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Misregulation of the arginase pathway in tissues
of spontaneously hypertensive rats

Teddy Bagnost1,2, Alain Berthelot1, Magalie Alvergnas1, Carole Miguet-Alfonsi1, Claire André2,
Yves Guillaume2 and Céline Demougeot1

There is a growing evidence that arginase has a role in the pathophysiology of cardiovascular diseases including hypertension.

We recently reported arginase upregulation in aortas from hypertensive spontaneously hypertensive rats (SHRs). The aim

of this study was to determine whether arginase abnormalities occur in other tissues of SHR, including the target organs

of hypertension. Experiments were conducted on 5-, 10-, 19- and 26-week-old SHRs and Wistar–Kyoto (WKY) rats. Arginase

activity and expression were evaluated in heart, kidney, liver, lung and brain tissue extracts. To investigate the role of blood

pressure by itself in arginase abnormalities, arginase activity was determined in 10-week-old SHRs previously treated with

hydralazine (20mg kg�1 per day, for 5 weeks). Compared with WKY rats, cardiac arginase activity was higher in hypertensive

SHRs aged 10 weeks (+46%, Po0.05), 19 weeks (+29%, Po0.05) and 26 weeks (+23%, NS). Similar results were found in

lungs in which arginase activity was increased in SHRs aged 10 weeks (+39%, Po0.05), 19 weeks (+49%, Po0.05) and

26 weeks (+36%, Po0.05) compared with WKY rats. The changes in arginase activity in these tissues were not associated with

changes in enzyme expression. The prevention of hypertension by hydralazine blunted the increase in arginase activity in the

hearts but not in the lungs. No change in arginase activity/expression was found in the kidney, liver or brain. In conclusion, this

study shows that increased arginase activity is not restricted to large vessels in SHRs and suggests that cardiac arginase activity

is hemodynamic sensitive.
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INTRODUCTION

Arginase (L-arginine ureohydrolase, EC 3.4.3.1) catalyzes the hydro-
lysis of arginine to ornithine and urea. Two arginase isoenzymes exist
(arginase I and II), which differ in subcellular localization, regulation
and possibly function.1 Arginase I is a cytosolic enzyme, which is
expressed mainly in the liver as a part of the urea cycle, whereas
arginase II is a mitochondrial protein that is highly expressed in the
kidney and to a lesser extent in many other tissues. As extrahepatic
tissues do not possess a complete urea cycle, the biological function of
arginase in these tissues is presently unclear. Recent evidence showed
that arginase is capable of reciprocally regulating nitric oxide (NO)
synthesis by preferentially using the common NO synthase substrate L-
arginine.2–6 The demonstration that both arginase isoforms are
expressed by vascular endothelial and smooth muscle cells explains
the growing interest in this enzyme in cardiovascular physiology and
pathology.2–6

Although decreased NO bioavailability—referred to as endothelial
dysfunction—has been largely implicated in the pathogenesis and

pathophysiology of hypertension,7 the role of arginase in hypertension
has been poorly investigated. A few data reported that vascular
arginase activity and/or expression was upregulated in models of
secondary hypertension,5,8,9 as well as in genetic hypertension.10,11

In these studies, isolated vessels incubated with an arginase inhibitor
have been shown to recover normal NO production. From these data
the new concept that targeting vascular arginase could be a novel
therapeutic strategy against endothelial dysfunction in hypertension
has emerged. In accordance with this hypothesis, we recently showed
that in vivo pharmacological blockade of arginase decreased endothelial
dysfunction and prevented blood pressure rising in prehypertensive
spontaneously hypertensive rats (SHRs) and young adult SHRs.10,12

These latter studies only focused interest on the role of arginase in
aortic and mesenteric endothelial dysfunction in SHRs, and as yet no
study investigated the arginase pathway in tissues that encompass
those implicated in the pathogenesis and pathophysiology of genetic
hypertension, such as the heart, brain and kidney. However, hyperten-
sion-related damage to these target organs is a major cause of
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Saint-Jacques, Besancon cedex 25030, France.
E-mail: cdemouge@univ-fcomte.fr

