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Abstract: Arginase is upregulated in some tissues under diabetes states. Arginase can compete with nitroxide syn-
thase (NOS) for the common substrate L-arginine and thus increases oxidative stress by NOS uncoupling. We want
to analyze whether arginase is upregulated and contribute to oxidative stress in H9c2 cells during high glucose
treatment. H9¢2 cells were cultured in normal or high glucose DMEM. Arginase activity increased in parallel with
increased cell death and oxidative stress. Arginase inhibitor N w-hydroxy-nor-l-arginine (nor-NOHA) and NOS inhibitor
N w-nitro-l-arginine methyl ester (LLNAME) could reverse these effects. Despite of upregulated NOS activity, NO pro-
duction was impaired which could be preserved by nor-NOHA, suggesting a decreased substrate availability of NOS
due to increased arginase activity. L-arginine supplementation decreased superoxide production while it could not
protect cells from death. Upregulated arginase activity in H9c¢2 treated with high glucose can cause NOS uncoupling
and subsequently reactive oxygen species augmentation and cell death. These findings suggest that arginase will

be a novel therapeutic target for treatment of diabetic cardiomyopathy.
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Introduction

Diabetic cardiomyopathy is a distinct primary
disease process, which is independent of coro-
nary artery disease and hypertension [1, 2].
Although the underlying mechanisms are still
incompletely understood, the increased reac-
tive oxygen species (ROS) and cell death in car-
diomyocyte induced by hyperglycemia definitely
contribute to the pathological process [3, 4].
However, a number of clinical trials could not
confirm a benefit of antioxidants administration
in diabetic cardiomyopathy [5-7]. Hence, strate-
gies associating new targets of reactive oxygen
species in diabetic cardiomyopathy are of great
importance.

Recent reports issued that upregulation of argi-
nase activity contributed to oxidative stress in
endothelial cells in a variety of pathophysiologi-
cal conditions, such as atherosclerosis, hyper-
tension, diabetes, and so on [8-13]. As arginase
shares the common substrate L-arginine with

nitric oxide syntheses (NOS), it can compete
L-arginine with NOS, leading to NOS uncoupling,
a state which characterized by decreased NO
production and increased reactive oxygen spe-
cies (ROS). Arginase was also found being
expressed in cardiomyocyte, and was involved
in the cardiac pathological process in heart fail-
ure [14], chagas disease [15], myocardial infarc-
tion/reperfusion injury [16], hypertension [9-
12], left ventricular hypertrophy [17], and so on.
Jochen et al. found Arginase Il alone was ex-
pressed in rat cardiomyocyte mitochondria and
modulated myocardial contractility by a nitric
oxide synthase 1-dependent mechanism [18].
These studies suggest that arginase may play
an important role in cardiac function and car-
diomyocyte fate in cardiovascular disease.

In streptozotocin induced diabetic rats, incre-
ased arginase activity involves in vascular
endothelial dysfunction by decreasing L-arginine
availability to NO synthase [13]. A recent study
showed that plasma arginase activity was
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increased in type Il diabetic subjects with
impaired NOS activity, correlating with the
degree of hyperglycemia, and was reduced by
physiologic hyperinsulinemia [19]. More recent-
ly, several clinical studies found that arginase
activity was upregulated in diabetic state [20-
22]. These suggest that arginase activity may
be changed by glucose concentration. However,
it remains unknown whether arginase is related
to cardiomyocyte injury by oxidative stress
under hyperglycemia. Therefore, we hypothe-
sized that arginase activity may contribute, at
least partly, to increased oxidative stress in car-
diomyocyte induced by high glucose.

Materials and methods
Experimental protocol for cells

Neonatal rat heart-derived H9c2 cells were
gifts presented by Professor Christopher HK
Cheng. Cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Gibco, Grand
Island, NY) supplemented with 10% fetal bovine
serum(Hyclone Labs., Logan, UT), penicillin
(100 U/ml) and streptomycin (100 Ig/ml), at
37°Cin an atmosphere of 5% CO, and 95% air.
Cells were passaged when they grew to 80%
confluence. When cells reached 40-50% con-
fluence, the cultures were switched to DMEM
supplemented with 1% FBS containing normal
glucose (5.6 mM) or high glucose (35 mM) [23]
or high glucose with L-arginine (Sigma) 2 mM
[24] in varying time. N w-hydroxy-nor-l-arginine
(nor-NOHA, Enzo) 100 uM [25, 26], N w-nitro-I-
arginine methyl ester (L-NAME, Sigma) 100 uyM
[27] were administered 30 min prior to high glu-
cose exposure.

