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Calorie Restriction Attenuates Monocrotaline-induced
Pulmonary Arterial Hypertension in Rats
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Abstract: Calorie restriction (CR) is one of the most effective
nonpharmacological interventions protecting against cardiovascular
disease, such as hypertension in the systemic circulation. However,
whether CR could attenuate pulmonary arterial hypertension (PAH)
is largely unknown. The PAH model was developed by subjecting
the rats to a single subcutaneous injection of monocrotaline. CR
lowered mean pulmonary arterial pressure (mPAP) and reduced
vascular remodeling and right ventricular hypertrophy in PAH rats.
Meanwhile, CR attenuated endothelial dysfunction as evidenced by
increased relaxation in response to acetylcholine. The beneficial
effects of CR were associated with restored sirtuin-1 (SIRT1)
expression and endothelial nitric oxide synthase (eNOS) phosphor-
ylation and reduced eNOS acetylation in pulmonary arteries of PAH
rats. To further clarify the role of SIRT1 in the protective effects of
CR, adenoviral vectors for overexpression of SIRT1 were adminis-
tered intratracheally at 1 day before monocrotaline injection. Over-
expression of SIRT1 exhibited similar beneficial effects on mPAP and
endothelial function, and increased eNOS phosphorylation and
reduced eNOS acetylation in the absence of CR. Moreover, SIRT1
overexpression attenuated the increase in mPAP in hypoxia-induced
PAH animals. Overall, the present data demonstrate that CR may serve
as an effective treatment of PAH, and targeting the SIRT1/eNOS
pathway may improve treatment of PAH.
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INTRODUCTION
Pulmonary arterial hypertension (PAH) is an insidious

disease characterized by progressively abnormal pulmonary
vasoconstriction and vascular remodeling, and it has been
deemed as “cancer of cardiovascular diseases” owing to its

high mortality and morbidity. PAH can be triggered by
many cardiopulmonary diseases or others.1,2 Although the
pathogenic mechanisms of PAH are very complex, endo-
thelial dysfunction has long been considered to play a cru-
cial role in the initiation and development of PAH.3–6 As
such, the discovery of effective interventions that attenuate
endothelial dysfunction is potential strategies for the pre-
vention of PAH.

Calorie restriction (CR) is defined as a low level of
energy intake, whereas sufficient levels of protein and
micronutrients intakes are maintained to avoid malnutrition.
Since the first report of extended lifespan in rodents more than
70 years ago,7 there is growing evidence demonstrating that
CR has a powerful ability to protect against many cardiovas-
cular diseases that occur with increasing age.8,9 In clinical
tests, the results of the first randomized trial of CR in humans
suggest a decreased risk of age-related cardiovascular dis-
ease.10 Although typical CR protocols involve restricting
the calorie intake to 40% of controls for at least 12 months,11

recent observations indicate that short-term CR for 4–5 weeks
exhibits similar cardiovascular benefits as long-term CR.12,13

A component of the beneficial effects of short-term CR is
mediated through the upregulation of sirtuin-1 (SIRT1).14

SIRT1 has been shown to associate with endothelial nitric
oxide (NO) synthase (eNOS) in the cytoplasm of vascular
endothelial cells, deacetylate eNOS, and increase the activity
of eNOS.15 Because NO synthesis serves a crucial role in the
maintenance of vascular function,16 short-term CR likely ex-
erts its beneficial effects on the vascular system through an
SIRT1/eNOS pathway. However, these preceding studies
involved short-term CR on endothelial dysfunction and car-
diovascular disease, such as hypertension in the systemic
circulation,17,18 and it is unknown whether short-term CR
can improve endothelial function in the pulmonary circulation
and attenuates the progression of PAH.

