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BACKGROUND AND PURPOSE
Emerging evidence suggests a selective up-regulation of arginase I in diabetes causing coronary artery disease; however, the
mechanisms behind this up-regulation are still unknown. Activated p38 MAPK has been reported to increase arginase II in
various cardiovascular diseases. We therefore tested the role of p38 MAPK in the regulation of arginase I and II expression and
its effect on endothelial dysfunction in diabetes mellitus.

EXPERIMENTAL APPROACH
Endothelial function was determined in septal coronary (SCA), left anterior descending coronary (LAD) and mesenteric (MA)
arteries from healthy and streptozotocin-induced diabetic Wistar rats by wire myographs. Arginase activity and protein levels
of arginase I, II, phospho-p38 MAPK and phospho-endothelial NOS (eNOS) (Ser1177) were determined in these arteries from
diabetic and healthy rats treated with a p38 MAPK inhibitor in vivo.

KEY RESULTS
Diabetic SCA and MA displayed impaired endothelium-dependent relaxation, which was prevented by arginase and p38
MAPK inhibition while LAD relaxation was not affected. Arginase I, phospho-p38 MAPK and eNOS protein expression was
increased in diabetic coronary arteries. In diabetic MA, however, increased expression of arginase II and phospho-p38 MAPK,
increased arginase activity and decreased expression of eNOS were observed. All these effects were reversed by p38 MAPK
inhibition.

CONCLUSIONS AND IMPLICATIONS
Diabetes-induced activation of p38 MAPK causes endothelial dysfunction via selective up-regulation of arginase I expression in
coronary arteries and arginase II expression in MA. Therefore, regional differences appear to exist in the arginase isoforms
contributing to endothelial dysfunction in type 1 diabetes mellitus.
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Abbreviations
ABH, arginase inhibitor 2(S)-amino-6-boronohexanoic acid; eNOS, endothelial NOS; LAD, left anterior descending
coronary artery; MA, mesenteric arteries; ROS, reactive oxygen species; SB203580, 4-[5-(4-fluorophenyl)-2-[4-
(methylsulphonyl)phenyl]-1H-imidazol-4-yl]pyridine hydrochloride; SCA, septal coronary; SNP, sodium nitroprusside;
STZ, streptozotocin; U46619, 9,11-dideoxy-9α,11α-methanoepoxy PGF2α

Introduction

Diabetes mellitus is a growing health problem associated with
vascular complications including coronary and peripheral
artery disease. Such complications are at present the principal
causes of morbidity and mortality in patients with diabetes
mellitus (Avogaro et al., 2011). Loss of the modulatory role of
endothelium, known as endothelial dysfunction due to
decreased nitric oxide (NO) bioavailability, is thought to be an
early factor in the development of diabetic vascular diseases (De
Vriese et al., 2000). Endothelial NOS (eNOS) utilizes L-arginine
as a substrate to produce NO. L-arginine is also a substrate for
arginase, a critical enzyme in the urea cycle. Arginase, which
exists in the two distinct isoforms, arginase I and arginase II, is
also expressed in the cardiovascular system including endothe-
lial cells (Pernow and Jung, 2013). Hence, the up-regulation of
arginase has emerged as an important pathophysiological
factor behind the reduced bioavailability of NO due to its
competition with eNOS for their common substrate.

There is emerging evidence suggesting that enhanced
arginase activity contributes to the endothelial dysfunction
seen in experimental animal models of diabetes (Romero
et al., 2008; 2012; Grönros et al., 2011; Patel et al., 2013; Yao
et al., 2013) and patients with diabetes (Beleznai et al., 2011;
Shemyakin et al., 2012; Kövamees et al., 2014). Arginase-
induced impaired coronary vascular function was linked to
increased arginase I expression and activity in aorta of rats
with type 1 diabetes mellitus (Romero et al., 2008) and asso-
ciated with increased arginase II expression in the aorta of a
rat model of type 2 diabetes mellitus (Grönros et al., 2011).
Interestingly, Beleznai et al. reported that the expression of
arginase I is increased in human coronary arteries from
patients with diabetes (Beleznai et al., 2011). However, the
effect of this increased arginase I expression on coronary
artery function in diabetes, and the underlying mechanism(s)
leading to this up-regulation in coronary arteries in diabetes
remain unknown.

Hyperglycaemia and oxidative stress have been proposed
as possible mechanisms in the pathogenesis of endothelial

dysfunction in diabetes (Shi and Vanhoutte, 2009; Paneni
et al., 2013). Oxidative/nitrosative stress is associated with
increases in arginase activity/expression (Bivalacqua et al.,
2001; Chandra et al., 2012; Kiss et al., 2014) and with p38
MAPK activation (Kassan et al., 2014). In physiological states,
p38 MAPK transduces extracellular signals and coordinates the
cellular responses which are vital for adaptation and survival
(Martin et al., 2015), whereas it triggers maladaptive responses
in disease states that aggravate the disease. For instance, inhi-
bition of p38 MAPK improves endothelium-dependent vasore-
laxation in humans and in experimental animal models of
disease (Widder et al., 2004; Komers et al., 2007; Cheriyan
et al., 2011; Wu et al., 2012). Recently, it was reported that
increased p38 MAPK is involved in eNOS uncoupling in dia-
betes (Kassan et al., 2014) and in increased arginase II activity/
expression causing dysfunction of corpora cavernosa in
angiotensin II-treated and diabetic mice (Toque et al., 2010;
2013). It has also been proposed that arginase I is selectively
up-regulated in diabetic patients with coronary dysfunction
(Beleznai et al., 2011). Thus, tissue or regional differences may
exist regarding the isoform of arginase that is upregulated in
diabetes. Furthermore, it remains unclear whether p38 MAPK
is involved in the up-regulation of arginase in coronary and
peripheral arteries in diabetes. Therefore, the aims of the
present study were to investigate the role of p38 MAPK in the
regulation of arginase I and II in coronary and mesenteric
arteries (MA), which represent two separate vascular beds, and
the involvement of this effect in the endothelial dysfunction
observed in a rat model of type 1 diabetes mellitus.