Hypertension Research (2009) 32, 1130–1135
& 2009 The Japanese Society of Hypertension All rights reserved 0916-9636/09 $32.00

www.nature.com/hr

http://dx.doi.org/10.1038/hr.2009.153
mailto:cdemouge@univ-fcomte.fr
http://www.nature.com/hr


morbidity and mortality, and future antihypertensive therapy is
expected to prevent or reduce it. Considering that arginase might be
a valuable new target for antihypertensive therapy, it is important to
determine whether the arginase pathway is impaired in organs from
hypertensive animals.

In this study, we investigated arginase expression/activity in the
heart, kidney, brain, lung and liver of SHRs, from prehypertensive to
established stages of hypertension, and in age-matched control Wis-
tar–Kyoto (WKY) rats. In addition, we determined whether blood
pressure rising by itself accounts for the misregulation of the arginase
pathway.

METHODS

Animals
In this study, 32 male WKY rats and 48 male SHRs from Charles River

(L’Arbresle, France) were divided into four age groups corresponding to

different phases of the development of hypertension: 5- (onset), 10- (rapid

development), 19- and 26-weeks old (plateau phase). Animals were kept under

a 12–12 h light–dark cycle and allowed free access to food and water. The

investigation conforms to the Guide for the Care and Use of Laboratory

Animals published by the US National Institutes of Health (NIH publication

No. 85-23, revised 1996).

Tissue preparation and morphological analysis
After anesthesia with sodium pentobarbital (60 mg kg�1, i.p.), the brain,

kidneys, liver, lungs and heart were removed, cleaned and promptly frozen in

liquid nitrogen and stored at �80 1C until they were processed. Heart and

kidney mass indexes were calculated from their respective weights normalized

for body weight.

Arterial blood pressure recording
Systolic blood pressure (SBP) was measured in warmed, restrained, conscious

rats by the indirect plethysmographic tail cuff method using an automatic BP

monitoring system (BP 2000, Visitech System, Apex, NC, USA).

Arginase activity assay
Arginase activity was determined in organs from urea production using the

spectrophotometric method of Corraliza et al.,13 as previously described in

detail.10 The amount of urea production was calculated from a standard curve

and was expressed as pmol urea min�1 per mg protein.

Arginase expression
After homogenization in ice-cold lysis buffer (phosphate-buffered saline con-

taining 1% SDS, 2 mmol l�1 ethylenediamine tetraacetic acid, 2 mmol l�1

ethyleneglycol bisaminoethyl tetraacetic acid, 1 mmol l�1 phenylmethylsulfonyl

fluoride, 2mg ml�1 aprotinin and leupeptin), tissues were sonicated and

centrifuged at 10 000�g for 10 min. An aliquot of the supernatant was kept

for protein measurement by the Lowry method.14 Equal amounts of total

proteins (80mg per lane for liver and kidney; 150mg per lane for brain, left

ventricle and lung) were dissolved in 62.5 mmol l�1 Tris-HCl (pH 6.8), 2%

SDS, 4% glycerol, 0.01% bromophenol blue and 10% b-mercaptoethanol, and

were heated at 95 1C for 10 min. Rat liver homogenate was used as a positive

control for arginase I and rat kidney as a positive control for arginase II.