Based on this rationale, the aim of this study was to
explore the effects of short-term CR on PAH. Monocrotaline
(MCT)-induced PAH in rats is a well-defined model in which
the animals develop severe PAH after a single injection of
MCT. We hypothesized that short-term CR could attenuate
MCT-induced endothelial dysfunction and the increase in
pulmonary artery pressure. We then tested whether CR
exerted possible protective effects through SIRT1/eNOS
signaling in the pulmonary vasculature. Finally, we evaluated
whether the overexpression of SIRT1 with gene therapy, in
the absence of CR, could attenuate the elevation of pulmonary
artery pressure in the MCT-treated PAH rats.
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METHODS

Animal Models
This study was performed in adherence with the

National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals. This animal experiment was
approved by The Fourth Military Medical University Ethics
Committee on Animal Research. Male Sprague–Dawley rats
weighing 2506 10 g were obtained from the animal center of
the Fourth Military Medical University. Rat PAH model was
induced by injecting a single dose of MCT (60 mg/kg in
0.5 mL saline, purchased from Dalian Meilun Biotech Co,
Ltd) subcutaneously as described previously.19,20

Thirty-two rats were randomly divided into 4 groups:
(1) normal control (Ctr) group, the rats received a single
injection of saline in the same way and were fed a standard
chow diet ad libitum for 5 weeks, (2) Ctr + CR group, the
animals had CR according to previous protocols,12,18 whereby
the rats received 90% of the average caloric intake of ad
libitum–fed animals for 2 weeks (10% restriction), followed
by 65% of the caloric intake of the control rats for the 3 weeks
(35% restriction). CR diets contained rich vitamins, minerals,
and salts such that CR rats were not salt deficient or nutrient
deficient compared with the control animals, (3) MCT group,
MCT-treated animals for 3 weeks receiving a standard chow
diet ad libitum, and (4) MCT + CR group, the same 10% CR
was administrated before MCT injection for 2 weeks, and
35% CR was continued after MCT injection for 3 weeks.

Hemodynamic Measurements and Evaluation
of Right Heart Hypertrophy

The rats were anesthetized with 3% pentobarbital sodium
(60 mg/kg intraperitoneally). Anesthesia was then maintained
with supplemental doses of sodium pentobarbital when needed.
A polyethylene microcatheter was inserted into right ventricle
and pulmonary artery from right external jugular vein as
described previously.21 The mean pulmonary arterial pressure
(mPAP) was recorded and analyzed by a hemodynamic ana-
lyzing system (RM-6200C, Chengdu Instrument Co, China).
Cardiac output was measured by thermodilution as described
previously.22 After finishing the hemodynamic measurements,
left ventricle (LV), right ventricle (RV), and septum (S) were
separated, and the ratios of RV/(LV + S) were used as RV
hypertrophy index.

Assessment of Peripheral Pulmonary Arterial
Morphology

The lung tissue was fixed overnight in 4% para-
formaldehyde and was embedded in paraffin. The tissues
sections (5 mm) were stained with hematoxylin and eosin.
The pulmonary arterioles (external diameters of 50–150
mm) were randomly chosen at a magnification of ·400
and analyzed with an image-processing software (Image-
Pro Plus; Media Cybernetics). The medial wall thickness
(WT), external semidiameter, cross-sectional medial wall
area (WA), and total arterial cross-sectional area of periph-
eral pulmonary artery were measured. The ratio of WA to
total arterial cross-sectional area (WA %) and the ratio of
WT to external semidiameter (WT %) were calculated to

analyze the degree of pulmonary artery remodeling. For
quantitative assessment, all morphological analyses were
conducted in a double-blind manner.

Assessment of Endothelial Function
Endothelial function was assessed ex vivo in isolated

pulmonary arteries as recently described.23 The secondary
branches of the pulmonary arteries were carefully dissected
and cleaned of perivascular fat connective tissue under a dis-
secting microscope. Then, they were cut into 3-mm segments.
Pulmonary artery segments were subjected to isolated vascular
perfusion system and were connected to the tension sensor.
The tension of pulmonary rings was measured by multichannel
physiological recording system. After equilibration, phenyleph-
rine (PE, 1 mmol/L) was added to the bath. Once the stable
contraction was reached, acetylcholine (ACh) or acidified
NaNO2 was added to the bath. Endothelial function was exam-
ined by comparing the relaxation activity of pulmonary rings in
response to ACh (an endothelium-dependent vasodilator) with
that of acidified NaNO2 (an endothelium-independent vasodi-
lator). Endothelial dysfunction was defined as a decreased
relaxation activity in response to ACh with normal relaxation
activity in response to acidified NaNO2.

