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SUMMARY

1. This study investigates the time course of pulmonary arte-
rial hypertension (PAH) due to monocrotaline (MCT) and its
association with cardiac function and oxidative stress markers in
the left ventricle (LV).
2. Male Wistar rats were divided into six groups: 7 days,

21 days, and 31 days for both control and MCT groups. Follow-
ing echocardiographic analysis, the heart was removed. The LV
was separated and homogenized to analyze oxidized-to-total
glutathione ratio and thioredoxin reductase (TrxR) activity as
well as hydrogen peroxide (H2O2) and ascorbic acid levels.
3. There was significant (P < 0.01) cardiac and right ventricle

(RV) hypertrophy and pulmonary congestion in the MCT
21 day and 31 day groups. Echocardiography showed a change
in the flow wave of the pulmonary artery at 21 days after MCT
treatment. There was an increase in the LV ejection time
(P < 0.05) at 31 days after MCT. The LV H2O2 concentration
was increased (P < 0.05) in the MCT 21 day and MCT 31 day
groups compared with controls. There was a reduction
(P < 0.05) in the LV ascorbic acid concentration and an increase
(P < 0.05) in TrxR activity in the MCT 31 day rats.
4. Our findings showed RV changes due to pulmonary hyper-

tension at 21 days after MCT injection. There was a correlation
between the degree of dysfunction and the morphometry of the
heart chambers, along with impairment of the antioxidant ⁄
pro-oxidant balance in the LV 31 days after the beginning of the
protocol. This study suggests that LV changes follow RV dys-
function subsequent to pulmonary hypertension.
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crotaline, right heart failure, thioredoxin reductase.

INTRODUCTION

Pulmonary arterial hypertension (PAH) is the diagnosis given to
patients with pulmonary hypertension of unknown aetiologies.
Patients with PAH present signs and symptoms of right heart failure,

and the prognosis has been recognized as being extremely poor.
Although the precise aetiology of PAH remains unknown, the find-
ings of increased pulmonary vascular reactivity and vasoconstrictive
tendency underlie the development of PAH.1

The impaired cardiac function under these circumstances has been
generally attributed to right ventricle (RV) dysfunction. However, the
left ventricle (LV) may be involved as well because neurohormonal
compensation of depressed cardiac function2 will typically affect
both ventricles. Two distinct forms of mechanical interaction exist: a
series interaction because RV output equals LV input,3 and a direct
local interaction in which forces are transmitted over the septum or
via the pericardium and are independent of humoral or circulatory
effects.
Characteristically, echocardiography has been an important tool in

the diagnosis, measurement and monitoring of heart disease, particu-
larly as they relate to right ventricular dysfunction, which may or
may not be induced by pulmonary hypertension both in experimental
medicine and in clinical follow-up for patients.4,5

A single injection of monocrotaline (MCT), a pyrrolizidine alka-
loid, causes pulmonary arterial hypertension in rats. This model has
several pathological features similar to PAH in humans.6 MCT
induces an increase in pulmonary vascular resistance, leading to an
enhanced afterload to the RV, which constitutes a stimulus for RV
hypertrophy. MCT produces vascular endothelial cell damage, mus-
cular hypertrophy in pulmonary arteries7 and increased reactive oxy-
gen species (ROS) production in the RV.8 The extent of pulmonary
hypertension as well as RV hypertrophy induced by MCT adminis-
tration appears to be correlated with these pulmonary vascular struc-
tural changes.9

The data suggest that oxidative stress, due to an increased ROS
production and ⁄or a decrease in antioxidants, is involved in the path-
ophysiology of pulmonary arterial hypertension (PAH).10 Farahmand
et al.11 provide strong evidence of a close correlation between the
status of the myocardial antioxidant and the RV dysfunction induced
by MCT. Pichardo et al.7 also found a reduction in the concentration
of a-tocopherol, a non-enzymatic antioxidant in this experimental
model, which was associated with impairing RV function.
Right ventricular disease has received increasing clinical recogni-

tion,12 and RV dysfunction is the major determinant of survival in
patients with PAH, regardless of the underlying cause.13 RV hyper-
trophy may progress to heart failure, affecting the function of both
cardiac chambers. However, there is a paucity of information in the
published reports regarding LV function in PAH not only in clinical
but also in experimental studies.
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This study evaluated the progressive development of pulmonary
hypertension, leading to RV hypertrophy and failure in rats after
MCT administration through echocardiography. Our primary goal
was to assess LV function during the transition from hypertrophy to
failure by examining oxidative stress changes in this ventricular
chamber.

