert its adverse effect on the
endothelium-mediated vasodilatory function by reducing L-arginine availability for NO
synthesis via arginase activation.

Materials and Methods
Preparation of Coronary Arterioles and Functional Analyses

The identification and isolation of pig coronary arterioles were described in detail previously
[36]. Briefly, pigs (10 to 15 kg, 22 males and 18 females) were anesthetized with
pentobarbital sodium (20 mg/kg). After a left thoracotomy was performed, the heart was
electrically fibrillated, quickly removed, and immediately placed in cold (5°C) physiological
salt solution (PSS). The procedures followed were in accordance with guidelines set by the
Laboratory Animal Care Committee at Texas A&M Health Science Center. Arterioles
(60-80 μm in internal diameter in situ) were isolated from the small branches of left anterior
descending artery of left ventricle. One to three vessels were isolated from each heart for
functional studies described below.

The isolated coronary arterioles were cannulated with PSS-filled micropipettes in a Lucite
vessel chamber. After cannulation of an arteriole, the chamber was transferred to the stage
of an inverted microscope (model IM35, Zeiss, Thornwood, NY). The vessel was
pressurized without flow at 60 cmH2O by an adjustable reservoir system. Internal diameter
of the vessel was measured throughout the experiment using video microscopic techniques
as described previously [33]. The cannulated arterioles were equilibrated in a vessel bath at
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36-37°C to allow development of basal tone. Coronary arteriolar responses to the
endothelium-dependent NO-mediated vasodilator serotonin (10-10 M to 10-6 M) [28,29] and
to the endothelium-independent NO donor sodium nitroprusside (10-9 M to 10-5 M) [33]
were examined before and after treating the vessels with NO synthase inhibitor NG-nitro-L-
arginine methyl ester (L-NAME) (10 μM, 30-minute extraluminal incubation) [27] or
replacing the intraluminal solution (PSS) with OxLDL (0.5 mg protein/ml; 90-minute
incubation) [27]. The combination of L-NAME and OxLDL treatment was performed in
another set of vessels to assess whether OxLDL and L-NAME have an additive inhibitory
effect on serotonin-induced dilation. To rule out time-dependent and non-specific effects of
the intraluminal incubation procedure, the vasodilatory responses were also examined in
another series of experiments after treating the vessels with OxLDL vehicle solution (i.e.,
PSS, 90-minute intraluminal incubation). To determine whether L-arginine deficiency
contributes to the effect of OxLDL, the vasodilation to serotonin was re-examined after
incubating the vessels with L-arginine (3 mM, extraluminal treatment) for 30 minutes. The
specificity of L-arginine was examined by extraluminally incubating the vessels with D-
arginine (3 mM). In some vessels, the role of arginase in altered vasodilation to serotonin
was assessed by intraluminal co-administration of OxLDL (0.5 mg protein/ml) and arginase
inhibitors α-difluoromethylornithine (DFMO, 0.4 mM; a gift from Ilex Oncology, San
Antonio, TX) [47] or Nw-hydroxy-nor-L-arginine (nor-NOHA; Alexis, San Diego, CA) (0.1
mM) [49] for 90 minutes. All chemicals and drugs were purchased from Sigma-Aldrich (St.
Louis, MO), except as specifically stated. All the drugs used for the functional study were
dissolved in PSS.

At the end of each experiment, the vessels were relaxed with sodium nitroprusside (10-4 M)
to obtain their maximal diameter at 60 cmH2O intraluminal pressure. We have previously
shown that this concentration of sodium nitroprusside produced maximal relaxation of
isolated vessels because their diameters were not further increased by a calcium free solution
containing EDTA (1 mM) [25]. All diameter changes in response to agonists were
normalized to the vasodilation in response to 10-4 M sodium nitroprusside and expressed as
a percentage of maximal dilation. All data are presented as means±SEM and one or two
vessels were used from each heart. Statistical comparisons of vasomotor responses under
different treatments were performed with two-way ANOVA and tested with Fisher's
protected least significant difference multiple range test. Differences in resting diameter
before and after pharmacological interventions were compared by paired Student's t-tests.
Significance was accepted at P<0.05.