Proteins were separated on 10% SDS-polyacrylamide gel electrophoresis

according to the Laemmli method.15 Proteins were electrophoretically trans-

ferred to a PVDF (polyvinylidene fluoride) membrane (0.2mm pore size) in

cold transfer buffer (50 mmol l�1 Tris-HCl, 50 mmol l�1 boric acid). Blots were

incubated overnight at 4 1C in 5% nonfat dry milk in phosphate-buffered saline

containing 0.1% Tween-20 to block unspecific binding. Blots were incubated

for 2 h at room temperature with either mouse monoclonal anti-arginase I (BD

Biosciences-Transduction Laboratories, Lexington, KY, USA) (1:1000) or rabbit

polyclonal anti-arginase II (Santa Cruz Biotechnology, Santa Cruz, CA, USA)

(1:200) antibodies, and for 1 h with horseradish peroxidase-conjugated anti-

mouse (1:20 000) or anti-rabbit (1:10 000) IgGs and visualized using enhanced

chemiluminescence. Band densities were determined by scanning densitometry.

Membranes were stripped and probed with a mouse monoclonal anti-b-actin

antibody (Santa Cruz Biotechnology). Results were expressed as the optical

density of the band of interest divided by that for the actin band.

Treatment
To determine the influence of blood pressure rising by itself on abnormal

arginase activity, vasodilator hydralazine hydrochloride (Sigma-Aldrich, Saint-

Quentin Fallavier, France) was administered (20 mg kg�1 per day in drinking

water) for 5 weeks to 5-week-old SHRs. At the end of the hydralazine

treatment, measurement of arginase activity was carried out and expression

of both isoforms was determined in organs as described above.

Data and statistical analysis
Values are given as means±s.e.m. All data were analyzed by one-way analysis of

variance, and statistical significance between the two groups was assessed by

Student’s unpaired t-test. Differences were considered statistically significant

when the value was Po0.05.

RESULTS

Body weight, SBP, heart rate, heart and kidney weight indexes
The body weight, SBP and heart rate of rats used for the determina-
tion of enzyme expression and activity are summarized in Table 1. No
difference in body weight was observed between SHRs and WKY rats,
except at 26 weeks of age, at which SHRs weighed less than WKY rats
(Po0.05). SBP was significantly higher in SHRs than in WKY rats,
except at 5 weeks of age, at which time no difference was observed
between the two strains. Heart rate was significantly increased in SHRs
compared with WKY rats, whatever the age (Po0.05). As shown in
Table 1, the kidney mass index was not different between SHRs and
WKY rats. By contrast, as a reflection of cardiac hypertrophy, the
cardiac mass index was significantly higher in 19- and 26-week-old
SHRs compared with that in age-matched WKY rats (Po0.05).

Arginase expression and activity in organs
As shown in Table 2, in the kidney, liver and brain, arginase activity
was not different between WKY rats and SHRs, whatever the age.
Similarly, no difference was found in arginase I (liver, brain) or
arginase II (kidney, brain) expression between SHRs and WKY rats
(Table 3).

Table 1 Characteristics of body weight, systolic blood pressure, heart

rate, cardiac and kidney mass index

Body

weight, g

SBP,

mmHg

Heart rate,

beats per min

Kidney mass

index, %

Cardiac mass

index, %

WKY, weeks

5 134±2 140±1 382±7 0.85±0.01 0.40±0.01

10 227±4 130±1 363±12 0.72±0.02 0.34±0.01

19 342±4 143±3 328±5 0.60±0.01 0.32±0.01

26 381±12 143±1 399±16 0.54±0.02 0.32±0.01

SHR, weeks

5 134±2 142±4 440±6* 0.84±0.01 0.42±0.01

10 220±3 186±5* 407±11* 0.67±0.01 0.34±0.01

19 336±6 230±3* 418±8* 0.60±0.01 0.37±0.01*

26 371±9* 232±2* 446±8* 0.59±0.01 0.41±0.02*

SBP, systolic blood pressure.
Characteristics of body weight, systolic blood pressure, heart rate, cardiac and kidney mass
index measured in spontaneously hypertensive rats (SHR) and age-matched Wistar–Kyoto rats
(WKY). Results are means±s.e.m. from eight rats per group.
*(Po0.05) compared with age-matched WKY rats.