METHODS

Animals and MCT treatment

Forty-two male Wistar rats weighing 160 ± 20 g were used. Experimental
animals were housed in a facility at 22–24�C on a 12 : 12 h light : dark cycle,
and they had free access to food and water. Animals were weighed weekly to
track body weight gain during the experimental protocol. They were also
divided into six groups (n = 7 ⁄ group): three controls at 7, 21 and 31 days
(receiving a single i.p. saline solution injection) and three MCT groups at 7,
21 and 31 days (receiving a single i.p. MCT injection at a concentration of
60 mg ⁄ kg body weight).11 The experimental protocol was approved by the
Institutional Animal Care and Use Committee. All animals were treated in
accordance with the Guidelines for the Care and Use of Laboratory Animals
prepared by the National Academy of Sciences and published by the National
Institute of Health (NIH publication no. 85-23, Revised 1996).

Experimental protocol

At the end of the experimental protocol (7, 21 or 31 days), general anaesthesia
was administered by ketamine (90 mg ⁄ kg i.p.) and xylazine (10 mg ⁄ kg i.p.)
injections for echocardiography. Next, hearts and lungs were rapidly excised,
weighed, and frozen for posterior analysis. The heart was weighed without
atria. After this, the right ventricle free wall was dissected out and weighed.
Left ventricle along with the septum was also weighed. The lungs were
weighed to estimate the congestion in these organs in terms of tissue weight to
body weight ratio. The concentration of hydrogen peroxide was determined
using LV slices. LV homogenates were also prepared (1.15% w ⁄ v KCl and
phenyl methyl sulfonyl fluoride 20 mmol ⁄L) in Ultra-Turrax. This suspension
was centrifuged at 1000 g for 10 min at 0–4�C to remove cell debris,14 and
supernatants were used for the assays to determine the oxidized-to-total gluta-
thione ratio (GSSG ⁄GSH) as well as ascorbic acid and thioredoxin reductase
activity.

Echocardiography

Animals underwent echocardiography before (baseline evaluation) and after
7, 21 and 31 days of treatment. For echocardiography, the animals were
placed in a left lateral decubitus position (45� angle) to obtain cardiac imagery.
An EnVisor HD System (Philips Medical, Andover, MA, USA) with a 12–13
MHz transducer was used at a depth of 2 cm using fundamental and harmonic
imaging. The images were captured by a trained operator with experience in
small animal echocardiography.15

Determination of the oxidized-to-total glutathione ratio

To determine the oxidized-to-total glutathione ratio, tissue was deproteinized
with 2 mol ⁄L perchloric acid, centrifuged for 10 min at 1000 g, and then the
supernatant was neutralized with 2 mol ⁄L potassium hydroxide. The reaction
medium contained 100 mmol ⁄L phosphate buffer (pH 7.2), 2 mmol ⁄L nico-
tinamide dinucleotide phosphate acid, 0.2 U ⁄mL glutathione reductase, and
70 mmol ⁄L 5,5 dithiobis (2-nitrobenzoic acid).16

Ascorbic acid concentration

To determine ascorbic acid concentration, samples were incubated for 20 min
at 25�C with tungstic acid reagent. This reagent consists of a suspension of

sodium tungstate and anhydrous sodium hydrogen phosphate in deionized
water. Concentrated sulfuric acid was added slowly, and the suspension was
heated to dissolve the sulfuric acid. The solution was heated for 2 h with a
reflux condenser to prevent it from boiling, and then, the solution was cooled.
This mixture was centrifuged for 10 min at 1000 g. Absorbance values of the
supernatant and the vitamin C standard solution (diluted in 50 mmol ⁄L oxalic
acid solution) were measured at 700 nm.17 The results were expressed in
lmol.