Oxidation of Low Density Lipoprotein
OxLDL was prepared as reported previously [25,27]. Briefly, human native LDL (5 mg
protein/ml) was oxidized by exposure to 10 μM CuCl2 for 24 hours at room temperature.
The degree of LDL oxidation was spectrophotometrically measured [18] by the
thiobarbituric acid-reactive substances (TBARS) assay [9]. TBARS data were expressed as
nanomoles malondialdehyde per mg of LDL protein. OxLDL was dialyzed against
Dulbecco's phosphate-buffered saline for 24 hours. The OxLDL was stored at 4°C and used
within 2 weeks. Before each experiment, OxLDL was filtered with a 0.2 μm pore filter
(Corning, Corning, NY) and tested for endotoxin (<0.06 endotoxin unit/ml, Limulus assay,
Cambrex) at levels insufficient to affect vasomotor function [34]. OxLDL was then diluted
to the final concentration, 0.5 mg protein/ml, in PSS. The protein concentration of LDL was
determined by using the modified Lowry assay [38]. OxLDL used in this study exhibited
extensive oxidation (12.1±1.8 nmol malondialdehyde/mg LDL protein; n=6).
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NO Assay
NO production from coronary arterioles was evaluated by measuring nitrite with a
chemiluminescence NO analyzer (Sievers Instruments, Boulder, CO) as described
previously [26]. Vessels (∼70 μm in diameter with 1-2 mm in length) were isolated and
placed in a microcentrifuge tube (5 vessels/tube) containing 150 μl PSS. After a 90-minute
initial incubation at 37°C, serotonin (0.1 μM final concentration) was added to the vessel
bath for 30 minutes. The bathing solution was then collected for nitrite measurement. In
parallel to the control experiments, another series of studies were performed by pre-
incubating the vessels with OxLDL (final concentration 0.5 mg protein/ml in PSS at 37°C)
with or without arginase inhibitor (DFMO 0.4 mM or nor-NOHA 0.1 mM) for 90 minutes
and the serotonin (0.1 μM final concentration) was subsequently added to the vessel bath.
Following a 30-minute incubation with serotonin, nitrite was assayed. In addition, three
separate experiments were ran in parallel to the above protocols as negative control by
adding corresponding vehicle solution (PSS) and agent in each tube without the vessels. The
protein levels in each tube were quantified by bicinchoninic acid protein assay (Pierce,
Rockford, IL) and were used as a basis to normalize the NO production. Differences in
nitrite concentration were compared by using Student's t-test. Significance was accepted at P
< 0.05.

Arginase Activity Assay
Coronary arterioles (5 to 7 vessels/sample, ∼70 μm in diameter, 1 to 2 mm in length) were
isolated and incubated with or without OxLDL (0.5 mg protein/ml) for 90 minutes at 37°C.
In another set of experiments, isolated vessels were treated with OxLDL in combination
with DFMO under conditions described above. The vessels were than transferred to the lysis
buffer for an arginase activity assay as described previously [58]. Briefly, vessel lysate (50
μl) was added into 75 μl of Tris·HCl (50 mM, pH 7.5) containing 10 mM MnCl2. Heating
the lysate at 55°C to 60°C for 10 minutes activated arginase. The hydrolysis reaction of L-
arginine by arginase was performed by incubating the mixture containing activated arginase
with 50 μL of L-arginine (0.5 M, pH 9.7) at 37°C for 1 hour and was stopped by adding 400
μl of the acid solution mixture (H2SO4:H3PO4:H2O=1:3:7). For calorimetric determination
of urea, α-isonitrosopropiophenone (25 μl, 9% in absolute ethanol) was then added and the
mixture was heated at 100°C for 45 minutes. After placing the sample in the dark for 10
minutes at room temperature, the urea concentration was determined spectrophotometrically
by the absorbance at 550 nm measured with a microplate reader (Bio-Tek Instruments,
Winooski, VT). The amount of urea produced, after normalization with protein, was used as
an index for arginase activity. Differences in arginase activity were compared by using
Student's t-test. Significance was accepted at P < 0.05.