Determination of eNOS Activity and NO
Concentrations

Pulmonary artery tissues were minced and homoge-
nized in lysis buffer (NaF 50 mM, NaCl 50 mM, sucrose
25 mM, Tris 20 mM, Na4P2O7$10H2O 5 mM, Na3VO4

2 mM, DTT 1 mM, and 1% protease inhibitor cocktail, pH
7.4). The homogenate was centrifuged at 12,000g for 10 mi-
nutes at 48C, the supernatant was decanted, and eNOS activity
was determined using an eNOS activity assay kit (Nanjing
Jiancheng Bioengineering Institute) following the manufac-
turer instructions as previously described.24,25 Total NO pro-
duction by pulmonary artery tissues was measured by NO
assay kit (Nanjing Jiancheng Bioengineering Institute) strictly
according to the instruction of production as previously
reported.24,25

Immunoblot Analysis
Pulmonary artery tissues were lysed with lysis buffer.

After sonication, the lysates were centrifuged, equal amounts
of protein were electrophoresed on SDS-PAGE and electro-
phoretically transferred to PVDF (polyvinylidene difluoride)-
Plus membranes (Millipore, Billerica, MA). After blocking
with 5% skim milk at room temperature for 1 hour, the
membranes were incubated with an antibody against SIRT1
(Santa Cruz Biotechnology), eNOS, phosphorylated eNOS
(serine 1177, BD Bioscience) overnight at 48C. The mem-
branes were then washed with phosphate-buffered saline with
0.1% Tween 20 and incubated with corresponding horserad-
ish peroxidase–conjugated IgG antibodies at room tempera-
ture for 1 hour. The immunoblotting was measured by using
an enhanced chemiluminescence detection kit (Millipore,
Billerica, MA) with ChemiDoc XRS (Bio-Rad, Hercules,
CA), and the densities of the bands were analyzed using
Quantity One software.
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eNOS Acetylation Expression
There is no commercially available acetylated eNOS

antibody until now. To determine acetylation state of eNOS,
eNOS [1:1000 cross-linked to magnetic beads (Dynal,
Invitrogen) for extraction] was immunoprecipitated from
25 mg of artery tissue lysate, and the association of the
acetyllysine with eNOS was detected by immunoblotting
with the primary antibody for acetyllysine (cell signaling)
as described above.

Delivery of Adenovirus Vectors to the Lungs
Adenoviral vectors for the overexpression of SIRT1

(Ad. SIRT1) were used as previously described.26,27 Viral
solution (7.5 · 109 pfu) was diluted before the use with
sterile saline (pH 7.4) in a final volume of 0.1 mL. Rats
were anesthetized with 3% pentobarbital sodium (60 mg/kg,
intraperitoneally). Intratracheal instillation of 0.1 mL/rat of
diluted Ad.SIRT1 was performed using a standard proce-
dure, as previously described.28,29 Ad. GFP was used as
a control vector.

Statistical Analysis
Values are presented as mean values 6 standard error

of the mean. Data were analyzed with unpaired Student 2-
tailed t test, 2-way repeated-measures analysis of variance,
Mann–Whitney U test, or 1-way analysis of variance fol-
lowed by Bonferroni post hoc tests, when appropriate. A
probability value of P , 0.05 was considered to be statisti-
cally significant.

RESULTS

Short-term CR Attenuated MCT-induced
Pulmonary Hypertension and Vascular
Remodeling

No differences in body weight existed among all the
groups at baseline. The CR diet was fed to ensure that the rats in
the CR groups received enough salt, minerals, and vitamins. As
expected, 5 weeks of short-term CR reduced gain in body
weight significantly (Fig. 1A, B), whereas it did not alter tibia
length compared with controls (Fig. 1C), indicating that CR did
not affect growth. The gain in body weight was also slightly
decreased in MCT-treated control animals. All the rats survived
until hemodynamic measurements 3 weeks after MCT injection.

MCT-treated rats exhibited a significant increase in
mPAP (Fig. 2A), RV hypertrophy [RV/(LV + S)] (Fig. 2C),
and pulmonary artery remodeling (WT%, WA%) (Fig. 2E, F).
These changes were attenuated by short-term CR, whereas
short-term CR had no effect on these parameters in control
animals. There was a small trend toward decreased cardiac
output that did not reach significance in control or MCT-
treated animals receiving short-term CR (Fig. 2B). These data
indicated that short-term CR could attenuate PAH and vascu-
lar remodeling, which may be mainly due to reduced pulmo-
nary vascular resistance.