Thioredoxin reductase activity

Thioredoxin reductase (TrxR) activity was assayed by an in vitro reduction of
DTNB to 5¢-thionitrobenzoic acid (TNB). Briefly, the samples were centri-
fuged at 1000 g, and 10 lL of supernatant was added to 990 lL of the reac-
tion mix (0.25 mmol ⁄L DTNB, 0.24 mmol ⁄L NADPH, 10 mmol ⁄L EDTA,
and 100 mmol ⁄L phosphate buffer, pH 7.5). The conversion of DTNB to
TNB was measured spectrophotometrically at 412 nm. Because several
enzymes are able to reduce DTNB, a specific TrxR inhibitor was used to
determine the reduction of DTNB due only to TrxR activity.18 These results
were expressed in nmol ⁄mg protein.

Hydrogen peroxide concentration

Hydrogen peroxide was measured via a horseradish peroxidase (HRPO)-med-
iated oxidation of phenol red, leading to the formation of a compound measur-
able at 610 nm. Slices of fresh tissue from the LV were incubated for 30 min
at 37�C in phosphate buffer at a concentration of 10 mmol ⁄L (NaCl
140 mmol ⁄L and dextrose 5 mmol ⁄L). The supernatants were transferred to
tubes containing 0.28 mmol ⁄L phenol red and 8.5 U ⁄mL HRPO. After incu-
bating for 5 min, 1 mol ⁄L NaOH was added, and the absorbance values of
the solution were measured. The results were expressed in nanomoles H2O2 ⁄ g
tissue.19

Protein concentration determination

The protein concentration was measured by the method of Lowry et al.20

using bovine serum albumin (BSA) as the standard.

Statistical analysis

The data were compared expressed in mean ± standard error of the mean
(SEM). The significant differences among measured variables were assessed
by two-way analysis of variance (ANOVA), followed by post hoc Tukey test
using the SIGMA PLOT software (Systat Software, Inc., Illinois, Chicago, USA).
The correlation between two variables was analyzed by Pearson’s correlation.
All P-values reported are two-tailed and P < 0.05 was considered significant.

RESULTS

Morphometric parameters

Table 1 summarizes the morphometric characteristics of the animals
on the day they were killed. Final body weight was lower
(P < 0.001) in the MCT groups than the controls, starting at day 7.
Right ventricle weight to body weight ratio (RVW ⁄BW) of MCT
21 day and MCT 31 day groups was significantly higher than their
respective controls (P < 0.01), whereas left ventricle plus inter-
ventricular septum weight to body weight ratio (LVW ⁄BW) was
unaffected by MCT treatment. The degree of cardiac hypertrophy
was determined as the heart weight to body weight ratio (HW ⁄BW),
this parameter showed an increase (P < 0.05) in MCT 21 day rats
(by 14%), as well as in MCT 31 day rats (by 59%, P < 0.01)
(Table 1). Lung congestion was significantly higher (P < 0.01) in
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MCT 21 day and MCT 31 day rats than in their respective controls
(Table 1). RV hypertrophy positively correlated with lung congestion
(r = 0.68, P < 0.01).

Echocardiographic analysis

Pulmonary vascular resistance

Representative echocardiograms of pulmonary artery flow can be
seen for the control groups at 7, 21, and 31 days (Fig. 1a–c) and also
in the respective MCT groups (Fig. 1d–f). Acceleration-to-ejection
time ratio (AT ⁄ET) through the pulmonary artery was reduced
(P < 0.05, P < 0.01 and P < 0.001, respectively) in all MCT groups
(7 days, 21 days and 31 days, respectively) when compared with
their respective controls (Fig. 2). AT ⁄ET ratios negatively correlated
with RV hypertrophy (r = –0.76, P < 0.01).