Immunohistochemical Analysis
Coronary arterioles (∼100 μm inner diameter) were prepared for immunohistochemical
analysis as described previously [29,58]. The vessels treated with PSS (vehicle) and OxLDL
were prepared for cryosection (12 μm thick) and then immunolabeled with mouse anti-
arginase I (1:40 dilution; BD Biosciences Transduction Laboratories, Lexington, KY) or
anti-eNOS monoclonal antibodies (1:60 dilution; BD Biosciences Transduction
Laboratories, Lexington, KY). Staining control tissues were exposed to corresponding non-
immune mouse immunoglobulin (Jackson ImmunoResearch Laboratories, West Grove, PA)
in place of the primary antibody. The slides were then incubated with the secondary
antibody, goat anti-mouse monoclonal antibody conjugated with biotin (1:60 dilution;
Jackson ImmunoResearch Laboratories, West Grove, PA) and then fluorescein avidin D
(1:35 dilution; Vector Laborotories, Burlingame, CA). The control and experimental tissues
were placed on the same slide and processed under the same conditions. The slides were
observed and analyzed using the Ultima-Z 312 Confocal Microscope (Meridian Instruments,
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Okemos, MI). The scanning parameters for image acquisition were identical for both control
and experimental tissues. The resulting images (both arginase and eNOS) were
quantitatively analyzed for arginase or eNOS fluorescence intensity using ImageJ software
(National Institutes of Health) with the following procedures. The images were thresholded
to determine the background control vessel signals. The average fluorescent intensity of the
staining-control vessels for each slide group was used to subtract out the signals
corresponding to the non-specific staining for each slide group. Then the background-
subtracted signal intensity for each experimental data-point in each slide group was
normalized to the average background-subtracted fluorescent intensity of the vehicle-treated
tissues from that slide group. Student's t-tests were then conducted on the resulting
normalized and background-subtracted data for arginase and eNOS independently.
Significance was accepted at P < 0.05.

Results
Effect of OxLDL on Coronary Arteriolar Dilation to Serotonin

All vessels developed a similar level of basal tone (∼66±2% of their maximal diameter)
within 40 minutes at 36-37°C bath temperature with 60 cmH2O intraluminal pressure. The
average resting and maximal diameters of vessels for vasomotor studied were 64±3 μm and
97±4 μm, respectively. Under control conditions, serotonin dilated coronary arterioles in a
dose-dependent manner and produced 87±5% of maximal dilation at the highest
concentration studied (Figure 1). In the presence of L-NAME, there was a tendency to
increase resting tone of the vessel but did not reach statistical significance (before L-NAME:
63±2% of maximal diameter; after L-NAME: 61±3% of maximal diameter). However, the
vasodilation to serotonin was significantly attenuated by L-NAME (Figure 1). Similarly,
OxLDL (0.5 mg protein/ml) did not significantly change basal tone (before OxLDL: 64±1%
of maximal diameter; after OxLDL: 62±2% of maximal diameter) at the end of 90-minute
incubation, but the dilation to serotonin was significantly inhibited in a fashion comparable
to that produced by L-NAME. Combined OxLDL and L-NAME treatment did not further
inhibit serotonin-induced dilation compared to the treatment of OxLDL or L-NAME alone
(Figure 1). In a separate series of studies, intraluminal incubation of vessels with OxLDL
vehicle solution (n=3) did not alter serotonin-induced vasodilation (data not shown).

The inhibitory effect of OxLDL on serotonin-induced dilation was restored by a subsequent
incubation of OxLDL-treated vessels with L-arginine (Figure 2), but not with D-arginine
(n=4, data now shown). The L-arginine or D-arginine treatment did not affect resting
vascular tone. Treating the vessels with DFMO did not alter resting tone, but the inhibitory
effect of OxLDL on serotonin-induced dilation was not observed (Figure 2). Another
arginase inhibitor, nor-NOHA (0.1 mM), produced similar effect as DFMO (n=4, data not
shown). Co-incubation of the vessels with OxLDL and arginase inhibitors (DFMO or nor-
NOHA) had a tendency to reduce vascular resting tone, but did not reach statistical
significance (before DFMO: 61±2% of maximum diameter vs. after DFMO: 64±3% of
maximum diameter). The dose-dependent vasodilations in response to serotonin were not
altered by L-arginine or DFMO (Figure 3A). In addition, the vasodilations induced by
sodium nitroprusside were not altered by OxLDL, L-arginine, or DFMO (Figure 3B).

