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Aims We determined the role of the Rho kinase (ROCK) isoforms in diabetes-induced vascular endothelial dysfunction and
enhancement of arginase activity and expression.

Methods
and results

Studies were performed in aortic tissues from haplo-insufficient (H-I) ROCK1 and ROCK2 mice and wild-type (WT)
mice rendered diabetic with streptozotocin and in bovine aortic endothelial cells (BAECs) treated with high glucose
(HG, 25 mM). Protein expression of both ROCK isoforms was substantially elevated in aortas of WT mice after
8 weeks of diabetes and in BAECs after 48 h in HG. Impairment of endothelium-dependent vasorelaxation of
aortas was observed in diabetic WT mice. However, there was no impairment in aortas of diabetic ROCK1 H-I
mice and less impairment in aortas of diabetic ROCK2 H-I mice, compared with non-diabetic mice. These vascular
effects were associated with the prevention of diabetes-induced decrease in nitric oxide (NO) production and a rise
in arginase activity/expression. Acute treatment with the arginase inhibitor, BEC, improved endothelium-dependent
vasorelaxation of aortas of both diabetic WT and ROCK2, but not of ROCK1 mice.

Conclusion Partial deletion of either ROCK isoform, but to a greater extent ROCK1, attenuates diabetes-induced vascular endo-
thelial dysfunction by preventing increased arginase activity and expression and reduction in NO production in type 1
diabetes. Limiting ROCK and arginase activity improves vascular function in diabetes.
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1. Introduction
In diabetic patients, vascular disease is a major cause of morbidity and
mortality.1 Endothelial dysfunction is considered a critical factor in the
development of diabetic vascular disease.2,3 A hallmark of endothelial
dysfunction is decreased nitric oxide (NO) bioavailability, which may
be caused by the inactivation of NO by oxidative stress and/or
reduced expression and function of endothelial NO synthase
(eNOS). Studies in macrophages and vascular endothelial cells
(ECs) have shown that arginase, an enzyme in the urea cycle, can
be an important limiting factor in NO production by competing
with NOS for their common substrate, L-arginine.4,5 Associated
with this mechanism, increased arginase activity has been implicated
in vascular dysfunction associated with diabetes, atherosclerosis,

hypertension, asthma, inflammation, and ageing.5 –10 Furthermore,
our previous studies have shown that treatment of bovine coronary
ECs with arginase I siRNA can prevent the high-glucose (HG)-induced
impairment of NO production.5 Additionally, knockout of arginase I
or II gene can partially prevent diabetes-induced endothelium-
dependent vascular dysfunction (EDVD) in mouse aorta and caverno-
sal tissues.11,12 Therefore, regulatory mechanisms of arginase activity
in diabetic blood vessels and ECs exposed to HG need to be under-
stood and under extensive study.

Much evidence indicates that expression and activity of eNOS are
regulated by the RhoA/ROCK pathway.13,14 Moreover, inhibition of
ROCK improves diabetes and hypertension-induced endothelial dys-
function.15– 18 Studies have demonstrated that the small GTPase,
RhoA, and its downstream effector ROCK are involved in the
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activation of arginase in diabetes and upon exposure to HG.5,19 Eleva-
tion of arginase activity/expression can be blocked by inhibiting either
RhoA or ROCK.5,19– 21 These data indicate that activation of the
RhoA/ROCK pathway is a critical step towards elevated arginase
activity and expression in the vasculature.

Two isoforms of ROCK have been identified in mammalian tissues.
ROCK1 is preferentially expressed in the lung, liver, spleen, kidney,
and testis, whereas ROCK2 is most highly expressed in the brain
and heart.22,23 Both ROCK1 and ROCK2 are expressed in vascular
ECs and smooth muscle cells (SMCs). Regulation of ROCK isoform
activity and expression is not well understood. However, angiogensin
II and IL-1 b have been shown to up-regulate expression of both
ROCK isoforms in human coronary vascular SMCs by a mechanism
involving activation of protein kinase C and NF-kappa B.24 Additionally,
lysophosphatidic acid-induced up-regulation of intercellular adhesion
molecule 1 and vascular cell adhesion molecule-1 has been shown to
involve activation of ROCK2 in human umbilical vein ECs.25 However,
the specific role of ROCK isoforms in diabetes-induced vascular impair-
ment is unknown. Therefore, our study was designed to evaluate the
specific role of ROCK1 and ROCK2 in diabetes-induced vascular
endothelial dysfunction.