Left ventricle function

The analyzed parameters were the myocardial performance index
and diastolic and systolic functions. The only changes in the analyzed
parameters were in the MCT 31 day group.

Myocardial performance index

An important increase in this parameter was shown in the MCT
31 day group in relation to its control (P < 0.001) (Table 2). A
strong positive correlation was found between MPI and RV hypertro-
phy (r = 0.75, P < 0.001).

Diastolic function

Flow velocity of the E and A waves through the mitral valve was sig-
nificantly lower (P < 0.001 and P < 0.01, respectively) in the MCT
31 day group than in respective controls (Table 2). Representative
echocardiograms of the mitral flow can be seen for the control groups
at 7, 21, and 31 days (Fig. 1g–i), and the same can be seen for the
monocrotaline groups (Fig. 1j–l).

Systolic function

Systolic and diastolic diameters of the LV showed a reduction
(P < 0.001) in the MCT 31 day group in relation to their respective
control group. The LV posterior wall thickness was found to be
enhanced during diastole (P < 0.05), and this did not change in sys-

tole. The LV fractional area change (FAC) as well as fractional short-
ening (LVFS) were augmented (P < 0.001 for both) in the MCT
31 day group as compared with their respective controls.

Oxidative stress measurements

Left ventricle hydrogen peroxide concentration showed an increase
(P < 0.05) in the MCT 21 day and 31 day groups with respect to
their control groups (Fig. 3a), and the oxidized-to-total glutathione
ratio did not differ among groups (Fig. 3b). Ascorbic acid concentra-
tion in the LV was reduced (P < 0.05) in the MCT 31 day group
when compared to its respective control (Table 3). Thioredoxin
reductase activity (TrxR) in the LV was highest in the MCT 31 day
group as compared with the other groups.

DISCUSSION

The main finding of our study was the progressive increase of pulmo-
nary vascular resistance throughout the experimental protocol, trig-
gering right ventricle hypertrophy and culminating in systolic and
diastolic left ventricular dysfunction at 31 days after MCT adminis-
tration. At this time point, an increased effort of the myocardium
associated with adaptations of the intracellular antioxidant system in
the left ventricle was seen.
The experimental model applied in the present study has been lar-

gely used for the development of pulmonary hypertension, followed
by pressure overload to the right ventricle, hypertrophy and eventu-
ally congestive heart failure in rats.21,22 Studies conducted by our
group showed that cardiac hypertrophy after 21 days of the MCT
injection were associated with changes in the activity of antioxidant
enzymes in the right ventricle and lung.6,23 Thus, we proposed to
evaluate the changes generated by the development of pulmonary
hypertension at distinct moments (7, 21 and 31 days) to follow the
evolution of the RV hypertrophy and failure. These three moments
were chosen based on studies, in this experimental model, that do not
show cardiac hypertrophy after 7 days,11 exhibit hypertrophic adap-
tation6 at 21 days and show signs of heart failure at 28 days.24 In our
study, these data were corroborated since there was RV hypertrophy
from the 21st day after MCT injection. An indicator of an increase in
pulmonary vascular resistance (PVR) is the ratio of the acceleration
time (AT) to the ejection time (ET). A strong negative correlation
was observed between the AT ⁄ET ratio and right ventricular hyper-
trophy, and a positive correlation with lung congestion was observed,
strengthening the association between increased PVR, RV hypertro-
phy and heart failure.

Table 1 Morphometric parameters evaluated 7, 21 and 31 days after monocrotaline (MCT) or saline (control) injections

Time Group (n) BW RVW ⁄BW LVW ⁄BW HW ⁄BW LC

Day 7 Control (8) 227.5 ± 12.2 0.68 ± 0.03 2.4 ± 0.05 3.08 ± 0.19 5.4 ± 0.65
MCT (8) 182.5 ± 14.1*** 0.63 ± 0.04 2.4 ± 0.05 3.03 ± 0.15 7.09 ± 0.87