Effect of OxLDL on NO Production and Arginase Activity
Incubation of the vessels with OxLDL did not alter their NO production under resting
conditions. However, the NO production evoked by serotonin was significantly reduced in
the vessels treated with OxLDL (Figure 4). In the presence of DFMO, there was a tendency
to increase serotonin-stimulated NO production, but the level did not reach statistical
significance. The inhibition of NO production by OxLDL was not observed in the vessels
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treated with DFMO (Figure 4). In addition, arginase activity was elevated by 3-fold in the
coronary arterioles treated with OxLDL, and this increase was abolished in the presence of
DFMO (Figure 5).

Effect of OxLDL on Arginase I and eNOS Expression
To detect the effects of OxLDL on arginase I and eNOS expressions, the coronary arterioles
incubated with or without OxLDL (0.5 mg protein/ml, 90 minutes) were subjected to
immunohistochemical study. Arginase I was found to localize mainly in the endothelial cells
with a low level of expression in smooth muscle cells of coronary arterioles (Figure 6Ab),
whereas the eNOS was observed in the endothelium only (Figure 6Ae). In the vessels treated
with OxLDL, the level of positive immunostaining for arginase I was significantly increased
in both endothelial and smooth muscle cells (Figure 6Ac). The fluorescence signals for
arginase I were increased by 2.8-fold in vessels treated with OxLDL (Figure 6B). There was
no significant change in the eNOS staining intensity after OxLDL treatment (Figure 6Af and
Figure 6B).

Discussion
In the present study, we have demonstrated that endothelium-dependent, NO-mediated
vasodilation of coronary arterioles to serotonin is compromised by OxLDL. The reduction of
serotonin-stimulated NO release from coronary arterioles is related to the increase of
arginase activity in OxLDL-treated vessels. Inhibition of arginase activity restores NO
production of coronary arterioles treated with Ox-LDL. Administration of NO precursor L-
arginine or inhibition of arginase activity restores vasodilation to serotonin. Moreover,
OxLDL up-regulates arginase I expression without altering eNOS expression. These results
suggest that OxLDL impairs endothelium-dependent, NO-mediated dilation by reducing L-
arginine availability, and thus NO production, through upregulated arginase I.

Although an altered vasomotor reactivity is generally reported in the clinical and
experimental models of atherosclerosis with enhanced vasoconstrictor action and reduced
endothelium-dependent vasodilation [5,19,30,37,52], a number of investigators have
demonstrated that atherosclerosis is not necessary to impair endothelium-dependent
vasodilations; rather, hypercholesterolemia is sufficient to exert the adverse effect [15,41].
In fact, endothelial dysfunction, especially the reduced NO bioavailability, has been
regarded as a risk factor for atherogenesis [21,53]. In line with the present finding that the
atherogenic molecule OxLDL exerts an adverse effect on endothelium-dependent NO-
mediated vasodilation, our previous studies have shown the impairment of endothelial
function in response to pharmacological stimuli or to an elevated shear stress in coronary
arterioles from atherosclerotic animals [35] or by exposing the vessels to a high level of
OxLDL [25,27]. It is worth noting that OxLDL selectively impairs NOS-related endothelial
function without altering vasodilations mediated by cyclooxygenase or cytochrome P-450
monooxygenase [27]. Interestingly, administering a high level of NO precursor, L-arginine,
improves endothelium-dependent vasomotor function [25,27,35] as shown in the present in-
vitro study (Figure 2) and in a number of other studies using in-vivo hypercholesterolemia
models [14,16,22]. However, the underlying mechanism for vascular endothelial
dysfunction in relation to the beneficial effect of L-arginine on hypercholesterolemia and
OxLDL insults remains incompletely understood.