Arginase pathway in target organs of SHR
T Bagnost et al

1131

Hypertension Research



By contrast, as shown in Figure 1a, left ventricle arginase activity
was higher in hypertensive SHRs aged 10 weeks (+46%, Po0.05), 19
weeks (+29%, Po0.05) and 26 weeks (+23%, NS) compared with that
in age-matched WKY rats. No difference in activity was seen between
the two strains at 5 weeks of age. Interestingly, this increased arginase
activity was not because of an increased arginase I or II expression,
which was not different in left ventricle from SHRs compared with
WKY rats (Figures 1b and c). Similar results were found in lungs in
which arginase activity was increased in SHRs aged 10 weeks (+39%,
Po0.05), 19 weeks (+49%, Po0.05) and 26 weeks (+36%, Po0.05)
compared with WKY rats (Figure 2a), without any change in arginase
I or II expression (Figures 2b and c). In addition, in WKY rats,

arginase activity increased in an age-dependent manner in the heart
but not in the lungs. Thus, compared with 5-week-old WKY rats
(Figure 1a), cardiac arginase activity was significantly higher in WKY
rats aged 10 weeks (+14%, Po0.05), 19 weeks (+40%, Po0.05) and
26 weeks (+54%, Po0.05). Moreover, cardiac arginase activity was
higher in 26-week-old WKY rats than in 10-week-old (+35%,
Po0.05) and 19-week-old (+23%, NS, P¼0.1) WKY rats.

Effect of hydralazine on arginase activity
As shown in Figure 3, hydralazine treatment for 5 weeks prevented
SBP rising in SHR (Figure 3a). At the end of hydralazine treatment,
SBP values in untreated and treated SHRs were 207±2 and
166±3 mm Hg, respectively (Po0.05). Blood pressure lowering
resulted in a decrease in left ventricle arginase activity by 34%
(Po0.05, Figure 3b), whereas it did not affect the lung, liver, kidney
and brain arginase activity (data not shown).

DISCUSSION

Previous data reported that animal models of hypertension are
characterized by an increase in arginase activity/expression in con-
ductance and resistance vessels.5,8–11 This study investigates for the
first time whether abnormalities of the arginase pathway occur outside
the vasculature in SHRs, that is, in the heart, lungs, brain, kidney and
liver. The results show that (a) tissue arginase activity is not different
between prehypertensive SHRs and WKY rats, whatever the organ, (b)
hypertensive SHRs exhibit a high arginase activity in the heart and
lungs compared with WKY rats, the arginase activity being not
impaired in other organs, (c) the prevention of blood pressure rising
by hydralazine blunts the increase in arginase activity in the heart but
not in the lungs.

Nitric oxide is a cell–cell signaling molecule largely involved in the
physiological regulation of many organs, as well as in the pathophysio-
logy of many diseases. The recent demonstration that arginase
reciprocally regulates NO levels by competing with NO synthase for
their common substrate L-arginine led to a growing interest in the role
of this enzyme in many diseases associated with a dysfunction of the L-
arginine-NO axis, including hypertension.2–6 In our study, normo-
tensive WKY rats exhibit substantial arginase activity in all organs
studied, which is associated with the expression of both arginase
isoforms in the brain, lungs and heart, and with the expression of
arginase I in the liver and arginase II in the kidney. These data are in
accordance with previous studies reporting the expression of arginase I
and/or II in neurons,16,17 cardiomyocytes,18,19 pulmonary epithelial,
endothelial, smooth muscle cells, fibroblasts and alveolar macro-
phages,20 in renal proximal straight tubules and inner medullary
collecting ducts,21,22 as well as in hepatocytes.21 A new finding of
our study is the age-dependent increase in arginase activity in the
heart of WKY rats. These data suggest that cardiac arginase is a target
of age-associated metabolic dysfunctions and complete recent studies
showing increased vascular23 and penile24 arginase in old animals.
Given that aging is associated with impaired myocardial contractility25

and that arginase activity was reported to modulate cardiomyocyte
contractility through an NO-dependent mechanism,18,19 this result
opens new avenues on the role of arginase in cardiac dysfunction
associated with aging.