Short-term CR Preserved ACh-induced
Vasorelaxation in PAH Rats

Because endothelial dysfunction contributes to the
initiation and development of PAH, we investigated whether

FIGURE 1. Physical parameters of
Ctr and CR MCT-treated rats. A,
Experiment protocol and body
weight. B, Change in body weight.
C, Tibia length. Values are mean 6
standard error of the mean (n = 8).
*P, 0.05, **P, 0.01 versus Ctr and
#P , 0.05, ##P , 0.01 versus MCT
using a 2-way repeated-measures
analysis of variance followed by
Bonferroni post hoc tests. tP , 0.05,
ttP , 0.01 versus Ctr and ssP ,
0.01 versus MCT using a Mann–
Whitney U test.
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endothelial function was improved by CR in vitro by
comparing the relaxation activity of pulmonary rings in
response to Ach with that of NaNO2 in different treatment
groups. As shown in Figure 3B, vasorelaxation in response to
NaNO2 was not changed in all the groups. However,
concentration-dependent vasorelaxation responses to ACh
were impaired in pulmonary arteries isolated from PAH rats
compared with control group (Fig. 3A), which were consis-
tent with previous results.30 Interestingly, short-term CR alle-
viated endothelial dysfunction, as demonstrated by
a significant improvement of concentration-dependent vaso-
relaxation in response to ACh. The addition of Nv-nitro-L-
arginine methylester (L-NAME; 0.5 mM) completely blocked
ACh-induced vasorelaxation in those pulmonary arteries from
MCT-treated rats receiving short-term CR.

Short-term CR Increased NO Production and
eNOS Activity While Did Not Alter eNOS
Expression in PAH Rats

To reveal the potential mechanism of CR on endothelial
dysfunction, NO production and eNOS expression and
activity were measured. As shown in Figure 4, the production
of NO and eNOS expression and activity in pulmonary
arteries were significantly decreased in MCT-treated animals
compared with that in normal control rats. Short-term CR
increased eNOS activity and NO production but did not alter
eNOS expression in pulmonary arteries of both control and
PAH rats. These results suggested that improved endothelial
function in response to CR might be attributed to the alter-
ation of eNOS activity but not its expression.

FIGURE 2. Effects of short-term CR on MCT-induced pulmonary hypertension and vascular remodeling and right ventricular
hypertrophy. A, mPAP. B, Cardiac output. C, Right ventricle weight/left ventricle + septum weight ratio [RV/(LV + S)]. D,
Representive histopathological changes in rat lung tissues (hematoxylin and eosin stain, · 400). The bar represents 20 mm. E, The
ratio of the medial wall thickness (WT%). F, The ratio of the medial wall area (WA%). There were increased mPAP and vascular
remodeling (WT%, WA%) and RV/LV + S in MCT-treated rats at 3 weeks after injection. Preventive administration of CR decreased
mPAP and reduced vascular remodeling and RV hypertrophy index. Values are mean 6 standard error of the mean (n = 8). **P ,
0.01 versus Ctr and #P , 0.05, ##P , 0.01 versus MCT using a one-way ANOVA with Bonferroni multiple comparisons test.

FIGURE 3. Concentration-dependent
vasorelaxation in response to ACh (A) or
NaNO2 (B) in pulmonary artery rings
isolated from Ctr or MCT-treated rats
without or with CR. Values are mean 6
standard error of the mean (n = 10
vascular segments per group from 5
animals). **P , 0.01 versus Ctr and
#P , 0.05, ##P , 0.01 versus MCT
using a 2-way repeated-measures
ANOVA followed by Bonferroni post
hoc tests.
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Short-term CR Increased eNOS
Phosphorylation and Reduced eNOS
Acetylation in Association With Elevated
SIRT1 Expression in PAH Rats

To elucidate the mechanism of CR-induced elevation of
eNOS activity in PAH rats, we therefore measured phosphor-
ylation (activation state) and acetylation (deactivation state) of
eNOS and the expression of deacetylase SIRT1. As illustrated
in Figure 4, the Western blot analysis of lung artery tissue
demonstrated decreased eNOS phosphorylation and increased
eNOS acetylation and reduced SIRT1 expression in
MCT-treated rats. Short-term CR significantly increased eNOS
phosphorylation and SIRT1 expression, and attenuated eNOS
acetylation in these arteries. These results suggested that short-
term CR might increase eNOS activity by the enhanced phos-
phorylation of eNOS and reduced acetylation of eNOS, which
was associated with increased SIRT1 expression.