2. Methods
Detailed methods are provided in Supplementary material online.

2.1 Diabetic mice
Our investigations conform with the Guide for the Care and Use of La-
boratory Animals published by the US National Institutes of Health
(NIH Publication, 8th edition, 2011) and were conducted with the approv-
al of the Georgia Health Sciences University’s Animal Use for Research
and Education Committee. Ten-week-old male C57BL/6J mice and het-
erozygous ROCK 1 and ROCK 2 knockout (KO) mice were rendered dia-
betic with streptozotocin (STZ, 50 mg/kg) injected ip every other day up
to three times. Mice with blood glucose levels .350 mg/dL were consid-
ered diabetic. Body weight and blood glucose levels of each mouse were
measured at the time of injections and 8 weeks after treatment, when
experiments were performed.

2.2 Cell culture
Bovine aortic endothelial cells (BAECs) were used from passages 4 to 7.
They were maintained, prior to treatments, in M-199 media (Invitrogen,
Carlsbad, CA, USA) containing 0.2% FBS, 50 mM L-arginine, 100 U/mL
penicillin, 100 mg/mL streptomycin, and L-glutamine.

2.3 Aortic tissue preparation
Mice were anaesthetized with a mixture of ketamine/xylazine (100:10 mg/
kg, ip) and supplemented as necessary to obtain a surgical level of anaes-
thesia as assessed by pinching of toes with a haemostat. The excised aorta
was rapidly placed in chilled Krebs’s solution. Half of each aorta was
denuded of endothelium by gently rubbing the intimal surface with a
needle. The absence of endothelium was determined by observing no re-
laxation response to acetylcholine (ACh, 1026 M). The endothelium was
left intact in the other half of the aorta. In this portion of the aorta, robust
relaxation was observed in response to ACh (1026 M).

2.4 Vascular function studies
The intact (E+) and endothelium-denuded (E2) aortas were cut into
2 mm rings. Rings were mounted in 5 mL myograph chambers (DMT).
After 1 h equilibration, the ability of the preparation to develop
contraction was assessed by applying 80 mM KCl solution. Cumulative

concentration–response curves to ACh (endothelium-dependent vaso-
dilator) and sodium nitroprusside (SNP, NO donor) were obtained in
rings pre-contracted with a1-adrenergic receptor agonist, phenylephrine
(PE, 1027 to 1026 M), to produce matching contractions in the study
groups.11

2.5 Assessment of NO production
by 4,5-diaminofluorscein
NO production was determined by using the fluorescent NO indicator
4,5-diaminofluorescein diacetate (DAF-2 DA).26 Serial cross-section
rings (10 mm) from the OCT-frozen aorta with or without arginase inhibi-
tor BEC treatment (1024 M) were incubated in the dark at 378C in HEPES
buffer containing DAF-2 DA (1027 M) for 15 min. The negative control
was incubated with L-NAME (1026 M). After fixation in 4% paraformalde-
hyde, aortic sections were examined under a microscope at ×100 magni-
fication. Green fluorescence intensity was quantified using the MetaMorph
image analysis software (version 6.3r7).

2.6 Blood pressure measurement
Systolic arterial pressure was determined by non-invasive tail-cuff plethys-
mography.27 The tail of each mouse was inserted in a tail-cuff attached to
a pressure monitoring system. Ten measurement cycles were recorded.
The mean of last four recordings, among which there was ,10 mmHg
difference, was accepted as systolic blood pressure (BP).