Methods

Ethics statement
This study was conducted in compliance with the European
Directive for the Protection of Animals Used for Scientific
Purposes (2010/63/EU). Animal care and all protocols in the
present study were approved by the regional Ethics Commit-
tee (Stockholm Norra Djurförsöksetiska Nämnd, approval

Tables of Links

TARGETS
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Arginase II p38 MAPK
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LIGANDS
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These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).
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numbers approval numbers N192/12, N65/13 and N108/14)
for laboratory animal experiments in Stockholm. All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 57 animals were used in the experiments described below.

Induction of type 1 diabetes mellitus
Male Wistar rats were provided from Charles River Laborato-
ries (Sulzfeld, Germany) at 6–7 weeks of age. Animals were
housed at the Karolinska Institute animal care facility and
maintained on standard chow and water ad libitum, until
they were used for study, at 15–16 weeks of age. Type 1
diabetes mellitus was induced by a single i.v. (tail vein) injec-
tion of streptozotocin (STZ, 55 mg·kg−1, Sigma Aldrich, St.
Louis, MO, USA) freshly dissolved in sterile Dulbecco’s PBS
(DPBS, Gibco, Life Technologies Ltd, Paisley, UK) at 7–8 weeks
of age (Kiss et al., 2014). Three days later, only rats with blood
glucose levels >15.0 mmol·L−1 were included in the study (n =
32). Age-matched rats that received i.v. injections of sterile
DPBS were used as healthy controls (n = 25). Animals were
maintained on standard chow and water ad libitum and were
not supplemented with insulin or glucose-lowering agents.
Blood glucose and body weight were checked weekly for 8
weeks after the injection of either STZ or DPBS.

In vivo treatment with SB203580
At the beginning of the 6th week after the injection of
STZ or DPBS, healthy and diabetic rats were given the
selective p38 MAPK inhibitor 4-[5-(4-fluorophenyl)-2-
[4-(methylsulphonyl)phenyl]-1H-imidazol-4-yl]pyridine hy-
drochloride (SB203580 hydrochloride, 100 μg·kg−1·day−1 i.p.)
for 2 weeks. These rats were divided into four groups: (i)
healthy rats given DPBS (vehicle of SB203580 n = 8); (ii)
healthy rats given SB203580 (n = 8); (iii) diabetic rats given
DPBS (n = 10); (iv) diabetic rats given SB203580 (n = 10). At
the end of this treatment, the animals were killed and the
coronary and MA were collected and used for Western blot
and arginase activity assays. In addition, MA were also used in
functional experiments.

Isolation and mounting of coronary and
mesenteric arteries MA
Eight weeks after the injection of either STZ or DPBS (15–16
weeks of age), diabetic and healthy rats were anaesthetized
with sodium pentobarbital (50 mg·kg−1, i.p.) and killed by
decapitation and exsanguination. The depth of anaesthesia
was evaluated by pinching the animal’s paw with forceps and
all efforts were made to minimize suffering. The heart and the
mesenteric bed were quickly removed and placed in cold
(4°C) physiological buffer solution of the following composi-
tion (mM): 119 NaCl, 4.7 KCl, 1.18 KH2PO4, 1.17 MgSO4, 1.5
CaCl2, 24.9 NaHCO3, 0.027 EDTA and 11 glucose; bubbled
with a mixture of 95% O2 and 5% CO2, resulting in a pH 7.4.

Intramyocardial second order branches of the left anterior
descending coronary artery (LAD), segments of the septal
coronary artery (SCA) and second- to third-order branches of
MA were carefully dissected as previously described (Santiago
et al., 2013). Arterial segments, 2 mm long, from healthy and
diabetic rats were mounted in microvascular myographs

(DMT, Aarhus, Denmark) and equilibrated at 37°C. For each
individual artery, the internal circumference L100 corre-
sponding to a transmural pressure of 100 mmHg for a relaxed
vessel in situ was calculated. The arteries were set to an inter-
nal circumference L1 equal to 0.9 times L100, at which
tension development is maximal (Climent et al., 2014).