SIRT1 Is Involved in the Protective Effects of
Short-term CR on PAH and Endothelial
Dysfunction

To clarify the role of SIRT1 in the protective effects of
CR on PAH, Ad.SIRT1 or Ad.GFP was administered intra-
tracheally at 1 day before MCT injection. Eight days after the

injection of Ad.SIRT1 (1 week after MCT injection), SIRT1
expression and phosphorylated eNOS in pulmonary arteries
were significantly increased (Figs. 5A, B), and acetylated
eNOS was decreased (Fig. 5C). These data indicated that
increasing SIRT1 expression could enhance the phosphoryla-
tion level of eNOS and reduce the acetylation level of eNOS.
Importantly, mPAP was significantly lower than Ad.GFP-
treated controls at 3 weeks after MCT injection (Fig. 5D).
Consistent with the reduction in mPAP in the Ad.SIRT1-
treated PAH animals, endothelial function was also improved
in pulmonary arteries of Ad.SIRT1-treated PAH rats com-
pared with Ad.GFP-treated PAH animals at 3 weeks after
MCT injection (Figs. 5E, F). In addition, body weight was
not different between Ad.GFP- and Ad.SIRT1-treated rats
(290.1 6 6.3 vs. 298.4 6 7.1 g). Therefore, SIRT1 overex-
pression in the MCT-induced PAH rats recapitulates the
reduction in mPAP associated with CR, even in the absence
of changed body weight.

To further confirm the effect of SIRT1 overexpression on
PAH, we tested the effect of SIRT1 overexpression on another
type of PAH induced by hypoxia. The rats were treated with
Ad.SIRT1 or Ad.GFP intratracheally 1 day as previously
described before being exposed to hypobaric and hypoxic
conditions (air pressure 50 kPa, oxygen concentration 10%) for
8 hours every day. Eight days after injection of Ad.SIRT1

FIGURE 4. Analysis of NO production (A) and eNOS activity (C) and arterial signaling pathways in Ctr or MCT-treated rats
without or with short-term CR. Protein expression is shown in pulmonary artery tissues for eNOS (B), eNOS phosphorylated at
serine 1177 (p-eNOS) (D), acetylated eNOS (E), and SIRT-1 (F). Protein expression of eNOS, p-eNOS, and SIRT-1 is expressed
relative to b-actin and immunoprecipitated acetylated eNOS is expressed relative to control eNOS expression. Representative
images are shown above the summary data. Data are shown normalized to the control mean values. Values are mean values 6
standard error of the mean (n = 6). *P , 0.05, **P , 0.01 versus Ctr and #P , 0.05, ##P , 0.01 versus MCT using a 1-way
ANOVA with Bonferroni multiple comparisons test.
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(1 week of hypoxia), SIRT1 expression in pulmonary arteries
was significantly increased (Fig. 6A). Moreover, mPAP was
significantly lower in Ad.SIRT1-treated rats compared with
Ad.GFP-treated controls after 2 weeks of hypoxia (Fig. 6B).
Taken together, these data imply that increasing SIRT1 expres-
sion is sufficient to attenuate both MCT-induced and hypoxia-
induced pulmonary hypertension in the absence of CR.

DISCUSSION
We have made several novel observations in this study.