2.7 Arginase activity assay
Arginase activity was assayed by measuring urea produced from L-arginine as
previously described.28 The supernatant from the pulverized mouse aorta
or cell lysate (25 mL) was heated with MnCl2 (1023 M) for 10 min at
568C to activate arginase. The mixture was then incubated with 50 mL
L-arginine (0.5 M, 1 h, 378C) to hydrolyse the L-arginine. The hydrolysis
reaction was stopped with acid and the mixture was heated at 1008C with
25 mL a-isonitrosopropiophenone (9% a-ISPF in EtOH) for 45 min for
the colorimetric reaction. Samples were kept in dark at room temperature
for 10 min and absorbance was measured at 540 nm.

2.8 Western blot analysis
Equal amounts of protein from homogenized aortas or BAECs were sepa-
rated by electrophoresis using a 10% SDS–polyacrylamide pre-cast gel
and transferred to nitrocellulose membrane. Protein expression levels
for RhoA, arginase I, ROCK1, and ROCK2 were assessed and normalized
to total actin.

2.9 Measurement of active RhoA
RhoA activation was determined by the detection of membrane-bound
Rho.21 Homogenized mice aortas were centrifuged at 100 000g for
20 min at 48C. Precipitate was solubilized in 1% Triton X-100 extraction
buffer to obtain membrane fraction. Equal amounts of protein were
loaded for western blot.

2.10 Statistical analysis
Data are shown as mean+ SEM of n experiments. Statistical comparisons
were made using one-way and two-way analysis of variance (ANOVA)
with Tukey’s post hoc test. P , 0.05 was considered significant.

3. Results

3.1 Blood glucose, body weight, and BP
In our model, diabetes caused a significant increase in blood glucose
levels and a reduction in the growth of body weight in wild-type
(WT), ROCK1, and ROCK2 KO mice. Furthermore, diabetes signifi-
cantly increased BP in WT mice compared with WT non-diabetic

L. Yao et al.510

http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvs371/-/DC1


controls, but had no effect on BP in ROCK1 and ROCK2 KO mice.
ROCK1 and ROCK2 KO control mice also had lower basal BP level
than WT control mice (Table 1).

3.2 Hyperglycaemia-induced activation of
RhoA and induction of ROCK1 and ROCK2
expression
To investigate the role of the RhoA/ROCK pathway in
diabetes-induced EDVD, we determined the effect of diabetes and
HG on levels of active RhoA in aortas from all animal groups and ex-
pression of ROCK1 and ROCK2 in mice and HG-treated BAECs. Dia-
betes significantly increased the level of active RhoA compared with
their respective controls in all experiment groups (Figure 1A). Diabetic
WT aortas showed increased ROCK1 and ROCK2 protein levels
compared with non-diabetic WT aortas (Figure 1B and C ). Similarly,
diabetes significantly increased the ROCK1 expression in ROCK2
KO aortas and the ROCK2 expression in ROCK1 KO aortas, com-
pared with their respective controls. Expression of ROCK1 and
ROCK2 were both reduced by �50% in aortas from the respective
ROCK1 and ROCK2 KO control and diabetic mice compared with
WT control (Figure 1B and C ). No difference of ROCK1 expression
was observed between ROCK2 KO and WT aortas in non-diabetic
or diabetic groups (Figure 1B). However, both ROCK1 KO control
and diabetic aortas had higher ROCK2 expression than WT control
and diabetic aortas (Figure 1C).

Treatment of BAECs with HG (25 mM) for 48 h also caused signifi-
cant increases in ROCK1 and ROCK2 levels above control levels, by
2- and 1.3-fold, respectively. The enhancement in both proteins was
maintained through 72 h (Figure 1D and E).

3.3 ROCK deletion prevents
diabetes-induced decrease in NO
production in aortas
DAF-2 fluorescence intensity (indicator of available NO) was assessed
in previously frozen aortic sections (Figure 2). Intensity of DAF-2
fluorescence was significantly reduced in diabetic WT compared
with the control WT group. This reduction in NO production was
reversed by treatment with the arginase inhibitor BEC (1024 M,
1 h) (Figure 2A and B). In non-diabetic groups, aortas of both ROCK
haplo-insufficient (H-I) mice presented a much higher fluorescence in-
tensity compared with WT mice. Additionally, the diabetes-induced
reduction in NO levels was prevented in ROCK1 aortas, and partially
prevented in ROCK2 aortas. Arginase inhibitor BEC further elevated
the intensity level in diabetic ROCK2 aortas (Figure 2A and B).