Experimental procedures for
the functional assays
At the beginning of each experiment, the ability of the prepa-
ration to develop a contraction was assessed by exposing the
arteries to a high KCl solution (124 mM). Endothelium-
dependent relaxations were determined by administration of
cumulatively increasing concentrations of ACh (0.3 nM to
1 μM in MA; 0.1 nM to 10 μM in coronary arteries) pre-
contracted with the thromboxane A2 analogue, 9,11-dideoxy-
9α,11α-methanoepoxy PGF2α (U46619, 0.5–2 μM). The
arteries were then washed three times every 10 min for
30 min. Following this step, concentration-response curves to
ACh were determined following incubation for 60 min with
the arginase inhibitor 2(S)-amino-6-boronohexanoic acid
(ABH, 0.1 mM), the p38 MAPK inhibitor SB203580 (1 μM) or
SB203580 plus ABH. Another set of experiments was per-
formed in order to evaluate the effect of the in vivo inhibition
of p38 MAPK for 2 weeks with SB203580 on endothelial
function. Concentration-response curves to ACh (0.3 nM–
1 μM) were obtained in MA from healthy and diabetic rats
treated with vehicle or SB203580 in the presence and in the
absence of ABH. In order to assess whether the effect of
arginase inhibition is selective for endothelium-dependent
relaxations, concentration-response curves to the NO donor
sodium nitroprusside (SNP; 30 nM–1 μM) were determined in
the presence and in the absence of ABH in endothelium-
denuded arteries from healthy and diabetic rats. The
endothelium was removed mechanically by passing a human
hair through the vessel lumen and the absence of functional
endothelium was confirmed by the lack of a relaxation
response elicited by ACh (10 μM).

Determination of arginase activity
The mesenteric vascular bed was isolated, placed in a Petri dish
containing chilled (4°C) physiological salt solution. The mes-
enteric artery was carefully dissected, placed in radio-
immunoprecipitation assay (RIPA) buffer (Thermo Scientific,
Waltham, MA, USA) with protease inhibitors (Roche, Diagnos-
tics, Bromma, Sweden), homogenized and centrifuged for
20 min at 12 000× g at 4°C. Fifty microlitres of the supernatant
were incubated with 75 μL of 10 mM MnCl2 in 50 mM Tris-
HCl, pH 7.5 buffer to activate arginase. Next, 50 μL of 500 mM
L-arginine (prepared in 50 mM Tris-HCl pH 9.7) were added.
The reaction was carried out at 37°C for 1 h. The reaction was
stopped by adding 400 μL of an acid solution (H2SO4–H3PO4–
H2O = 1:3:7). Urea produced subsequently was assayed using
25 μL of α-isonitrosopropiophenone (9% in ethanol) followed
by heating at 100°C for 1 h. The entire sample was cooled to
room temperature. Arginase activity was calculated as urea
(μmol·mg−1 protein·min−1) production (Kiss et al., 2014).

Western blotting
Arterial samples from both the mesenteric and coronary arte-
rial bed were extracted in RIPA Buffer (Thermo Scientific, USA)
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with protease and phosphatase inhibitors (Roche), homog-
enized and centrifuged for 20 min at 12 000× g at 4°C. Total
protein content of the extracts was quantified by using a
bicinchoninic acid protein assay kit (Pierce Biotechnology,
Life Technologies Ltd). The proteins were separated on 7.5%
SDS gel (20 μg per lane for coronary, or 25 μg per lane for
mesenteric extracts) and transferred onto PVDF membranes
(Merck, Millipore, Solna, Sweden). Membranes were blocked
with 5% milk for 1 h at room temperature and incubated
overnight at 4°C with primary antibodies against arginase I
and II (1:200, Atlas Prestige Antibody, Sigma-Aldrich), phosho-
rylated eNOS (p-eNOS; anti-phosphorylated Ser1177; 1:400; BD
Pharmingen), total eNOS (1:500; BD Pharmingen, San Jose,
CA, USA); p38 MAPK and phosphorylated p38 MAPK (1:1000;
Cell Signalling, Boston, MA, USA). IRDye 800-conjugated goat
anti-mouse IgG (1:10 000, LI-COR, Biosciences, Cambrige,
UK), IRDye 800-conjugated goat anti-rabbit IgG (1:10 000,
LI-COR Biosciences) and IRDye 680 (1:10 000) were used as
secondary antibodies and bands were visualized using an
infrared fluorescence scanner (IR-Odyssey, LI-COR Bio-
sciences). Membranes were also reprobed with anti-β-actin
(1:10 000, Sigma Aldrich, USA). Relative intensity for each
protein was determined by comparison with the intensity
of β-actin staining on blots that were stripped and then rep-
robed with β-actin primary antibody. Band densities were
analysed with Image Studio Lite Version 3.1 (LI-COR Bio-
sciences) and expressed as a percentage of DPBS-treated
healthy rats group.

Drugs
The sources of the compounds used were as follows: ACh and
SNP were obtained from Sigma Aldrich, U46619 and
SB203580 hydrochloride from Tocris, Biosciences (Bristol,
UK), and ABH from Enzo Clinical Labs (Farmingdale, NY,
USA). Stock solutions of U46619 were dissolved in pure
ethanol and further diluted in distilled water. The final
volume of ethanol never exceeded 0.01% in organ baths and
did not affect smooth muscle tone in control experiments. All
the other compounds were dissolved in distilled water.

Statistical analysis and data presentation
In the functional experiments, mechanical responses of the
arteries were measured as force and expressed as active wall
tension. Results are expressed as a percentage of the constric-
tor response to U46619 in each artery. Data are expressed as
means ± SEM; n indicates the number of animals. EC50 was
the concentration of agonist giving a half maximal response
(Emax) and expressed as pEC50 (−log EC50). The differences
between means were analysed using one-way ANOVA followed
by a Bonferroni post-test or Student’s paired or unpaired t-test
when appropriate. The level of significance was set at P < 0.05.
All calculations were made using a standard software package
(Prism 5.0, GraphPad, San Diego, CA, USA).