Cell apoptosis and death assessment

Cell apoptosis was measured by Annexin V-PI
Apoptosis Detection Kit (BD Biosciences, CA,
USA) according to the manufacturer’s protocol.
The cells were analyzed by FACScan™ flow
cytometer (BD Biosciences, CA, USA). The per-
centages of total apoptotic cells were calculat-
ed by summing the percentages of cells in early
apoptosis (Annexin V-positive but Pl-negative)
and late apoptosis (Annexin V-positive and
Pl-positive).

For cell death determination, cells were sus-
pended in 0.4% trypan blue in PBS (pH 7.4), and
counted using Hemacytometer. The percentag-
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es of stained cells over total cells were used as
an index of death.

Arginase activity assay

Arginase activity was determined as previously
described with slight modification [13]. Briefly,
cells were collected, washed twice with PBS,
and then sonicated at 20 kHz for 30 s in 50 pl
of 0.1% Triton X-100 containing protease inhibi-
tors cocktails. Then the cell lysate was added
into 50 pl of 10 mM MnCl,, 50 mM Tris-HCI (pH
7.5) and arginase was activated by heating the
mixture at 55°C for 10 minutes. Arginine hydro-
lysis was performed by incubating the mixture
with 25 pl of 0.5 M arginine (pH 9.7) at 37°C for
60 minutes and stopped by adding 400 ul of an
acid mixture containing H2SOA, H3PO4 and H20
(1:3:7). For colorimetric determination of urea,
25 pyl of 9% ISPF (dissolved in 100% ethanol)
was added and the mixture was heated at
100°C for 45 min. Keep the samples in dark for
10 minutes and the OD was read at 540 nm in
a microplate reader (BioTek Instruments, Inc.,
Burlington, VT).

Measurement of NOS activity

NOS activity was determined by NOS activity
assay kit (Beyotime, Shanghai, China) accord-
ing to the manufacturer’s protocol. Briefly, the
medium was removed from the 96-well plate
and cells were washed with PBS twice. The
cells were loaded with DAF-FM DA (5 pyM) and
incubated with L-arginine and 0.1 mM NADPH
at 37°C for 60 minutes. Fluorescence readings
were made in triplicate in a 96-well plate at Ex/
Em =495/515 nm.

Intracellular ROS and NO detection

For ROS detection, H9c2 cells were loaded with
4 uM H,DCF-DA in PBS at 37°C for 15 minutes.
For NO production assay, the cells were incu-
bated with DAF-FM DA (5 pM) at 37°C for 60
minutes. Images were acquired by a fluores-
cence microscope (Axio Vert.Al, Zeiss) at Ex/
Em = 488/525 nm (H,DCF-DA) or Ex/Em =
495/515 nm (DAF-FM DA) wavelengths at room
temperature, and fluorescence intensity was
measured using Image-Pro® Plus software.

RT-PCR

Total RNA was extracted from cells using Trizol
(Invitrogen Life Technologies, California, USA)
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Figure 1. Effects of arginase on death and apoptosis of H9c2 cells exposed to high glucose. A. Trypan blue staining

of H9c2 cells exposed to high glucose for 24 h and 48 h. B.
48 h. NG = normal glucose (5.56 mM), HG = high glucose

NOS inhibitor. ***P<0.001 vs. NG; ““P<0.01 vs. NG; *#P<0.

according to the manufacturer’s instructions. 4
ug of isolated RNA from each sample was used
as a template for reverse transcription with
reverse transcriptase (Promega, WI, USA) ac-
cording to the standard protocols. The cDNA
product was used for subsequent PCR amplifi-
cation with specific primers, Arginase Il: sense
5-GTGTATCCTCGTTCAGTGGGC-3’, antisense 5'-
CTATTGCCAGGCTGTGGTCTC-3’, 115 bp. B-actin:
sense 5-CCTCTATGCCAACACAGTGC-3’, anti-
sense 5-GTACTCCTGCTTGCTGATCC-3’, 210 bp.
The cDNA was amplified with an initial incuba-
tion at 94°C for 4 min followed by 34 cycles (1
min at 94°C, 45 s at 61°C, and 45 s at 72°C)
and an additional extension step for 10 min at
72°C at the end of the last cycle. The PCR
amplified products were analyzed on 2.0% aga-
rose gels visualized by staining with ethidium
bromide and photographed under UV light. The
ratios of band density of specific product to
B-actin were evaluated.
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Flow cytometry of H9c2 cells exposed to high glucose for
(35 mM); nor-NOHA, the arginase inhibitor; L-NAME, the
001 vs. HG; #P<0.01 vs. HG.