Since L-arginine is an important limiting factor for NO production in addition to the
regulation of cofactors, gene expression and enzymatic activity for eNOS [23], the reduction
of L-arginine availability during OxLDL insult might affect endothelial production of NO.
Interestingly, it was recently reported that the activity of the L-arginine consuming enzyme
arginase is up-regulated in the atherosclerotic aorta of apoE knockout mice [39]. We
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speculated that OxLDL might exert its adverse effect on vasodilation to serotonin by up-
regulating endothelial arginase. Indeed, our study showed that exposure of coronary
arterioles to OxLDL increased arginase activity and also reduced serotonin-stimulated NO
production (Figures 4 and 5). This is consistent with the idea that arginase in endothelial
cells reciprocally regulates NO-mediated vasomotor function by competing with eNOS for
their common substrate L-arginine [58]. In the present study, OxLDL reduced NO
production (Figure 4) without affecting vasodilatory function in response to NO donor
sodium nitroprusside (Figure 3B), suggesting that OxLDL exerts its adverse effect at the
endothelial level. The effect of OxLDL appears to be specifically related to NO deficiency
because inhibition of NOS activity by L-NAME did not further aggravate the impact of
OxLDL (Figure 1). These results indicate that OxLDL affects the same pathway as L-
NAME does in the present preparation. Administering a high level of L-arginine (but not D-
arginine) or treating the arterioles with arginase inhibitors (DFMO or nor-NOHA)
effectively improved vasodilation (Figure 2) and NO release (Figure 4) in response to
serotonin in OxLDL-treated vessels. The little effect of extraluminal L-arginine on
serotonin-induced vasodilation in untreated control vessels is consistent with our previous
reports that the endothelium-dependent vasodilations to increased flow [27,35] and to
serotonin and ATP [25] are not affected by L-arginine. In the presence of arginase inhibitor
DFMO, there is a tendency, but not statistical significance, to increase serotonin-induced
dilation of control vessels (Figure 3A). This result is different from our pervious findings
that DFMO significantly enhances serotonin-induced dilation in normal coronary arterioles
[29,59]. This discrepancy may be explained by 2- to 3-fold higher vascular arginase activity
in previous studies. Therefore, inhibition of arginase in the present study has little effect on
vasodilation to serotonin. The reason for the observed higher arginase activity in the
previously studies is unclear. The younger age of animal and smaller size of vessel used in
the present study may contribute to the inconsistent results. Nevertheless, the absence of
vascular effect of L-arginine and DFMO in control vessels reflects the specific action of
these two molecules in improving endothelium-dependent vasodilatory function in vessels
challenged with OxLDL. In addition, L-arginine, DFMO and OxLDL did not alter
vasodilatory function in response to smooth muscle vasodilator sodium nitroprusside (Figure
3B). These corroborative results suggest the contribution of L-arginine deficiency to the
reduced NO bioavailability and endothelial dysfunction and the improvement of vasomotor
function via L-arginine/NOS pathway as a result of arginase inhibition.

Up-regulation of arginase has been shown to be involved in various cardiovascular diseases,
including atherosclerosis [56]. Immunohistochemical studies have shown that vascular
endothelial and smooth muscle cells express both arginase I and II isoforms, but the relative
level of expression appears to be species dependent [6,24,39,55]. We have previously
demonstrated that porcine coronary arterioles express mainly arginase I in both endothelial
and smooth muscle cells [58] and its expression level is significantly elevated by ischemia-
reperfusion injury [29], oxidative stress [50] and pressure overload [59]. In the present
study, arginase I expression in both endothelial and smooth muscle cells was up-regulated in
coronary arterioles challenged with OxLDL (Figure 6). This may explain the observed
increase in arginase activity in these vessels (Figure 5). Interestingly, recent studies found
that vascular arginase expression is increased in animals with hypercholesterolemia and
atherosclerosis in association with impaired NO-mediated vascular function [24,39]. Since
OxLDL is an active atherogenic factor and contributes significantly to the development of
endothelial dysfunction, it is speculated that OxLDL is responsible for the vascular arginase
up-regulation in vivo leading to vasomotor dysfunction as seen in the present study.