Results

General parameters
Blood glucose levels were 28.6 ± 1 mmol·L−1 after eight weeks
of STZ injection and 4.2 ± 1 mmol·L−1 in the healthy control

group (P < 0.001; n = 12 and n = 12 respectively). Body weight
was significantly lower in the diabetic group (346 ± 16 g, n =
12) than in the healthy control group (567 ± 21 g, n = 12; P <
0.001). The normalized internal lumen diameters of SCA and
LDA were smaller in diabetic animals, although only in the
case of LDA was this change statistically different (Supporting
Information Table S1). The diameter of MA was significantly
larger in the diabetic group (Supporting Information
Table S1). The standard contractions evoked by a high K+

solution in all arteries were significantly smaller in the dia-
betic than in the healthy group (Supporting Information
Table S1). Daily i.p. injections of either SB203580 or DPBS did
not affect either blood glucose or body weight in comparison
with the untreated groups (data not shown).

p38 MAPK and arginase inhibition prevents
diabetes-induced endothelial dysfunction in
coronary and MA
ACh-induced relaxations were decreased in SCA but
unchanged in LAD of diabetic animals compared with
healthy animals (Figure 1A,B and Table 1). Arginase inhibi-
tion with ABH increased the maximal relaxations induced by
ACh in SCA and slightly improved the sensitivity of the
relaxation in LAD from diabetic animals (Figure 1D,F and
Table 1).

In order to test whether p38 MAPK causes activation of
arginase in coronary arteries of diabetic animals, arteries were
incubated with SB203580 for 60 min in the myograph
chamber. p38 MAPK inhibition improved ACh-induced
relaxations in SCA and induced a very modest improvement
in LAD from diabetic animals. Incubation with SB203580
plus ABH did not cause any additional effect either in SCA or
in LAD (Figure 1D,F and Table 1). Arginase and p38 MAPK
inhibition did not exert any significant effect on ACh-
induced relaxations in LDA or SCA segments from healthy
control animals (Figure 1C,E).

In diabetic MA, ACh-induced relaxations showed
decreased sensitivity, but similar maximal response compared
with healthy MA (Figure 2A and Table 2). Arginase inhibition
with ABH improved ACh-induced relaxations whereas relaxa-
tions to SNP were not affected in diabetic MA (Figure 2C,E
and Table 2). p38 MAPK inhibition increased sensitivity to
ACh in MA from diabetic animals. Incubation with SB203580
plus ABH did not induce any further improvement in ACh-
induced relaxations (Figure 2C and Table 2). In addition,
neither ACh- nor SNP-induced relaxations were affected by
arginase inhibition or by SB203580 treatment either alone or
in combination in MA from healthy control animals
(Figure 2B,D and Table 2). Moreover, these effects in vitro were
further confirmed by studying MA from animals who
received in vivo treatment with SB203580 for 2 weeks. Relaxa-
tions induced by ACh in MA were significantly enhanced in
SB203580-treated rats by comparison to DPBS-treated rats
with diabetes, whereas they were unaffected by SB203580 in
healthy control rats (Figure 3A and Table 3). Moreover, argi-
nase inhibition with ABH improved relaxation to ACh only
in MA from DPBS-treated rats with diabetes while it did not
induce any effect in arteries from SB203580-treated rats with
diabetes, or in arteries from DPBS- and SB203580-treated
healthy control rats (Figure 3B,C and Table 3).
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Activated p38 MAPK mediates the
diabetes-induced increase in arginase activity
in mesenteric arteries
Arginase activity was measured in MA in order to determine the
role of p38 MAPK as an upstream activator of arginase in type
1 diabetes. A ∼ 2.5–fold increase in arginase activity was
observed in MA from DPBS-treated diabetic rats compared with
DPBS- and SB203580-treated healthy rats. This increase was
attenuated after inhibition of p38 MAPK in vivo (Figure 3D).

p38 MAPK inhibition prevents
diabetes-induced increased expression of
arginase I in coronary and of arginase II in
mesenteric arteries
Arginase I but not arginase II protein expression was
increased in coronary arteries from DPBS-treated diabetic rats
compared with DPBS- and SB203580-treated healthy rats.
This increase in arginase I expression was abolished by
SB203580 in rats with diabetes (Figure 4A,B). Moreover, the

Figure 1
Arginase and p38 MAPK inhibition improves relaxation in diabetic coronary arteries. (A, B) Endothelium-dependent relaxation in response to ACh
from healthy and diabetic SCA (A) and LAD (B). (C, D) Effect of ABH (+ABH), SB203580 (+SB) and SB203580 plus ABH (+SB+ABH) on ACh-induced
relaxations of healthy and diabetic SCA (C, D) and LAD (E, F). Results (means and SEM) are expressed as a percentage of the contraction induced
by U46619 (n = 5–13).
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expression of phospho-p38 MAPK normalized to total p38
MAPK was increased ∼1.3-fold in coronary arteries from
DPBS-treated rats with diabetes compared with DPBS- and
SB203580-treated healthy rats, and this increase was abol-
ished in diabetic animals treated with SB203580 (Figure 4C).