Western blot

Cells were collected and washed twice with
PBS. Then cell lysis buffer (Jiancheng, Nanjing,
China) supplemented with 1 mM PMSF, 10 mg/
ml aprotinin, 10 mg/ml leupeptin, and 10 mg/
ml pepstatin A) was added and cells were ly-
sised for 30 min. After centrifugation at 12,000
g for 15 min, the supernatant was collected.
Protein concentration was determined using
the modified Bradford method. Equal amounts
of protein were mixed with SDS sample buffer
(0.125 M Tris-HCI, pH 6.8, 10% glycerol, 2%
B-mercaptoethanol, 2% SDS and 0.1% bromo-
phenol blue) and boiled for 8 min. Then sam-
ples were electrophoresed on SDS-PAGE and
electrotransferred to PVDF membrane. Non-
specific protein binding was blocked by incubat-
ing the membranes with 5% non-fat dry milk for
2 h at room temperature. Then membranes
were incubated with primary antibodies for nN-
0S (1:1000, Abcam), eNOS (1:1000, Chemicon),
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Figure 3. NO production and NOS activity in H9c2 cells exposed to high glucose. A. NO amounts in H9¢c2 cells ex-
posed to normal glucose (NG, 5.56 mM) and high glucose (HG, 35 mM) for 48 h. B. Activity of NOS in H9c2 cells
exposed to normal glucose (NG, 5.56 mM) and high glucose (HG, 35 mM) for 24 h and 48 h. nor-NOHA, the arginase
inhibitor. C. Western blot with anti-nNOS and anti-eNOS antibody of cellular proteins from H9c2 cells exposed to high
glucose for 24 h, 48 h, and 72 h. ""P<0.01 vs. NG; ""P<0.001 vs. NG; #P<0.01 vs. HG.

nitrotyrosine (1:1000, Cayman) and GAPDH
(1:1000, CWhbiotech) at 4°C overnight. HRP-
conjugated secondary antibodies were incubat-
ed for 2 h at room temperature. The protein
bands were visualized with enhanced chemilu-
minescence reagents (Pierce) according to the
instructions of the vendor.

Immunocytology

HOc2 cells were grown in cover slips and treat-
ed as described above. Cells were rinsed twice
with PBS and fixed with 4% paraformaldehyde
for 30 min at room temperature. Then after
washed with PBS for three times, cells were
permeabilized with 0.2% triton-X100 for 30 min
at 4°C. Wash cells three times before blocking
them with 10% goat serum for 60 min at room
temperature. Then incubate the cells with nitro-
tyrosine antibody at 4°C overnight. Rinse the
cells with 0.05% Triton X-100 three times, and
then incubate the cells with FITC-labelled sec-
ondary antibody for 60 min at room tempera-
ture. Rinse the cells with PBS three times and
stain the nucleus with DAPI for 1 min. After
three times washing with PBS, the cells were
photographed under fluorescence microscope.

Statistics

Data are expressed as mean = SEM, unless
otherwise indicated. Statistical significance
was assessed by Student’s t test or one-way
ANOVA with subsequent post hoc Turkey test
where appropriate. All statistics was calculated
by GraphPad 5.0. An error probability of P<0.05
was regarded as significant.

Results

Inhibition of arginase and NOS but not
L-arginine supplementation protected cells
from high glucose- induced apoptosis

High glucose has been demonstrated to induce
apoptosis in cardiomycytes [3]. To examine the
contribution of arginase and NOS to high glu-
cose-induced death and apoptosis, we incubat-
ed H9c2 cells in normal glucose, high glucose
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or high glucose with L-arginine, arginase inhibi-
tor nor-NOHA, or NOS inhibitor L-NAME, respec-
tively. H9c2 viability was determined by typan
blue staining as well as flow cytometry. High
glucose significantly increased cell death and
apoptosis as compared with normal glucose
(Figure 1A and 1B). Incubation with nor-NOHA
or L-NAME significantly decreased cell death
and apoptosis, while L-arginine leaded to
increased cell injury (Figure 1A and 1B). These
results demonstrated that arginase activation
induced cell death in H9c2 cells.