Both animal and clinical studies have shown a strong correlation between extent of
atherosclerosis and titers of autoantibodies to epitopes of OxLDL [42,45]. The eNOS
expression was found to be reduced in the atheroma of human [40] and animal [1] vessels
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correlated with OxLDL level. However, the direct effect of OxLDL on eNOS expression is
controversial. Exposure of cultured endothelial cells to a low concentration of OxLDL (10
μg protein/ml) for 24 hours appears to up-regulate eNOS protein [31], but higher
concentrations of OxLDL (40 to 100 μg/ml, 24 hours) down-regulate eNOS expression,
depending upon the incubation time and extent of LDL oxidation [4,57]. Therefore, the
observed reduction of NO production by OxLDL can be attributable to the down-regulation
of eNOS protein. Although the concentration of OxLDL contributing to pathogenesis of
vascular disease in vivo is not known, it has been predicted to be 0.5 to 2 mg protein/ml in
human atherosclerotic lesions [32]. In the present study, OxLDL (0.5 mg protein/ml, 90
minutes), at the level within the pathophysiological range as reported previously in both in-
vitro [25,27,32,43] and in-vivo [44] models, did not alter eNOS expression in coronary
arterioles (Figure 6B). Although it is unclear whether a prolonged exposure (>90 minutes) of
OxLDL will down-regulate eNOS, the endothelial dysfunction observed in the present study
appears to be independent of eNOS expression. Interestingly, a biochemical study of eNOS
activity indicates that OxLDL can serve as a cholesterol acceptor to displace eNOS and
caveolin from plasmalemmal caveolae to reduce eNOS activity [7]. This inhibitory effect is
reversible if OxLDL is removed from the system [7]. However, our results seem to exclude
the involvement of this inhibitory pathway in the intact vessel settings since L-arginine
supplementation and arginase inhibition effectively restored NO production and NO-
mediated dilation in the presence of OxLDL. It appears that the eNOS remains intact in the
presence of OxLDL and is readily available to function if arginase activity is suppressed or a
sufficient amount of L-arginine is supplied.

There are several limitations in the present study. First, the contribution of other NOS
isoforms, other than eNOS, to serotonin-induced dilation of coronary arterioles were not
studied in view that L-NAME is a non-specific inhibitor of NOS, thus, the inhibition by L-
NAME is not specific to eNOS and the endothelium. Therefore, the role of arginase in
counteracting eNOS may be overestimated with the consideration that serotonin-induced
dilation may occur through stimulation of nNOS in the vascular smooth muscle. Although
nNOS expression in porcine coronary arterioles is not detectable (unpublished observations),
the possible existence of nNOS in our vessels cannot be excluded. Nevertheless, we have
previously reported that serotonin causes vasoconstriction in the denuded small coronary
arterioles with the vessel size similar to that used for the present study [35]. This finding
suggests that activation of serotonin receptors in the smooth muscle of small porcine
coronary arterioles elicits vasoconstriction rather then vasodilation. It appears that activation
of nNOS by serotonin might not be significant, if this isoform exists in the coronary
arterioles. Another limitation of the present study is the inability to determine intracellular
level of L-arginine due to technical difficulty in collecting sufficient amount of viable
microvessels for amino acid analysis. Nevertheless, the utilization of pharmacological tools
and with L-arginine vs. D-arginine administration along with immunohistochemical results
support the conclusions summarized below.