In contrast to coronary arteries, the expression of arginase
II was increased ∼2.5-fold in MA from DPBS-treated diabetic
rats compared with DPBS- and SB203580-treated healthy rats
(Figure 5A). Arginase I expression in MA was similar in the
four groups of animals (Figure 5B). Two weeks of in vivo
administration of the p38 MAPK inhibitor prevented the
diabetes-induced increase in arginase II expression in MA
(Figure 5A). In addition, the expression of phospho-p38
MAPK normalized to total p38 MAPK was significantly
increased in MA from DPBS-treated diabetic rats compared
with DPBS- and SB203580-treated healthy rats, and this
increase was abolished by SB203580 treatment (Figure 5C).

eNOS expression is increased in coronary
arteries and decreased in MA from
diabetic animals and SB203580 prevented
these changes
In coronary samples, both total and phosphorylated (Ser1177)
eNOS protein levels were higher in DPBS-treated diabetic rats
than in DPBS- and SB203580-treated healthy rats. p38 MAPK
inhibition decreased both eNOS and phospho-eNOS (Ser1177)
expression in arteries from diabetic animals to values similar
to those in the DPBS- and SB203580-treated healthy group
(Figure 6A).

Total and phosphorylated (Ser1177) eNOS protein expres-
sion was reduced in MA from DPBS-treated diabetic rats com-
pared with DPBS- and SB203580-treated healthy rats.
Treatment with the inhibitor of p38 MAPK in diabetic
animals prevented the reduction in both eNOS and phospho-
eNOS (Ser1177) protein expression in MA (Figure 6B).

The phospho-eNOS (Ser1177) protein level normalized to
the total eNOS protein was unchanged in both coronary and
mesenteric samples (Figure 6). This means that the absolute
amount of phospho-eNOS (Ser1177) was increased proportion-
ally with the increased expression of the eNOS in coronary
arteries and decreased proportionally with the decreased
expression of the eNOS in MA (Okon et al., 2005).

Discussion

The major findings of the present study were (i) type 1 dia-
betes mellitus was associated with impaired endothelium-
dependent relaxations in SCA and MA but not in LAD; (ii)
inhibition of arginase and p38 MAPK prevented diabetes-
induced endothelial dysfunction in SCA and MA; (iii) expres-
sion of arginase I, phospho-p38 MAPK and eNOS was
increased in coronary arteries from type 1 diabetic rats; (iv)
expression of arginase II, arginase activity and expression of
phospho-p38 MAPK was increased and expression of eNOS
was decreased in diabetic MA, all favouring endothelial dys-
function; and (v) inhibition of p38 MAPK in vivo reversed
diabetes-induced up-regulation of arginase and development
of endothelial dysfunction. Taken together, our results
show that activation of p38 MAPK, by selectively up-
regulating arginase I in coronary arteries and arginase II in
MA, is an upstream mediator of diabetes-induced endothelial
dysfunction.

There is emerging evidence suggesting that the
up-regulation of arginase is a key factor contributing to the
development of vascular dysfunction in diabetes mellitus by
its reciprocal regulation of NO bioavailability (Bagi et al.,
2013; Durante, 2013; Pernow and Jung, 2013). Accordingly,
arginase inhibition has been shown to improve vascular func-
tion in experimental and clinical studies of diabetes (Romero

Table 1
Effect of ABH and SB203580 (+SB) on the ACh-induced relaxation of septal and left anterior descending coronary arteries from healthy and
diabetic rats

pEC50 Emax n pEC50 Emax n

Septal coronary artery (SCA)

H SCA 7.10 ± 0.08 91 ± 2 12 D SCA 6.59 ± 0.14*** 74 ± 3*** 12

+ ABH 7.16 ± 0.16 90 ± 4 6 + ABH 6.62 ± 0.16 93 ± 2b 6

+ SB 6.94 ± 0.14 92 ± 5 6 + SB 6.81 ± 0.10 99 ± 1c 6

SB + ABH 6.99 ± 0.05 94 ± 3 7 SB + ABH 6.69 ± 0.14 98 ± 1b 6

Left anterior descending coronary artery (LAD)

H LAD 7.19 ± 0.14 92 ± 3 12 D LAD 7.27 ± 0.03 94 ± 2 12

+ ABH 7.29 ± 0.05 92 ± 4 6 + ABH 7.67 ± 0.16a 97 ± 1 6

+ SB 7.22 ± 0.14 98 ± 2 6 + SB 7.60 ± 0.11a 95 ± 1 6

SB + ABH 7.18 ± 0.12 94 ± 5 8 SB + ABH 7.59 ± 0.14a 97 ± 1 5

Values represent mean ± SEM. pEC50 is −logEC50. Emax is the maximal relaxation expressed as a percentage of U46619-induced pre-contraction.
H SCA, healthy septal coronary artery; D SCA diabetic septal coronary artery; H LAD, healthy left anterior descending coronary artery; D LAD,
diabetic left anterior descending coronary artery; ABH, 2(S)-amino-6-boronohexanoic acid; SB, SB203580. Significant differences were
analysed using Student’s paired t-test, ***P < 0.001 D SCA versus H SCA; or one-way ANOVA followed by a Bonferroni test for across-group
comparisons; aP < 0.05, bP < 0.01 and cP < 0.001 versus D SCA, or versus D LAD.
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et al., 2008; Beleznai et al., 2011; Grönros et al., 2011;
Shemyakin et al., 2012). The underlying signalling mecha-
nisms resulting in the up-regulation of arginase in diabetes
remain poorly defined. Arginase I expression is stimulated by
ROS and nitrogen species such as H2O2 in healthy coronary
arteries (Thengchaisri et al., 2006) and peroxynitrite in cul-
tured endothelial cells (Chandra et al., 2012), and these
species have also been shown to activate p38 MAPK (Evans
et al., 2002). It is in this context that p38 MAPK has
been proposed as the upstream mediator of arginase II
up-regulation in corpora cavernosa of angiotensin II-treated
mice and diabetic mice (Toque et al., 2010; 2013). Based on
these observations, we hypothesized that p38 MAPK regulates