High glucose increased arginase activity in
HO9c2 cells

To investigate the role of arginase in high glu-
cose-induced death of H9c2 cells, we deter-
mined the effect of high glucose on the argi-
nase activity in H9c2 cells. In comparison with
normal glucose treated cells, arginase activity
was increased following treatment with high
glucose for 48 h and 72 h (Figure 2A).

To clarify the isoform-specific activation of argi-
nase, we examined the mRNA expression of
both arginase | and arginase Il isoforms in
H9c2 cells. Only arginase Il was detected
(Figure 2B). Thus arginase Il was the predomi-
nant isoform contributed to high glucose-
induced upregulation of the arginase activity in
H9c2 cells. Up-regulation of the arginase activ-
ity may be not due to alteration of arginase Il
expression since the mRNA levels was similar
between normal and high glucose-incubated
cells (Figure 2B).

NOS activity was enhanced by high glucose
state while NO was reduced

NOS activity was increased by high glucose sti-
mulation (Figure 3A) while NO production was
decreased (Figure 3B). Interestingly, nor-NOHA
increased both NOS activity and NO production
(Figure 3A and 3B).

Treatment of H9¢2 cells with high glucose did
not affect eNOS and nNOS expression (Figure
3C). iNOS expression was not detected.

Int J Clin Exp Pathol 2015;8(3):2728-2736
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Figure 4. Assessment of oxidative/nitrosative stress of H9c2 cells exposed to high glucose. A. Reactive oxygen
species (ROS) generation at different time points. B. Inmunocytology with an anti-nitrotyrosine antibody of cellular
proteins from H9c2 cells exposed to high glucose for 48 h. NG = normal glucose (5.56 mM), HG = high glucose
(35 mM); nor-NOHA, the arginase inhibitor; L-NAME, the NOS inhibitor. Data were obtained from three independent

experiments. **P<0.001 vs. NG; ###P<0.001 vs. HG.

Upregulated arginase activity increased oxida-
tive stress in cells exposed to high glucose

Previous study have demonstrated that levels
of oxidative stress were increased in diabetic
hearts and high glucose-treated cardiomyo-
cytes as shown by elevated levels of ROS and
nitrotyrosine formation, a marker for ONOO-
production [3]. Similar to these results, we ob-
served that treatment of H9c¢2 cells with high
glucose significantly increased superoxide gen-
eration compared with normal glucose (Figure
4A), as well as nitrotyrosine staining (Figure
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4B). However, the effects of high glucose was
completely blocked by the NOS inhibitor L-
NAME, confirming that NOS should be a promi-
nent source of oxidative stress in high glucose-
treated H9c2 cells. Furthermore, treatment
with the arginase inhibitor nor-NOHA also sig-
nificantly reduced ROS generation, suggesting
that oxidative stress in high glucose-treated
H9c2 cells was closely associated with incre-
ased arginase activity and following NOS unco-
upling. We also examined L-arginine supple-
mentation on superoxide levels and as expect-
ed L-arginine significantly reduced superoxide

Int J Clin Exp Pathol 2015;8(3):2728-2736
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levels. These data indicate that arginase and
therefore NOS uncoupling are sources of super-
oxide in H9c2 cells in response to high glucose
stimulation.

Discussion

In our present study, the results showed that
arginase activity and NOS activity were upregu-
lated while NO production was reduced in H9c2
cells exposed to high glucose condition. Argi-
nase inhibitor nor-NOHA, as well as NOS inhibi-
tor L-NAME decreased the superoxide levels
and protected cells from death induced by high
glucose. L-arginine supplementation could aba-
te ROS production, but increase cell death
under high glucose state.