L-NAME pre-treatment blocked DAF-2 fluorescence in control
ROCK2 aortas (Figure 2A).

3.4 Prevention of diabetes-induced
endothelial-EDVD by ROCK deletion
To determine the role of ROCK isoforms in diabetes-induced EDVD,
aortic relaxation responses to ACh were assessed in aortas of
STZ-induced diabetic and control WT and H-I ROCK1 or ROCK2
mice (Figure 3). Comparison of vasorelaxation responses in the WT
diabetic vs. WT non-diabetic group revealed a significant EDVD as
evident by an increased EC50 and decreased maximal response
(Emax) (Figure 3A).

Vasorelaxation responses in non-diabetic ROCK1 and ROCK2
aortas were both markedly enhanced compared with the non-diabetic
WT tissue as indicated by a decreased EC50 and a greater Emax value
(Figure 3A and B). Furthermore, diabetes had no effect on vasorelaxa-
tion responses of aortas of ROCK1 mice, but increased EC50 in the
ROCK2 aortas compared with their respective controls (Figure 3A
and B). Although no differences were observed in Emax values
between the ROCK1 and ROCK2 diabetic and non-diabetic groups,
the ROCK1 diabetic group displayed a decreased EC50 compared
with the ROCK2 diabetic group (Figure 3C). This finding indicates a
greater role of ROCK1 in diabetes-induced EDVD.

3.5 Prevention of diabetes-induced EDVD
by acute inhibition of arginase
Acute treatment of aortic rings of WT diabetic mice with arginase
inhibitor BEC (100 mM, 1 h) improved EDVR, as shown by a
marked increase in the Emax value and decrease in EC50 in response
to ACh (Figure 4A). BEC treatment also improved EDVR in the
ROCK2 diabetic tissues as shown by a decreased EC50 (Figure 4C).
However, no significant effect of BEC treatment was observed in
ROCK1 diabetic aortas (Figure 4B) or in non-diabetic WT, ROCK1,
or ROCK2 aortas (data not shown). These data indicate that aortas
of ROCK1 diabetic mice and all non-diabetic mice have adequate
L-arginine available for normal EC-dependent vasorelaxation, suggest-
ing that no appreciable competition exists between arginase and NOS
for their substrate.

3.6 SNP-induced aortic relaxation
The EC50 and Emax values for relaxation to the NO donor SNP were
not different among all the groups (data not shown). This suggests
that, in our diabetic model, partial expression of the ROCK1 or
ROCK2 gene reduces vascular endothelial dysfunction only and has
no direct effect on smooth muscle relaxation.
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Table 1 Blood glucose, body weight, and BP of WT, WT-D, ROCK1, ROCK1-D, ROCK2, ROCK2-D mice

WT WT-D ROCK1 ROCK1-D ROCK2 ROCK2-D

Blood glucose (mg/dL) 162.2+15.1 377.9+22.3** 167.3+17.2 411.2+32.9** 162.2+9.3 390.4+26.0**

Body weight (g) 25.9+0.5 20.4+0.7** 26.9+0.9 18.8+0.7** 26.0+1.2 19.1+0.6**

BP/systolic (mmHg) 108.3+4.3 130.2+6.1* 92.1+1.7* 92.5+1.9* 88.5+2.0* 94.7+2.6*

Values are means+ S.E.M.
WT-D, wild-type diabetic; ROCK1, ROCK1+/2; ROCK1-D, diabetic ROCK1; ROCK2, ROCK2+/2; ROCK2-D, diabetic ROCK2.
*P , 0.05, vs. WT control group; **P , 0.05, diabetic vs. the time-matched control group. n ¼ 8–10 mice/group.
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3.7 Reduction of diabetes-induced
enhanced contractile responses by ROCK
deletion
Treatment of intact (E+) and endothelium-denuded (E2) aortic rings
with phenylepherine (PE) caused concentration-dependent contrac-
tions in all groups.