coronary and peripheral vascular arginase expression and
activity in diabetes. Accordingly, we observed that arginase I
expression was up-regulated in coronary arteries from dia-
betic rats via a p38 MAPK-dependent mechanism. Further-
more, inhibition of arginase and p38 MAPK both improved
endothelial function in SCA and caused a slight improvement
in LAD. In MA, the expression of arginase II, but not arginase
I, was increased by diabetes via a p38 MAPK-dependent
mechanism. Arginase inhibition improved endothelium-
dependent but not endothelium-independent relaxation and
both in vivo and in vitro inhibition of p38 MAPK prevented
arginase-induced endothelial dysfunction. Hence, we can
infer that arginase is up-regulated via a signalling mechanism

Figure 2
Arginase and p38 MAPK inhibition improve endothelium-dependent relaxation in diabetic MA. (A) Endothelium-dependent relaxation in response
to ACh in MA from healthy and diabetic rats. (B, C) Effects of ABH (+ABH), SB203580 (+SB) and SB+ABH on ACh-induced relaxations of MA from
healthy (B) and diabetic (C) animals. (D,E) Effect of ABH on relaxations induced by sodium nitroprusside (SNP) in healthy (D) and diabetic (E)
endothelium-denuded MA. Results (means and SEM) are expressed as a percentage of the contraction induced by U46619 (n = 4–12).
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involving p38 MAPK and that this signalling cascade under-
lies the development of mesenteric and coronary endothelial
dysfunction in type 1 diabetes mellitus.

An interesting finding in the present study is that regional
differences appear to exist regarding the isoform of arginase
that is stimulated, as p38 MAPK up-regulates arginase I in
coronary arteries and arginase II in MA. Previous studies have
resulted in inconclusive results regarding the isoform of argi-
nase that is up-regulated in conditions of hyperglycaemia.
Thus, some studies have demonstrated an up-regulation of
arginase I (Romero et al., 2008; Beleznai et al., 2011), whereas
others detected an increase in arginase II (Grönros et al.,
2011) or both isoforms (Dhar et al., 2012). Our data show that
the arginase isoform activated in diabetes varies between
different vascular regions, that this activation is dependent
on p38 MAPK activation and that both arginase I and II
contribute to endothelial dysfunction.

The mechanism behind the actions of p38 MAPK on
vascular arginase seems complex and has not been fully elu-
cidated. Transcriptional regulation of arginase I in cultured
endothelial cells in response to thrombin and angiotensin II
has been demonstrated to occur through activator protein-1
(AP-1) consensus site, via a p38 MAPK-dependent activation
of activating transcription factor 2 and c-Jun transcription
factor (Zhu et al., 2010; Shatanawi et al., 2015). Furthermore,
p38 MAPK was reported to cause the degradation of histone
deacetylases (HDACs) in chondrocytes (Zhou et al., 2015)
while activation of HDACs constrains arginase II transcrip-
tion in cultured endothelial cells (Pandey et al., 2014b). On
the other hand, the fact that in the present study, in vitro
incubation with the p38 MAPK inhibitor SB203580 for
60 min restored endothelial function in diabetic arteries, sug-
gests effects on arginase activity rather than on protein levels.
These data are in agreement with the observations that short-
term inhibition of p38 MAPK reduced arginase activity and
enhanced ACh-induced relaxations of corpora cavernosa
from diabetic mice (Toque et al., 2013). Arginase may be
activated by the Rho/ROCK pathway (Ming et al., 2004) pro-
moting translocation of the enzyme from the mitochondria

to the cytosol (Pandey et al., 2014a). Furthermore, ROCK
activation has been reported to be upstream of p38 MAPK in
mediating diabetes-induced elevation of corpora cavernosa
arginase activity and expression (Toque et al., 2013). Thus,
p38 MAPK may increase arginase activity via non-
transcriptional effects in diabetes but the exact mechanism
behind this requires further consideration.