As a major participant in L-arginine catabolism
competing with NOS, arginase has been dem-
onstrated to prefer to inflammation and oxida-
tive stress which are main pathophysiological
features in diabetes [15, 25, 27, 28]. Actually,
arginase activity was increased by diabetes
[19-21], resulting in impairment of vascular en-
dothelial function. Furthermore, in STZ induced
diabetes rat, impaired vasorelaxation to acetyl-
choline was correlated with the increase in re-
active oxygen species and arginase activity.
Increased arginase activity contributed to ex-
cessive ROS through NOS uncoupling [12]. In
type Il diabetic subjects, an increased plasma
arginase activity and impaired NOS activity was
found to be correlates with the degree of hyper-
glycemia [19]. In this regard, we demonstrated
that increased arginase activity contributed to
high glucose-induced cardiomyocyte death and
superoxide levels, providing further support for
the causal role of increased arginase activity in
diabetic cardiomyopathy.

Diabetic cardiomyopathy is characterized by
oxidative stress which is predominantly derived
from increased activity of NADPH oxidase [29-
31]. Based on the results in the present study,
we believe that NOS is also one of main source
of diabetes/high glucose-induced oxidative
stress. As arginase activity in H9c2 cells is
increased by exposure to high glucose condi-
tion, it competes for more L-arginine which is
insufficient to NOS, resulting in NOS uncoupling
and thereby increased ROS generation. Since
the K of NOS (1-5 uM) is much lower than that
of arginase (1-20 mM) and the endothelial
L-arginine levels (near the millimolar range)
exceeds the Km of eNOS, it seems unlikely that
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arginase will compete substrate with NOS and
cause NOS uncoupling [32]. However, there are
several reasons that may explain this “L-arginine
paradox”: (1) the catalysis of arginine by argi-
nase is nearly 200 folds greater than that of
NOS [33], (2) at certain conditions; arginase
activity can be activated by S-nitrosylation. In
rat endothelial cells, S-Nitrosylation of C303
stabilizes the arginasel trimmer and reduces
its K, value to 6-fold [34], and (3) the presence
of certain arginase pools, especially the one
thatis accessible to both arginase and NOS but
is not exchangeable with extracellular L-argi-
nine, may partially explain the reciprocal regu-
lation of NOS by arginase through substrate
limitation [35].

Similar to previous reports on vascular endo-
thelial cells [25], our study showed that L-ar-
ginine supplementation decreased ROS in high
glucose-treated H9c2 cells as well as L-NAME,
suggesting that increased ROS was in part gen-
erated from uncoupling NOS. However, in our
study, L-arginine could not protect H9c2 cells
from death induced by high glucose, in con-
tract, even aggravated apoptosis of high glu-
cose-treated H9c2 cells. It may be associated
with the increase in ONOO following the treat-
ment of high glucose and L-arginine, because
we found nitrotyrosine staining was increased
in H9c2 cells treated with both high glucose
and L-arginine. Indeed, the arginase inhibitor
nor-NOHA significantly recovered the NO level
in H9c2 cells impaired with high glucose and
protected cells from death. The results indicate
that endogenous (but not exogenous) L-arginine
play an important role against injury of cardio-
myocytes induced by high glucose. Actually,
some reports have shown that there is a spe-
cial “L-arginine pool” in endothelial cells, which
is accessible to eNOS and arginase and is not
exchangeable to extracellular L-arginine [31].
Moreover, Hyun et al. demonstrated that argi-
nase Il regulated NO production, vascular endo-
thelial function, and vascular stiffness by mod-
ulating eNOS activity [33]. However, whether
this “L-arginine pool” exists in cardiomyocyte is
not known. As arginase Il expressed exclusively
on mitochondria [18], which is spatially ap-
proach to nNOS, activity-enhanced arginase |
may also limits L-arginine availability of nNOS,
leading to ROS generation from uncoupled
eNOS as well as the extracellular impairment of
NO production.

Int J Clin Exp Pathol 2015;8(3):2728-2736
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Many studies have shown that the impairment
of NO production is closely referred to heart
and vascular dysfunction in diabetes [13]. In
our present experiments, although the NOS
activity in H9c2 cells is increased by high glu-
cose, NO level is declined. The increases in
total NOS activity may be attributed to the
increased activation of NOS by exceed intracel-
lular Ca?* [36]. The impaired NO production
may be because of NOS uncoupling and exces-
sive ROS [37].

In conclusion, our study provides the role of ar-
ginase in cardiomyocyte death induced by high
glucose. Increased arginase activity appears to
be closely associated with high glucose-indu-
ced oxidative stress and impairment of NO pro-
duction in cardiomyocytes. So, arginase will be
a novel therapeutic target for treatment of dia-
betic cardiomyopathy.
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