In the E+ aortas, diabetes increased the Emax value in vessels from
the WT, ROCK1, and ROCK2 mice and decreased EC50 in WT and
ROCK1 aortas when compared with their respective controls. The
EC50 in the ROCK2 diabetic group also tended to be lower than
ROCK2 control, but it is not significantly different (Figure 5A and

B). The Emax value was significantly blunted in the ROCK1 non-
diabetic aortas when compared with WT non-diabetic aortas, but
not in the ROCK2 non-diabetic aortas (Figure 5A and B). There
was no significant difference between contractile responses of the
ROCK1 and ROCK2 vessels in either control or diabetic conditions
(Figure 5C).

In the E2 aortas, diabetes did not change the Emax and EC50 level
compared with their respective controls in all the experiment
groups (Figure 5D–F). However, ROCK1 and ROCK2 mice exhibited
higher EC50 compared with WT mice in either control or diabetic
conditions (Figure 5D and E). There was no difference in EC50

between no-diabetic WT, ROCK1, and ROCK2 vessels (Figure 5F).

Figure 1 Levels of active RhoA expression (A) and ROCK1 (B) and ROCK2 (C) expression in aortas from WT and ROCK1+/2 (ROCK1) and
ROCK2+/2 (ROCK2) control and diabetic mice. Data are expressed as percentage of WT. Values are represented as means+ SEM, n ¼ 4–6 mice/
group. *P , 0.05, diabetic mice vs. control mice, #P , 0.05, ROCK1 or ROCK2 control mice vs. WT control mice; $P , 0.05, ROCK1-D or
ROCK2-D mice vs. WT-D mice. Levels of ROCK1 (D) and ROCK2 (E) expression in HG (25 mM)-treated BAECs. BAECs were cultured in HG
media for indicated time periods. Results were quantified by densitometry and both ROCK isoforms were normalized to actin levels. Values for
normal glucose (NG, 5.5 mM) at respective time points were considered as 100% and data are represented as percentage of respective NG
control. Values are expressed as means+ SEM, n ¼ 4–6/group. *P , 0.05 vs. its NG control.
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3.8 Attenuation of diabetes/HG-stimulated
arginase activation by deletion or inhibition
of ROCK
To assess the role of total vascular- and endothelium-dependent
RhoA/ROCK-induced activation of arginase in diabetes-induced
EDVD, arginase activities were analysed in both E+ and E2

aortas. The arginase activity in the endothelium was calculated by
the subtraction of values for the E2 aorta from values for E+

tissues.
In the E+ aorta and in the endothelium itself, diabetes induced a

much higher arginase activity as shown by 4-fold and 10-fold increase

in the WT aorta compared with non-diabetic WT tissues, respectively
(Figure 6A and C ). The diabetes-induced elevation of arginase activity
was absent in aortas of ROCK1 mice and markedly diminished in
ROCK2 mice. Arginase activity in both E+ tissues and endothelia of
non-diabetic ROCK1 and ROCK2 mice was also significantly lower
than in non-diabetic WT aortas.

Furthermore, E2 aortas of WT diabetic mice showed two-fold
higher arginase activity than those of WT controls (Figure 6B). The
diabetes-induced elevation of arginase activity was absent in both
ROCK1- and ROCK2-deficient E2 aortas. However, no differences
in arginase activity were observed in E2 aortas from non-diabetic
ROCK1, ROCK2, and WT mice.

Figure 2 NO production assessment by DAF-2 in aortic rings from WT, ROCK1+/2 (ROCK1) and ROCK2+/2 (ROCK2) control, diabetic (D)
mice and diabetic mice treated with arginase inhibitor BEC (1024 M, 1 h). Representative DAF-2 fluorescence images were taken in aortic rings from
all groups, corrected for fluorescence in the presence of L-NAME (A). Fluorometric analysis of DAF-2-loaded aortic rings in all groups is in (B). Values
are represented as means+ SEM, n ¼ 4–6 mice group. *P , 0.05 vs. its non-diabetic mice; #P , 0.05, ROCK1 or ROCK2 control mice vs. WT
control mice; $P , 0.05, ROCK1-D or ROCK2-D mice vs. WT-D mice.
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In association with elevated arginase activity in E+ aortas, arginase I
protein levels were also increased in diabetic WT aortas (Figure 6D).
This diabetes-induced increase was not observed in ROCK1 aortas
and was greatly blunted in ROCK2 aortas. Furthermore, basal levels
of aortic arginase I expression in the non-diabetic KO mice were
also reduced when compared with WT mice. Arginase II expression
was not different among the groups (data not shown).