The mechanism underlying endothelial dysfunction
induced by increased arginase involves impaired NO bioavail-
ability due to a reduced NO production and/or increased NO
inactivation by ROS (Pernow and Jung, 2013; Yang and Ming,
2013). Increased expression of arginase II and arginase activ-
ity is linked to the down-regulation of eNOS activity and
expression in cavernosal tissue from diabetic patients
(Bivalacqua et al., 2001) and from angiotensin II-treated mice
(Toque et al., 2010). Moreover, inhibition of p38 MAPK pre-
vented the arginase-induced alteration in cavernosal tissue
relaxation of angiotensin-II-treated mice (Toque et al., 2010).
In the present study, expression of active phospho-eNOS
(Ser1177) was decreased while levels of arginase II were
increased in diabetic MA. In vivo p38 MAPK inhibition
restored phospho-eNOS expression and normalized arginase
II levels. In addition, NO-dependent relaxation is decreased
in MA from type 1 diabetic rats (Leo et al., 2011). Therefore,
our results suggest that activated p38 MAPK, via increasing
arginase II expression, decreases eNOS activity, leading to
endothelial dysfunction in diabetic MA. Interestingly, eNOS
expression has been reported to be increased in diabetic coro-
nary arteries (Kajikuri et al., 2009), in diabetic myocardial
tissue (Desrois et al., 2010; Pechánová et al., 2014) and in
coronary arteries from pre-diabetic rats (Contreras et al.,
2011). In the present study, both eNOS and arginase I expres-
sion were increased in diabetic coronary arteries and p38
MAPK inhibition normalized not only arginase I but also
eNOS protein levels. Previous data indicate that p38 MAPK
exerts dual, beneficial and detrimental, effects on coronary
artery function, whereby global inhibition of this kinase in
disease states can lead to detrimental effects (Weinbrenner
et al., 1997; Evans et al., 2002; Fujimoto et al., 2004; Yun

Table 2
Effects of ABH and SB203580 (+SB) on the ACh- and SNP-induced relaxations of MA from healthy and diabetic rats

pEC50 Emax n pEC50 Emax n

ACh

H MA 7.79 ± 0.08 97 ± 1 9 D MA 6.91 ± 0.08*** 96 ± 1 12

+ ABH 8.09 ± 0.09 97 ± 2 4 + ABH 7.67 ± 0.22a 97 ± 1 4

+ SB 7.72 ± 0.10 99 ± 1 5 + SB 7.70 ± 0.17b 97 ± 2 6

SB + ABH 7.8 ± 0.07 97 ± 1 5 SB + ABH 7.64 ± 0.09b 96 ± 1 8

SNP

H MA 7.80 ± 0.10 91 ± 2 5 D MA 7.96 ± 0.11 94 ± 2 4

+ ABH 7.96 ± 0.13 89 ± 2 5 + ABH 7.88 ± 0.06 91 ± 2 4

Values represent the mean ± SEM of the number n of individual arteries. pEC50 is −logEC50. Emax is the maximal relaxation expressed as a
percentage of U46619-induced pre-contraction. H MA, healthy mesenteric artery; D MA, diabetic mesenteric artery; ABH, 2(S)-amino-6-
boronohexanoic acid; SB, SB203580; significant differences were analysed using Student’s paired t-test; ***P < 0.001 H MA versus D MA; or
one-way ANOVA followed by Bonferroni test for multiple comparisons; aP < 0.01, bP < 0.001 versus D MA.
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et al., 2009; Kassan et al., 2014; Martin et al., 2015). Therefore,
such effects might explain the current findings. In the present
study, p38 MAPK activation in coronary arteries seems to be
the upstream mediator of the arginase I-induced endothelial
dysfunction whereas this kinase could also exert a compen-
satory effect increasing eNOS expression as shown in aorta of
diabetic female rats (Taguchi et al., 2012). Although the
mechanism underlying the ability of p38 MAPK to differen-
tially regulate eNOS expression in coronary versus mesenteric

arteries in diabetes remains unclear, one might speculate
whether activation of different p38 MAPK isoforms may
result in different eNOS regulation.

Vasomotor dysfunction in diabetes has been repeatedly
and consistently demonstrated in different vascular beds (Shi
and Vanhoutte, 2009; Howangyin and Silvestre, 2014).
However, contradictory results exist regarding the coronary
circulation in humans with diabetes and in animal models
showing impaired (Nitenberg et al., 1993; Koltai et al., 1997;

Figure 3
In vivo inhibition of p38 MAPK prevents arginase-induced endothelial dysfunction and decreases arginase activity of diabetic MA. (A) Endothelium-
dependent relaxations in response to ACh in mesenteric segments from DPBS-treated healthy (HS), SB203580-treated healthy (HSB), DPBS-treated
diabetic (DS) and SB203580-treated diabetic (DSB) MA. (B, C) Effects of ABH on ACh-induced relaxations in MA from HS and HSB rats (B) and
from DS and DSB rats (C). Data are shown as means and SEM of 8–10 arteries. (D) Arginase activity of MA from HS, HSB, DS and DSB rats. Data
are shown as means and SEM of 8–10 animals. Significant differences were analysed using Student’s unpaired t-test or one-way ANOVA followed
by a Bonferroni test for multiple comparisons. ***P < 0.001.
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Table 3
Effects of in vivo inhibition of p38 MAPK on the ACh-induced relaxations of MA from healthy and diabetic rats in the presence or in the absence
of ABH

pEC50 Emax n pEC50 Emax n

ACh

HS 7.84 ± 0.04a 96 ± 2 6 DS 7.10 ± 0.15 96 ± 2 9

+ ABH 7.91 ± 0.12 94 ± 2 6 + ABH 7.72 ± 0.14** 96 ± 2 9

HSB 8.19 ± 0.05a 98 ± 1 6 DSB 8.02 ± 0.13a 95 ± 2 7

+ ABH 8.25 ± 0.09 98 ± 1 6 + ABH 7.98 ± 0.16 97 ± 1 7

Values represent the mean ± SEM. pEC50 is −logEC50. Emax is the maximal relaxation expressed as a percentage of U46619-induced
pre-contraction. HS, DPBS-treated healthy mesenteric artery; DS, DPBS-treated diabetic mesenteric artery; HSB, SB203580-treated healthy
mesenteric artery; DSB, SB203580-treated diabetic mesenteric artery; ABH, 2(S)-amino-6-boronohexanoic acid; SB, SB203580. Significant
differences were analysed using Student’s paired t-test; **P < 0.01 versus DS; or one-way ANOVA followed by Bonferroni test for multiple
comparisons; aP < 0.001 versus DS.