First, we demonstrated for the first time that short-term CR
ameliorates MCT-induced endothelial dysfunction and pul-
monary hypertension. Second, the mechanisms of these
actions are associated with the activation of SIRT1/eNOS
signaling pathway. More importantly, the data indicate that

FIGURE 5. Effect of SIRT1 overexpression on MCT-induced pulmonary hypertension and endothelial dysfunction. Intratracheal
administration of Ad.SIRT1 resulted in increased SIRT-1 expression (A) and phosphorylated eNOS (B) and decreased acetylated
eNOS (C) in pulmonary artery tissues form MCT-treated rats at 8 days after transfection compared with Ad.GFP administration (1
week after MCT injection). SIRT-1 is expressed relative to b-actin. Phosphorylated eNOS and immunopreciptated acetylated eNOS
are expressed relative to total or control eNOS expression. Data are shown normalized to the control mean values. Overexpression
of SIRT1 decreased mPAP (D) and improved concentration-dependent vasorelaxation responses to Ach (E) at 3 weeks after MCT
injection. No significant difference existed in concentration-dependent vasorelaxation responses to NaNO2 (F) between Ad.SIRT1
and Ad.GFP administration at 3 weeks after MCT injection. Values are mean values 6 standard error of the mean (n = 6). *P ,
0.05, **P , 0.01 versus MCT + Ad.GFP 1w or 3w using an unpaired Student 2-tailed t test.

FIGURE 6. Effect of SIRT1 over-
expression on hypoxia-induced pul-
monary hypertension (HPH) rats.
SIRT-1 expression (A) in pulmonary
artery tissues form HPH rats was
increased significantly at 8 days after
intratracheal administration of Ad.
SIRT1 or Ad.GFP (1 week of hyp-
oxia). SIRT-1 is expressed relative to
b-actin. Overexpression of SIRT1
decreased mPAP (B) in HPH rats.
Values are mean 6 standard error of
the mean (n = 6). *P , 0.05, **P ,
0.01 versus HPH + Ad.GFP 1w or 2w
using an unpaired Student 2-tailed
t test.
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SIRT1 overexpression increases eNOS phosphorylation and
exhibits similar protective effects on PAH in the absence of
CR, which provides a new potential therapeutic target to
prevent the development of PAH.

Calorie restriction is one of the most effective non-
pharmacological interventions that extends lifespan and
protects against cardiovascular disease. In particular, long-
term CR has been considered to be a blood pressure lowering
strategy for both human and animal models of hyperten-
sion.31–33 Recent evidence showed that short-term CR has
similar benefits for the cardiovascular system. Rippe et al17

found that short-term CR initiated in old age reversed age-
associated endothelial dysfunction. Dolinsky et al18 demon-
strated that CR improved vascular function and prevented
hypertension in the spontaneously hypertensive rat model.
However, these previous studies mainly focused on the
effects of CR on the systemic circulation while provided little
information on its pulmonary effects. MCT injury rat model is
one of the most commonly used animal models of PH, which
develops severe PH with increased right ventricular systolic
pressures after several weeks. The severity of this model and
the rapid progression of the disease process are comparable to
those of human PAH (equivalent to New York Heart Asso-
ciation functional classes III–IV) and makes it an attractive
model to test therapeutic agents or strategies. In this study, we
found a prominent attenuation of MCT-induced endothelial
dysfunction and pulmonary hypertension in response to CR,
as evidenced by improved endothelial-dependent vasodilation
and decreased mPAP. Accordingly, reducing pulmonary
hypertension attenuated right ventricle hypertrophy as evi-
denced by decreased RV/(LV + S).

Several lines of evidence have suggested that obesity
plays a pathogenic role in the development of PAH. Specif-
ically, autopsy studies indicate a higher prevalence of PAH in
obese subjects when compared with nonobese historical
controls.34 Moreover, findings from the REVEAL registry,
the largest pulmonary hypertension database in the United
States, indicate a higher prevalence of overweight and obese
individuals among those with idiopathic forms of PAH.35 It is
important to note that an obesity paradox exists in which it has
been demonstrated that obese patients with established PAH
seem to have a lower mortality than leaner patients.36 Never-
theless, the constellation of data support dramatic functional
improvement after weight loss surgery in PAH patients,37–39

which is consistent with our study that CR exhibits similar
beneficial effects on the development of PAH.