Hypertension is a major risk for cardiovascular mortality and
morbidity through its effects on target organs such as the brain,
heart and kidney. Subtle target-organ damage such as left-ventricular
hypertrophy, microalbuminuria and cognitive dysfunction takes place
early in the course of hypertensive cardiovascular diseases, although
catastrophic events such as stroke, heart attack, renal failure and

Table 2 Arginase activity in kidney, liver and brain

Arginase activity (pmol ureamin�1 per mg protein)

5 weeks 10 weeks 19 weeks 26 weeks

Kidney

WKY 999.3±22.4 1111.9±38.0 959.1±36.2 910.7±35.6

SHR 1135.2±13.9 1107.9±26.1 1069.3±63.0 990.9±25.2

Liver

WKY 871.7±57.2 885.8±70.1 1072.5±37.2 1117.3±54.9

SHR 913.7±52.5 858.1±28.0 1172.3±28.6 1152.3±35.5

Brain

WKY 922.8±46.7 939.5±39.5 1120.6±38.8 1166.4±48.5

SHR 811.6±22.5 936.6±58.4 1120.8±36.2 1292.1±65.9

Arginase activity in kidney, liver and brain in spontaneously hypertensive rats (SHR) and
age-matched Wistar–Kyoto rats (WKY). Results are means±s.e.m. from eight rats per group.

Table 3 Arginase I and II expression in liver, kidney and brain

Arginase I expression (relative optical density)

5 weeks 10 weeks 19 weeks 26 weeks

(A)

Liver

WKY 97±6 97±7 96±6 101±3

SHR 95±6 92±8 103±3 107±4

Brain

WKY 100±6 98±7 97±6 96±3

SHR 99±6 94±8 106±3 99±4

Arginase II expression (relative optical density)

(B)

Kidney

WKY 93±6 93±4 92±9 82±5

SHR 97±4 97±7 93±7 75±7

Brain

WKY 79±6 69±3 65±6 64±5

SHR 67±6 71±8 73±6 69±8

(A) Arginase I expression in the liver and brain in spontaneously hypertensive rats (SHR) and
age-matched Wistar–Kyoto rats (WKY). (B) Arginase II expression in the kidney and brain in
spontaneously hypertensive rats (SHR) and age-matched Wistar–Kyoto rats (WKY). Results are
means±s.e.m. from six rats per group.
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dementia usually happen after long periods of uncontrolled hyperten-
sion only.26 Hypertensive end-organ damage likely relies on structural
and functional changes in vasculature, including arteriolar remodeling

and capillary rarefaction.26 To date, whether the vascular arginase
upregulation reported in models of secondary or genetic hyperten-
sion5,8–10 accounts for the development of target organ damage is not
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known. In this study, we measured arginase activity in whole organs,
that is, in homogenates containing parenchyma, stroma and vascular
cells. With regard to the low level of arginase expression in vessels and
stroma cells, compared with that in parenchyma cells,27 arginase
activity measured in whole organ likely reflects the activity in
parenchyma cells. Our results report an increased arginase activity
in the heart but not in the brain or in the kidney from hypertensive
SHRs. These data suggest that hypertension-induced damage to the
heart is associated with changes in arginase activity not only in
coronary arterioles, as previously reported in pigs with aortic coarcta-
tion,5 but also in extravascular cardiac components. They also suggest
that the misregulation of the arginase pathway in cardiac cells might
contribute to hypertension-induced cardiac hypertrophy. Further
experiments are needed to confirm this hypothesis. By contrast, the
lack of changes in arginase activity in the brain and kidneys of SHRs
does not support a role of extravascular arginase in hypertension-
induced renal and cognitive dysfunction. In accordance with this
hypothesis are the discrepancies observed between our data on renal
arginase activity in SHRs and previous data obtained on secondary
models of hypertension. In these studies, a decreased arginase activity
was measured in kidneys from Dahl/Rapp salt-sensitive rats28 and
deoxycortisone acetate–salt hypertensive rats.8 Given that these three
models of hypertension are associated with renal dysfunction,29 these
conflicting data on renal arginase activity do not argue for an
important role of parenchymal arginase in hypertension-induced
nephropathy.