Collectively, in the present study we have demonstrated for the first time that OxLDL
inhibits endothelium-dependent, NO-mediated vasodilatory function in small coronary
arterioles without altering eNOS expression. The up-regulated arginase appears to reduce L-
arginine availability for eNOS and thus compromises NO synthesis for vasodilation. Since
platelet aggregation and the release of serotonin and other endothelium-dependent
vasoactive substances from activated platelets are enhanced by atherogenic lipoproteins [2],
it is speculated that the up-regulation of arginase by OxLDL linking to NO deficiency and
vasomotor dysfunction may contribute to the development of coronary ischemic events in
association with hyperlipidemia/atherosclerosis and oxidative stress.
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Figure 1.
Effect of OxLDL on coronary arteriolar dilation to serotonin. The coronary arterioles dilated
in a concentration-dependent manner to serotonin (Control; n=15). The serotonin-induced
vasodilation was significantly inhibited by either L-NAME (10 μM; n=5) or OxLDL (0.5
mg protein/ml; n=6). The inhibitory effect of L-NAME was comparable to that of OxLDL.
The combination of OxLDL and L-NAME treatment did not further inhibit vasodilation to
serotonin (n=4). *P<0.05 vs. Control.

Wang et al. Page 13

Microcirculation. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effect of L-arginine administration and arginase inhibition on vasomotor function. Coronary
arteriolar dilation to serotonin (Control; n=14) was inhibited by OxLDL (0.5 mg protein/ml;
n=5). Administration of L-arginine (L-Arg, 3 mM; n=4) or arginase inhibitor DFMO (0.4
mM; n=5) restored vasodilation to serotonin. *P<0.05 vs. Control.
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Figure 3.
Effect of L-arginine and DFMO on vasomotor function. A: Coronary arteriolar dilation to
serotonin (Control; n=8) was not altered in the presence of L-arginine (3 mM; n=4) or
DFMO (0.4 mM; n=4). B: Coronary arteriolar dilation in response to sodium nitroprusside
(Control; n=14) was not altered by OxLDL (0.5 mg protein/ml; n=5), L-arginine (L-Arg, 3
mM; n=4), or DFMO (0.4 mM; n=5).
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Figure 4.
NO production by coronary arterioles in the presence and absence of OxLDL. NO
production was measured by chemiluminescence detection of nitrite. The resting NO
production (Basal; n=6) was not altered by OxLDL (0.5 mg protein/ml; n=6). In the
presence of OxLDL (0.5 mg protein/ml; n=4), the NO production stimulated by serotonin
(0.1 μM; n=4) was significantly inhibited. In the presence of arginase inhibitor DFMO (0.4
mM), the serotonin-induced NO production (0.1 μM; n=5) was comparable to that without
DFMO and the OxLDL (0.5 mg protein/ml; n=5) did not affect this NO production. *P<0.05
vs. Basal.
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Figure 5.
Effect of OxLDL on arginase activity of porcine coronary arterioles. Arginase activity (i.e.,
urea production) was significantly elevated in the OxLDL-treated vessels (0.5 mg protein/
ml; n=5) compared with vessels without OxLDL treatment (Control; n=5). The OxLDL-
increased arginase activity was blocked in the presence of DFMO (OxLDL + DFMO; n=5).
*P<0.05 vs. Control.
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Figure 6.
Immunohistochemical detection of arginase I and eNOS in coronary arterioles. A: Cross-
sectional view of fluorescein-labeled vessels after treatment with non-immune
immunoglobulin, anti-arginase I or anti-eNOS primary antibodies. Panels a and d: Images
obtained from vessels treated with non-immune immunoglobulin (Control; n=6). Panels b
and e: images obtained from vessels treated with PSS (Vehicle) and immunolabeled with
arginase I (Arg I) (panel b; n=6) or eNOS (panel e; n=6) antibody. Panels c and f: Images
were obtained from vessels treated with OxLDL (0.5 mg protein/ml) and immunolabeled
with arginase I (Arg I) (panel c; n=6) or eNOS (panel f; n=6) antibody. Fluorescence signals
for arginase I were detected in both the endothelium and smooth muscle of the vessels
(panels b and c). eNOS fluorescence signals were detected in the endothelium only (panels e
and f). B: Quantitative analyses of arginase I and eNOS fluorescence signals in vessels
treated with vehicle or OxLDL. The arginase I signal intensity was significantly increased in
both the endothelial and smooth muscle cells of the vessel treated with OxLDL. OxLDL did
not alter eNOS signal intensity.
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