Day 21 Control (6) 280.8 ± 40.8 0.45 ± 0.02 2.2 ± 0.11 2.65 ± 0.09 5.09 ± 1.08
MCT (8) 240.6 ± 41.4*** 0.83 ± 0.04** 2.2 ± 0.16 3.03 ± 0.29* 9.05 ± 1.89**

Day 31 Control (8) 305.0 ± 24.5 0.55 ± 0.02 2.1 ± 0.07 2.65 ± 0.09 5.87 ± 1.34
MCT (6) 195.0 ± 39.7*** 2,01 ± 0.20** 2.2 ± 0.41 4.21 ± 0.50** 11.21 ± 4.62**

Values are means ± standard error of the mean (SEM). *Control compared with MCT, P < 0.05; **Control compared to MCT, P < 0.01; ***Control
compared with MCT, P < 0.001. Two-way analysis of variance with post hoc Tukey test. BW, body weight (g); HW, heart weight (mg); LC, lung congestion;
LVW, left ventricular weight (mg); RVW, right ventricular weight (mg).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 1 Representative echocardiograms of pulmonary artery flow (in cm ⁄ s) in control 7, 21, 31 days (a–c) and monocrotaline groups (d–f); mitral flow
(in cm ⁄ s), peak E and A waves, in control groups 7, 21, 31 days (g–i) and monocrotaline groups (j–l).
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The AT ⁄ET ratio was reduced in the MCT groups (Fig. 2) from
the first week of treatment. This change of flow was also observed by
Kato et al.24 in the same model 28 days after MCT administration.
These findings indicate increased resistance in pulmonary circula-
tion.25 As a result of the increased PVR, the blood flow through the
pulmonary artery demonstrated an evident change in its classic pat-
tern (Fig. 1a–f) in the MCT groups from day 21, being more marked
at the end of the protocol (day 31). The wave pattern found in this
study is characterized as late systolic notch26 and differs from a study
conducted by Jones,27 which showed a characteristic pattern of
midsystolic notch 42 days after MCT administration. We attribute
this difference in results to the fact that this model is time-dependent,
and midsystolic notch denotes a higher degree of PVR.28

Although the MCT model is known to induce right ventricular
dysfunction in a time- and dose-dependent fashion, significant
changes were observed in left ventricle systolic and diastolic func-
tion. The performance myocardial index (PMI) has been used as a
parameter of cardiac effort in both clinical studies and in experimen-
tal animals.29,30 A significant increase was found in the PMI (132%,

P < 0.001) in the MCT 31 day group compared to the control 31
day group. A strong positive correlation between RV hypertrophy
and the PMI (r = 0.75, P < 0.001) was observed, suggesting that

Fig. 2 Acceleration-to-ejection time ratio (AT ⁄ET) through the pulmonary
artery. *P < 0.05 and **P < 0.01 compared with the respective control
groups. Two-way analysis of variance with post hoc Tukey test. �o�, con-
trol; , monocrotaline. The data are expressed as mean ± standard error of
the mean (SEM).

Table 2 Echocardiography parameters evaluated 7, 21 and 31 days after monocrotaline (MCT) or saline (control) injections

Day 7 Day 21 Day 31

Control MCT Control MCT Control MCT

MPI 0.25 ± 0.03 0.32 ± 0.05 0.30 ± 0.03 0.33 ± 0.04 0.27 ± 0.03 0.65 ± 0.01***
Peak E 1.50 ± 0.03 1.40 ± 0.04 1.50 ± 0.07 1.40 ± 0.03 1.51 ± 0,07 0.80 ± 0.09***
Peak A 0.80 ± 0.04 0.70 ± 0.05 0.80 ± 0.04 0.80 ± 0.03 0.98 ± 0.05 0.60 ± 0.07**
LVSD 0.32 ± 0.01 0.35 ± 0.02 0.30 ± 0.02 0.28 ± 0.01 0.33 ± 0.01 0.21 ± 0.02***
LVDD 0.70 ± 0.01 0.70 ± 0.01 0.60 ± 0.02 0.60 ± 0.01 0.73 ± 0.01 0.50 ± 0.02***
EDPWT 0.13 ± 0.01 0.12 ± 0.01 0.13 ± 0.01 0.12 ± 0.01 0.12 ± 0.01 0.14 ± 0.01*
ESPWP 0.22 ± 0.01 0.21 ± 0.01 0.23 ± 0.01 0.21 ± 0.01 0.24 ± 0.01 0.25 ± 0.01
FAC 0.70 ± 0.02 0.70 ± 0.02 0.80 ± 0.01 0.80 ± 0.02 0.52 ± 0.03 0.80 ± 0.07***
LVFS 54.00 ± 1.44 49.00 ± 2.48 56.00 ± 1.84 57.00 ± 1.86 53.00 ± 1.77 68.00 ± 5.13***