Lungs—which are not exposed to systemic blood pressure—are not
considered as ‘typical’ target organs of hypertension. However, grow-
ing evidence indicates that hypertensive SHRs exhibit lung abnorm-
alities such as inflammation, hemorrhage, oxidative burden and
increased vascular leakage,30 and that SHRs are more sensitive to air
pollutants31,32 and bronchoconstrictive agents than are WKY rats.33

Although the physiological function of arginase in lungs is not
known,34 previous studies showed that increased arginase activity
contributes to the airway hyperresponsiveness associated with asthma
and allergy airway diseases by likely reducing the bioavailability of
L-arginine for NO synthases.34 Therefore, our results that report an
increased arginase activity in the lungs of SHRs might provide a
new potential mechanism involved in the susceptibility of SHRs to
pulmonary complications. Further experiments are needed to clarify
this point.

Both translational and posttranslational mechanisms may theoreti-
cally be involved in increased arginase activity in the heart and lungs
of hypertensive SHRs. However, our results that report changes in

arginase activity without concomitant changes in arginase expression
support the hypothesis that hypertension selectively targets posttrans-
lational mechanisms in these organs. The fact that the lung and heart
arginase activity upregulation was not observed in SHRs at the
prehypertensive stage but only after the development of hypertension
strongly suggests that increased arginase activity is related to blood
pressure elevation. To test this hypothesis, we measured arginase
activity in SHRs receiving an antihypertensive therapy with hydrala-
zine, a direct acting vasodilator that reduces peripheral resistance by
relaxing the smooth muscle cell layer in arterial vessels.35 Our data
show that preventing a rise in blood pressure blunts the increase in
arginase activity in the heart but not in the lungs. Unlike the lungs,
myocardial tissue is directly submitted to high-pressure overload
secondary to increased systemic blood pressure. Thus, the effect of
hydralazine on the heart argues for a hemodynamic sensitivity of
cardiac arginase, as previously shown in aortas from SHRs.11 However,
besides its antihypertensive properties, hydralazine is also an inhibitor
of NADH oxidase activity.36 Given that SHR exhibits increased
oxidative stress in the heart,37 and that recent evidence suggests that
arginase activity increases in response to oxidative stress,38,39 the
possibility that hydralazine decreased arginase activity by an antiox-
idant rather than by a pressure-dependent mechanism cannot be ruled
out. However, if true, lung arginase activity, which seems to be
independent of blood pressure values, should have been reduced by
hydralazine, as oxidative stress is also evident in the lungs of SHRs.30

In previous studies conducted on cultured vascular cells or vessels, a
high RhoA activity,40 microtubule depolymerization,41 decreased
production of the endogenous arginase inhibitor NG-hydroxy-L-
arginine (L-NOHA)42 and S-nitrosylation of arginase by inducible
NOS23 have been shown to increase arginase activity independently of
increased arginase expression. Whether these mechanisms might
contribute to an increased arginase activity in the lungs remains to
be determined.

In conclusion, our results show that increased arginase activity is
not confined to large vessels in genetic hypertension but also occurs in
the heart and lungs, at least in hypertensive stages. They also give
arguments for the hemodynamic sensitivity of cardiac but not lung
arginase activity in essential hypertension. These findings open a new
field of investigation aimed at understanding the functional conse-
quences of abnormal arginase activity in the heart and lungs in genetic
hypertension.
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(b) Arginase activity was determined in cardiac tissue of SHRs from urea

production using the spectrophotometric method of Corraliza et al.13 Results

are means±s.e.m. from eight rats per group. * (Po0.05) versus that of SHRs.
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