To further determine the involvement of ROCK activity in
hyperglycaemia-induced elevation of arginase function in the vascular

endothelium, we measured arginase activity and expression in
BAECs exposed to normal or HG (25 mM) media in the presence
or absence of ROCK inhibitor Y27632 (Figure 6E). Under HG
conditions, both arginase activity and arginase I expression were ele-
vated by 1.4-fold vs. normal glucose; these effects were completely
blocked by co-treatment with the ROCK inhibitor Y27632
(Figure 6F). These data indicate that HG-induced elevation of
arginase function in aortic EC is mediated through the RhoA/ROCK
pathway.

Figure 3 Endothelium-dependent vasorelaxation in aortas of WT, ROCK1+/2 (ROCK1) and ROCK2+/2 (ROCK2) control, and diabetic (D)
mice. Endothelium-mediated relaxation to ACh (1029 to 1025 M) was assessed in aortic rings from all groups. (A–C) Comparisons between geno-
types. Data were calculated as changes from the contraction produced by PE (1027 to 1026 M) in each tissue, which was taken as 100%. To the right
side of each relaxation curve are pEC50 values (negative logarithm of the concentration of ACh effective in producing 50% of the maximum relaxation).
Data are represented as means+ SEM, n ¼ 5–8 mice/group. *P , 0.05 vs. WT control mice; #P , 0.05 vs. ROCK2 control mice; $P , 0.05 vs.
ROCK1-D mice.
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4. Discussion
We and others have previously observed that diabetes or HG raises
arginase activity/expression and levels of active RhoA in human and
bovine coronary ECs and rat vessels.5,20 Inhibitors of ROCK and

RhoA were both shown to prevent this rise in arginase activity
and expression.5,20,29 Our present study demonstrates that in
HG-treated bovine aortic ECs, the increase of arginase activation
was abolished by the ROCK inhibitor Y-27632, further confirming
that RhoA/ROCK are upstream regulators of HG-induced arginase
activation. Western blot analysis showed significant increases in
levels of both ROCK isoforms in the HG-treated ECs. Partial defi-
ciency of ROCK1 has been reported to completely block the increase
of ROCK activity in HG-treated murine lung ECs.30 Consistent with
this observation, our studies of HG-treated BAECs show that the
relative increase in ROCK1 was 0.7-fold greater than that of
ROCK2. We also find that elevation of active RhoA and ROCK1/
ROCK2 expression in whole aortas from diabetic WT mice is asso-
ciated with increased arginase I expression and arginase activity and
that these effects are lacking in ROCK-deficient mice.

These findings support the involvement of both RhoA and ROCK
in diabetes-induced increases in arginase activity. Furthermore,
ROCK1 expression is reduced �50% in ROCK1 KO mice, with no
compensatory change in ROCK2. A reduction of ROCK2 expression
is observed in ROCK2 KO mice. However, ROCK2 expression was
significantly increased in ROCK1 KO non-diabetic and diabetic
mice, a seemingly compensatory effect. Further, diabetes-induced
increases of arginase I expression and arginase activity in WT aortas
are absent in ROCK1-deficient tissue. These results indicate that
the ROCK2 gene has less effect on the regulation of arginase than
the ROCK1 gene.