Values are means ± standard error of the mean (SEM). *Control compared with MCT, P < 0.05; **Control compared with MCT, P < 0.01; ***Control com-
pared with MCT, P < 0.001. Two-way analysis of variance with post hoc Tukey test. EDPWP, End diastolic posterior wall thickness (cm); ESPWP, End systolic
posterior wall thickness (cm); FAC, Fractional area change; LVDD, Left ventricle diastolic diameter (cm); LVFS, Left Ventricle Fraction Shortening (%); LVSD,
Left ventricle systolic diameter (cm); MPI, Myocardial performance index.

(a) (b)

Fig. 3 The data are expressed as means ± standard error of the mean
(SEM). Hydrogen peroxide concentration in the left ventricle (a); reduced-
to-total glutathione ratio in the left ventricle (b).*P < 0.05 compared to the
controls and **P < 0.01 compared with the control, respectively. Two-way
analysis of variance with post hoc Tukey test.

Table 3 Antioxidants results in left ventricle of the distinct groups

Ascorbic acid (lmol ⁄L) Tioredoxin red. (nmol ⁄mg prot)

Day 7
Control 23.92 ± 6.02 (5) 0.11 ± 0.05 (5)
MCT 35.27 ± 5.10 (5) 0.10 ± 0.04 (6)

Day 21
Control 21.75 ± 5.54 (4) 0.13 ± 0.03 (6)
MCT 25.69 ± 4.60 (4) 0.13 ± 0.02 (6)

Day 31
Control 29.47 ± 4.88 (5) 0.14 ± 0.04 (6)
MCT 9.58 ± 3.17* (4) 0.21 ± 0.05* (6)

Values are means ± standard error of the mean (SEM) (n). *Compared
with all groups, P < 0.05. MCT, monocrotaline. Two-way analysis of
variance with post hoc Tukey test.
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hypertrophy is related to the increase in resistance promoted by PAH
and consequent increase of the RV workload,31 influencing the LV
mechanics.
Bogaard et al.32 relate the increase in the RV afterload, due to

pulmonary hypertension, to a possible reversal of the interventricular
septum toward the LV, resulting in a reduction of the left ventricular
chamber. Our results related to systolic function present a reduction
of the LV end systolic and diastolic diameters; however, the increase
of the shortening fraction (LVFS) and consequent increase in the
fractional area change (FAC) (Table 2) suggest an adaptation in the
attempt to preserve the stroke volume.
In the analysis of diastolic function, the values of the peak E

and A waves presented differences (Table 2). The E and A waves
are dependent on venous return caused by the relation between
RV stroke volume and pulmonary resistance and the capacity of
the left atrium to maintain its pump function, respectively. By cor-
relating the index of hypertrophy of the RV with the E wave, a
significant difference was found (P < 0.05) with a strong negative
correlation (r = –0.75). These data suggest that the higher the RV
hypertrophy, the lesser blood flows through the mitral valve during
rapid filling. These data are suggestive that both systolic and dia-
stolic LV functions are being determined by the degree of severity
of the PVR.
The process of RV hypertrophy and failure has been largely

related to ROS and oxidative stress.7,11,23 A study conducted by Sam
et al.33 demonstrated an increase of ROS production associated with
changes in the activity of antioxidant enzymes in the myocardium of
patients with nonischaemic dilated cardiomyopathy. Previously, Pi-
chardo et al.7 showed an increase in lipid peroxidation and reduction
of non-enzymatic antioxidant defences such as a-tocopherol, but with
no change of the enzymatic defences in the hypertrophied RV. Our
study shows a clear increase in the concentration of hydrogen perox-
ide in the LV at 21 and 31 days after administration of MCT, at
which point major changes are seen in RV function. Studies con-
ducted by our group using other experimental models show hydrogen
peroxide as a ROS having a flag potential for adjustments related to
hypertrophy and ⁄or cell death depending on its intracellular concen-
tration.34,35