In the pathogenesis of PAH, reduced NO-mediated
vasodilation plays a crucial role in the impairment of
endothelial-dependent vasodilation.40 Impaired endothelial func-
tion is a consequence of reduced NO production in PAH. How-
ever, impaired vascular endothelium may also lead to reduced
production of NO.41,42 Thus, it is believed that endothelial dys-
function and impaired NO produce may share reciprocal causa-
tion relationship in the development of PAH. Consistent with
previous study, our study showed that the level of NO in PAH
rats was reduced, and in the meantime, isolated pulmonary
vascular perfusion result demonstrated that endothelial dysfunc-
tion was also induced in PAH rats. Short-term CR is demon-
strated to increase NO reduction and to ameliorate endothelial

dysfunction in PAH rats. Moreover, the relaxing effect of CR on
pulmonary artery was blunted by an eNOS inhibitor L-NAME,
indicating that the elevation of NO induced by CR may con-
tribute to the improvement of endothelial dysfunction.

Endothelial NO is formed from L-arginine through
enzymatic conversion by eNOS. It has been demonstrated that
PAH is associated with decreased eNOS expression in
rats.43,44 Consistent with previous study, we found reduced
eNOS protein expression and activity in MCT-treated rats.
However, CR did not alter the expression of eNOS, whereas
it increased eNOS activity in PAH rats. These studies suggest
that the development of PAH is not only due to the decreased
expression of eNOS but also may be related to a decreased
activity of eNOS to produce sufficient NO.

Modification of protein is involved in the alteration of
eNOS activity. SIRT1 is a histone deacetylase that plays an
important role in regulating eNOS activity. It has been
reported that SIRT1 and eNOS colocalize and coprecipitate
in endothelial cells, and deacetylation by SIRT1 enhances
eNOS activity and NO production.15 In this study, pulmonary
SIRT1 expression in PAH rats was lower than in normal
controls, which is associated with increased acetylated eNOS.
This is in agreement with the fact that viral (siRNA) or phar-
macological (sirtinol) inhibition of SIRT-1 activity directly
acetylates eNOS and inhibits eNOS activity in cultured endo-
thelial cells.15,45 Moreover, we found that reduced SIRT-1
expression and increased acetylation of eNOS were accom-
panied with a reduction in eNOS phosphorylation, indicators
of eNOS activation state. Interestingly, short-term CR
increased SIRT1 expression and reduced eNOS acetylation
in PAH animals, which is associated with enhanced eNOS
phosphorylation. These results indicate that reduced pulmo-
nary SIRT-1 expression is associated with acetylation and
deactivation of eNOS and impaired NO-mediated vascular
endothelial dysfunction in the development of PAH.

To further clarify the role of SIRT1 in the protective
effects of CR on MCT-induced endothelial dysfunction and
pulmonary hypertension, we used adenoviral vectors to
upregulate SIRT1 expression in the lung tissue. It was
showed that SIRT1 overexpression restored the eNOS
phosphorylation and endothelial function of pulmonary artery
and attenuated the increase in mPAP in MCT-induced
animals, even in the absence of changed body weight.
Although different mechanisms, such as different neointimal
proliferative changes, are involved in the development of
MCT-induced and hypoxia-induced PAH, similar molecular
mechanisms, such as decreased eNOS phosphorylation, have
been reported to play an important role in the development of
both MCT-induced and hypoxia-induced PAH.25,30,46 It was
demonstrated that SIRT1 overexpression also attenuated the
increase in mPAP in hypoxia-induced PAH animals in which
the mechanisms may be related to the restoration of eNOS
phosphorylation. One of the limitations of this study was that
we could not prevent the increase of SIRT1 expression in the
CR rats to confirm that the protective effects of CR on PAH
are dependent on SIRT1. However, taken together, our study
suggests that short-term CR restored SIRT1/eNOS signaling
in pulmonary vasculature of the PAH rats, thus attenuates
endothelial dysfunction and pulmonary hypertension.
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CONCLUSIONS
In summary, our study indicated that short-term CR

attenuates the development of PAH in a recognized animal
model of this disease. The possible molecular mechanisms of
this beneficial effect seemed to be related to the restoration of
SIRT/eNOS signaling and improvement of endothelial func-
tion. This study highlights CR as a potential nonpharmaco-
logical intervention against PAH in clinical practice. However,
despite the protective vascular benefits of short-term CR
reported herein, compliance can be a major hindrance because
the lifestyle changes associated with CR need considerable
patient commitment. Based on our findings, pharmacological
treatment or gene therapy strategies that stimulate the SIRT1/
eNOS signaling pathway could provide an alternative approach
to retard the development of PAH.
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