Figure 4
p38 MAPK activation increases arginase I expression in diabetic coronary arteries. Western blot analysis of arginase I (A), arginase II (B) and ratio
of phospho-p38 MAPK/total p38MAPK (C) in coronary arteries of DPBS-treated healthy (HS), SB203580-treated healthy (HSB), DPBS-treated
diabetic (DS) and SB203580-treated diabetic (DSB) rats. Data are shown as means and SEM from 8–10 animals and expressed as a percentage
of HS group. Significant differences were analysed using one-way ANOVA followed by a Bonferroni test. *P < 0.05; **P < 0.01.
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Tawfik et al., 2006; Romero et al., 2008; Beleznai et al., 2011;
Grönros et al., 2011), preserved (Sanz et al., 2003; Knudson
et al., 2007; Villalba et al., 2009; Contreras et al., 2011;
Climent et al., 2014) or even augmented (Gebremedhin et al.,
1988; Szerafin et al., 2006) coronary endothelium-dependent
dilatation. Coronary vessels, unlike vascular beds of the
periphery, have been proposed as being capable of developing
compensatory mechanisms, which aim to reduce the detri-
mental effects of diabetes (Szerafin et al., 2006; Bagi et al.,
2009; Koller et al., 2013). In the present study, endothelium-
dependent relaxation was decreased in diabetic MA, whereas
different responses within the coronary arteries of diabetic
rats were observed. Coronary relaxation in response to ACh
was impaired in segments of the SCA while it was preserved

in segments of the LAD. These results are in agreement with
previous data demonstrating that endothelium-dependent
NO-mediated relaxation in LAD is preserved (Sanz et al.,
2003; Kajikuri et al., 2009; Villalba et al., 2009) while
impaired in SCA from diabetic rats (Tawfik et al., 2006;
Romero et al., 2008). However, to date, no comparative study
exploring regional differences regarding endothelial function
in both types of coronary arteries has been performed. There-
fore, conclusions based on data obtained in one artery may
not be applicable to the overall coronary circulation due to
regional differences. Our data demonstrate that the presence
and level of endothelial dysfunction is not uniform in all
vessel types. Indeed, the occurrence of endothelial dysfunc-
tion not only differs between the peripheral circulation versus

Figure 5
p38 MAPK activation increases arginase II expression in MA. Western blot analysis of arginase II (A), arginase I (B) and ratio of phospho-p38
MAPK/total p38 MAPK (C) in MA of DPBS-treated healthy (HS), SB203580-treated healthy (HSB), DPBS-treated diabetic (DS) and SB203580-
treated diabetic (DSB). Data are shown as means ± SEM from 8–10 animals and expressed as a percentage of HS group. Significant differences
were analysed using one-way ANOVA followed by a Bonferroni test. *P < 0.05; **P < 0.01 and ***P < 0.001.
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coronary circulation, as previously proposed (Szerafin et al.,
2006; Bagi et al., 2009), but also between regions within the
coronary circulation.

There are certain limitations with the present study that
deserve consideration. It should be noted that the arginase
inhibitors available are not selective for particular arginase
isoforms. Hence, the functional role of arginase II in the
development of vasomotor dysfunction in coronary arteries,
as well as the role of arginase I in MA, cannot be entirely

excluded in the present study. Furthermore, the slight
improvement in endothelial function after inhibition of
arginase and p38 MAPK observed in LAD, together with
the preserved relaxation reported in this artery, suggests
that unknown compensatory mechanism(s) contribute to
enhanced endothelium-dependent relaxation despite argin-
ase I up-regulation in this artery. The nature of this is at
present unclear, but it is of interest that it was recently sug-
gested that the production of hydrogen peroxide by eNOS

Figure 6
Effect of p38 MAPK inhibition on eNOS protein expression in mesenteric and coronary arteries. Western blot analysis of total eNOS and
phospho-eNOS (Ser1177) from coronary (A) and mesenteric (B) arteries of DPBS-treated healthy (HS), SB203580-treated healthy (HSB), DPBS-
treated diabetic (DS) and SB203580-treated diabetic (DSB) rats. Data are shown as means and SEM from 8–10 animals and expressed as a
percentage of HS group. Significant differences were analysed using one-way ANOVA followed by a Bonferroni test. *P < 0.05.
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induces endothelium-dependent relaxations in a mouse
model of tetrahydrobiopterin deficiency (Chuaiphichai et al.,
2014).

In conclusion, the present study demonstrates regional
differences in arginase isoforms contributing to endothelial
dysfunction in an experimental model of type 1 diabetes
mellitus. p38 MAPK mediates endothelial dysfunction via
selective up-regulation of arginase I in coronary arteries and
arginase II in MA. Vascular arginase might therefore represent
a promising therapeutic target for the treatment of vascular
dysfunction in diabetes. Given the differential expression of
arginase I and II between the coronary and non-coronary
circulation, the development of potent isoform-selective argi-
nase inhibitors is of particular interest.
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