There are many antioxidants that may influence the hypertrophic
adaptive response by means of their ability of controlling ROS con-
centrations. Ahsan36 describes thioredoxin (TRX) and glutaredoxin
(GRX) as the two main antioxidant systems involved in redox regula-
tion to protect cells from oxidative stress by being involved in the
reduction process of hydrogen peroxide to water. A significant
increase was observed (P < 0.05) in the activity of thioredoxin reduc-
tase (TrxR) in the MCT 31 day group in relation to its control. TrxR
is an important enzyme that has been related to cardiac dysfunction37

and has an important role in the regeneration of TRX. In this study,
the increased activity of TrxR at 31 days may result from the sus-
tained high concentrations of hydrogen peroxide in the LV as well
the reduction in ascorbic acid in this time. Ascorbic acid acts as an
intracellular hydrosoluble non-enzymatic antioxidant by its ability to
donate electrons38 and thus contributes to the maintenance of the con-
centration of NADPH required for the regeneration of GSH. The
decrease of ascorbic acid observed in this study may represent the
consumption of this important defence for the regeneration of
reduced glutathione. In these time points, the redox balance
(GSSG ⁄GSH) is kept in equilibrium, probably at the expense of
ascorbic acid and possibly other antioxidants recruited to cellular

defence. It is possible that at 21 days other antioxidant defences that
were not evaluated may be involved in the reduction of hydrogen
peroxide.
Our findings showed that LV dysfunction followed by RV

changes due pulmonary hypertension at 31 days after injection of
monocrotaline is associated with hydrogen peroxide increase and a
sharp reduction in vitamin C in LV. These data support the design of
further studies to understand the mechanisms involved. Therapies
relieving oxidative stress in the LV in conjunction with PAH treat-
ment might be relevant.
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15. Tavares AM, da Rosa Araújo AS, Baldo G et al. Bone marrow derived
cells decrease inflammation but not oxidative stress in an experimental
model of acute myocardial infarction. Life Sci. 2010; 87: 699–706.

16. Akerboom T, Sies H. Assay of glutathione disulfide and glutathione
mixed disulfides in biological samples. Methods Enzymol. 1981; 77:
373–82.

17. Kyaw A. A simple colorimetric method for ascorbic acid determination
in blood plasma. Clin. Chim. Acta. 1978; 86: 153–7.

18. Holmgren A, Björnstedt M. Thioredoxin and thioredoxin reductase.
Methods Enzymol. 1995; 252: 199–208.

19. Pick E, Keisari Y. A simple colorimetric method for the measurement of
hydrogen peroxide produced by cells in culture. J. Immunol. Methods
1980; 38: 161–70.

20. Lowry OH, Rosebrough AL, Farr AL, Randall R. Protein measurement
with the folin phenol reagent. J. Biol. Chem. 1951; 193: 265–75.

21. Hardziyenka M, Campian ME, de Bruin-Bon HA, Michel MC, Tan HL.
Sequence of echocardiographic changes during development of right
ventricular failure in rat. J. Am. Soc. Echocardiogr. 2006; 19: 1272–9.

22. Van Albada ME, Bartelds B, Wijnberg H et al. Gene expression profile
in flow-associated pulmonary arterial hypertension with neointimal
lesions. Am. J. Physiol. Lung Cell. Mol. Physiol. 2010; 298: L483–91.