The two isoforms of ROCK, ROCK1 and ROCK2, have been
reported to differentially regulate vascular functions in both tissue
culture and animal models.24,30–32 For example, both ROCK isoforms,
but ROCK2 to a greater extent, are up-regulated by angiotensin II (Ang
II) and IL-1b in human coronary vascular SMCs. This effect is mediated
by PKC and NF-kappa B.24 In contrast, HG-induced elevation of plas-
minogen activator inhibitor-1 protein levels can be completely
blocked in heterozygous ROCK1 KO mouse ECs.30 Similarly, ROCK1,
but not ROCK2, KO mice have substantially reduced vascular inflamma-
tion and neointima formation after flow cessation-induced vascular
injury in a ligated carotid artery model.32 Our study used ROCK1 and
ROCK2 KO mice in a model of type 1 diabetes to determine for the
first time the specific role of ROCK1 and ROCK2 in mediating vascular
endothelial-dependent dysfunction via the activation of arginase.

Several studies have shown that ROCK is an important mediator of
insulin signalling and glucose metabolism.33 –35 In our study, deletion
of one copy of the ROCK1 or ROCK2 genes did not prevent
glucose elevation or reduced growth in STZ-induced mice, and no dif-
ference in these variables was noted among the non-diabetic groups.
However, diabetes-induced elevation of BP seen in the WT mice was
not observed in either the ROCK1 or ROCK2 diabetic mice. In add-
ition, lower basal BP levels were observed in non-diabetic ROCK1
and ROCK2 mice compared with WT. This finding is in agreement
with earlier studies showing that inhibition of ROCK decreases
BP level in various experimental models, including normotensive
animals.36 –38 We also observed lower levels of arginase expression
and activity in the whole aorta from both diabetic and control ROCK-
deficient mice compared with WT mice. There is a 10-fold elevation
of arginase activity in the endothelium of the WT diabetic aorta, com-
pared with WT control. This increase is six-fold higher than in the
E+ aorta and 7.5-fold higher than in the E2 aorta. These data indicate
that diabetes mainly targets EC elevation of arginase activity in
aortic tissue.

Figure 4 Effect of arginase inhibition on endothelium-dependent
vasorelaxation. ACh (1029 to 1025 M)-mediated relaxation was
determined before and after the application of arginase inhibitor,
BEC (100 mM) into the baths containing the aortic rings from
ROCK1+/2 (ROCK1), ROCK2+/2 (ROCK2), and WT diabetic
(D) mice. Data were calculated relative to the contraction produced
by PE (1027 to 1026 M) in each tissue, which was taken as 100%.
Data are represented as means+ SEM, n ¼ 5–8 mice/group.
*P , 0.05 vs. WT-D mice; †P , 0.05 ROCK2-D mice vs.
ROCK2-D + BEC mice.
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Although emerging evidence shows that ROCK inhibitors such as
fasudil and Y27632 can prevent vascular dysfunction in diabetic
animal models,29,39,40 isoform involvement has not been determined,
as no isoform-specific inhibitors are available. In our study,
endothelium-dependent vascular relaxation (EDVR) was evaluated
in aortic tissues from WT, ROCK1, and ROCK2 mice. Severe impair-
ment of EDVR observed in 8-week diabetic WT mice was completely
prevented in ROCK1 and partially rescued in ROCK2 mice. These
effects are associated with the prevention of diabetes-induced reduc-
tion of aortic NO levels in both ROCK1 and ROCK2 mice.

Furthermore, the rise of arginase activity and arginase I protein
levels by diabetes was absent in ROCK1 and markedly blunted in
ROCK2 aorta. These results suggest that ROCK1 plays a dominant
role in diabetes-induced enhancement of aortic arginase activity/
expression.

Endothelium-derived NO is a key mediator of EDVR.41 In ECs, NO
is produced by the activity of eNOS on its substrate L-arginine. In add-
ition to enhanced level of arginase, activation of RhoA and ROCK can
decrease levels of eNOS expression in ECs by decreasing the stability
of eNOS mRNA.42 In addition, RhoA/ROCK can negatively regulate