23. Souza-Rabbo MP, Silva LF, Auzani JA, Picoral M, Khaper N, Belló-
Klein A. Effects of a chronic exercise training protocol on oxidative
stress and right ventricular hypertrophy in monocrotaline-treated rats.
Clin. Exp. Pharmacol. Physiol. 2008; 35: 944–8.

24. Kato Y, Iwase M, Kanazawa H et al. Progressive development of pul-
monary hypertension leading to right ventricular hypertrophy assessed
by echocardiography in rats. Exp. Anim. 2003; 52: 285–94.

25. Bossone E, Bodini BD, Mazza A, Allegra L. Pulmonary arterial hyper-
tension: The key role of echocardiography. Chest 2005; 127: 1836–43.

26. Uehara Y. An attempt to estimate the pulmonary artery pressure in dogs
by means of pulsed Doppler echocardiography. J. Vet. Med. Sci. 1993;
55: 307–12.

27. Jones JE, Mendes L, Rudd MA, Russo G, Loscalzo J, Zhang YY. Serial
noninvasive assessment of progressive pulmonary hypertension in a rat
model. Am. J. Physiol. Heart Circ. Physiol. 2002; 283: H364–71.

28. Arkles JS, Opotowsky AR, Ojeda J et al. Shape of the right ventricular
Doppler envelope predicts hemodynamics and right heart function in
pulmonary hypertension. Am. J. Respir. Crit. Care Med. 2011; 183:
268–76.

29. Jiang BH, Tardif JC, Sauvageau S et al. Beneficial effects of atorvastatin
on lung structural remodeling and function in ischemic heart failure.
J. Card. Fail. 2010; 16: 679–88.

30. Kakouros N, Kakouros S, Lekakis J, Rizos I, Cokkinos D. Tissue Dopp-
ler imaging of the tricuspid annulus and myocardial performance index
in the evaluation of right ventricular involvement in the acute and late
phase of a first inferior myocardial infarction. Echocardiography 2011;
28: 311–9.

31. Yeo TC, Freeman WK, Schaff HV, Orszulak TA. Mechanisms of hemo-
lysis after mitral valve repair: Assessment by serial echocardiography.
J. Am. Coll. Cardiol. 1998; 32: 717–23.

32. Bogaard HJ, Abe K, Vonk Noordegraaf A, Voelkel NF. The right ven-
tricle under pressure: Cellular and molecular mechanisms of right-heart
failure in pulmonary hypertension. Chest 2009; 135: 794–804.

33. Sam F, Kerstetter DL, Pimental DR et al. Increased reactive oxygen
species production and functional alterations in antioxidant enzymes in
human failing myocardium. J. Card. Fail. 2005; 11: 473–80.

34. Schenkel PC, Tavares AM, Fernandes RO et al. Redox sensitive prosur-
vival and proapoptotic protein expression in the myocardial remodeling
post-infarction in rats.Mol. Cell. Biochem. 2010; 341: 1–8.

35. Da Rosa Araujo AS, Silva de Miranda MF, Oliveira UO et al. Increased
resistance to hydrogen peroxide-induced cardiac contracture is associ-
ated with decreased myocardial oxidative stress in hypothyroid rats. Cell
Biochem. Funct. 2010; 28: 38–44.

36. Ahsan MK, Lekli I, Ray D, Yodoi J, Das DK. Redox regulation of cell
survival by the thioredoxin superfamily: An implication of redox gene
therapy in the heart. Antioxid. Redox Signal. 2009; 11: 2741–58.

37. World CJ, Yamawaki H, Berk BC. Thioredoxin in the cardiovascular
system. J. Mol. Med. 2006; 84: 997–1003.

38. Karajibani M, Hashemi M, Montazerifar F, Dikshit M. Effect of vitamin
e and C supplements on antioxidant defense system in cardiovascular
disease patients in zahedan, southeast iran. J. Nutr. Sci. Vitaminol. 2010;
56: 436–40.

� 2011 The Authors
Clinical and Experimental Pharmacology and Physiology � 2011 Blackwell Publishing Asia Pty Ltd

810 F Leichsenring-Silva et al.