Figure 5 Contractile-response curve with PE in E+ and E2 aortas of WT, ROCK1+/2 (ROCK1) and ROCK2+/2 (ROCK2) non-diabetic and
diabetic (D) mice. Contraction to a1-adrenergic receptor agonist PE (1029 to 1025 M) was assessed in aortic rings from all groups. (A–C and
D–F) Comparisons between genotypes. Data were calculated relative to the maximal changes from the contraction produced by KCl (80 mM),
which was taken as 100%. To the left top side of each contraction curve are pEC50 values (negative logarithm of the concentration of PE effective
in producing 50% of the maximum contraction). Data are represented as means+ SEM, n ¼ 5–8 mice/group. *P , 0.05 vs. WT control mice;
$P , 0.05 vs. ROCK1 control mice; #P , 0.05 vs. ROCK2-D mice.
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Akt (protein kinase B) and eNOS, leading to reduced NO produc-
tion.14,43 Thus, ROCK-deficient mice may have higher eNOS function
than WT mice through multiple mechanisms including lower arginase
activity, higher Akt signalling, and decreased eNOS expression. We
have not studied this pathway in the current study.

Activation of RhoA/ROCK pathway also has been reported to
enhance vascular SMCs contraction by phosphorylating the regulatory
subunit of myosin light chain (MLC) phosphatase, and thereby inhibit-
ing MLC phosphatase activity and increasing levels of phospho-MLC.37

Our present results show that PE-induced E+ aortic contractions are
increased in 8-week diabetic WT mice, and that these contractions
are attenuated in both diabetic ROCK1 and ROCK2 mice. In E2

aorta, the EC50 values for PE-induced contractions are higher in
both ROCK1 and ROCK2 aorta compared with WT aorta in either
control or diabetic conditions. Maximal contractions are the same
in all six groups. These results proved that in addition to the lower
levels of phospho-MLC, the increased vascular NO production is
the main factor to cause the reduction of the aortic contraction in
both ROCK1 and ROCK2 diabetic mice compared with diabetic
WT mice.

Numerous studies have shown that mitogen-activated protein
kinases (MAPK), such as p38 MAPK, can be activated by hypergly-
caemia, Ang II, and ROS in ECs, aortic tissue, and nerve tissue of
type 1 and type 2 diabetes.44–46 Additionally, the elevation of arginase

Figure 6 Arginase activity in the E+ (A) and E2 aortic tissue (B) and Arginase I expression in E+ (D) from WT, ROCK1+/2 (ROCK1) and
ROCK2+/2 (ROCK2) control and diabetic mice. Arginase activity was measured in E+ and E2 aortas from all groups. The values of arginase activity
in the endothelium (C) are calculated by the subtraction of the activity values in E2 from those in E+. Values are represented as means+ SEM, n ¼ 3–
8/group. *P , 0.05 vs. its control mice; #P , 0.05, ROCK1 or ROCK2 control mice vs. WT control mice; $P , 0.05, ROCK1-D or ROCK2-D mice vs.
WT-D mice. Arginase activity (E) and expression (F) in HG (25 mM)-treated BAECs. Some BAECs were pretreated with the ROCK inhibitor,
Y-27632 (10 mM) for 1 h and then treated with normal glucose (NG, 5.5 mM) or HG for 72 h. Arginase activity and arginase I expression were ana-
lysed in these cells. Values are expressed as means+ SEM, n ¼ 4 mice/group; *P , 0.05, HG vs. NG; #P , 0.05, Y-27632 vs. HG.
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activity and expression is reported to be mediated by the p38 MAPK
signalling in macrophages.47 Our recent studies have shown that inhi-
bitors of RhoA activation (simvastatin) or ROCK (Y-27632) pre-
vented both Ang II-induced elevation of phosphorylation of p38
MAPK and arginase activity in ECs.27 These findings strongly indicate
that reduced function of RhoA/ROCK downregulates p38 MAPK and
arginase activity/arginase I expression. These events could reduce or
prevent vascular endothelial dysfunction in STZ-diabetic model.

In summary, our present study provides evidence for a role of both
isoforms of ROCK in diabetes- and HG-induced vascular dysfunction.
In particular, partial knockout of ROCK1, not ROCK2, can completely
prevent elevation of arginase expression/activity and normalize
endothelium-dependent vascular function in a model of type 1 dia-
betes. Thus, targeting ROCK1 may present a novel therapeutic
means for preventing diabetes-induced endothelial dysfunction.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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