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Chronic hypoxia increases peroxynitrite, MMP9 expression,
and collagen accumulation in fetal guinea pig hearts
LaShauna C. Evans1, Hongshan Liu2, Gerard A. Pinkas2 and Loren P. Thompson2
INTRODUCTION: Chronic hypoxia increases the expression of
inducible nitric oxide synthase (iNOS) mRNA and protein levels
in fetal guinea pig heart ventricles. Excessive generation of nitric
oxide (NO) can induce nitrosative stress leading to the formation
of peroxynitrite, which can upregulate the expression of matrix
metalloproteinases (MMPs). This study tested the hypothesis
that maternal hypoxia increases fetal cardiac MMP9 and collagen through peroxynitrite generation in fetal hearts.
RESULTS: In heart ventricles, levels of malondialdehyde, 3-nitrotyrosine (3-NT), MMP9, and collagen were increased in hypoxic
(HPX) vs. normoxic (NMX) fetal guinea pigs.
DISCUSSION: Thus, maternal hypoxia induces oxidative–nitrosative stress and alters protein expression of the extracellular
matrix (ECM) through upregulation of the iNOS pathway in fetal
heart ventricles. This identifies iNOS-derived NO as an important
stimulus for initiating the adverse effects of peroxynitrite in HPX
fetal hearts.
METHODS: Pregnant guinea pigs were exposed to normoxia
(room air) or hypoxia (10.5% O2, 14 d) before term (term ≈ 65
d) and administered water, L-N6-(1-iminoethyl)-lysine (LNIL), an
iNOS inhibitor, or N-acetylcysteine (NAC), an antioxidant.

O

ver the past decade, results of several studies have generated
interest in the effects of intrauterine hypoxia on the fetal
heart (1–7). This condition can result from several pregnancyrelated complications such as maternal illness, placental insufficiency, and living at high altitude, resulting in reduced oxygenation of the fetus (8–10). Prolonged exposure to a hypoxic
(HPX) environment can result in intrauterine growth restriction, a leading cause of fetal morbidity and mortality (11), and
organ-specific pathologies of the heart (e.g., myocardial hypertrophy) and brain (e.g., severe gliosis in the cerebral cortex and
decreased myelination) (11,12).
Chronic fetal hypoxia has been shown to alter heart-specific
mechanisms associated with nitric oxide (NO) generation
(1–3) as well as protein kinase C (13), ventricular growth (5),
and energy metabolism (7). NO is generated by NO synthases
(NOSs) in mammalian tissue (14) by two constitutive forms
(endothelial (eNOS) and neuronal NOS) and one inducible form
(iNOS) (14). In fetal guinea pigs, conditions of hypoxia upregulate iNOS (1) but downregulate eNOS mRNA/protein levels (2)

in heart ventricles, identifying iNOS-derived NO synthesis as an
important mechanism contributing to HPX stress. In addition,
fetal hypoxia increases the generation of reactive oxygen species
(15), and the interaction of NO and reactive oxygen species can
lead to the formation of peroxynitrite (16), a potent cytotoxic
molecule in cardiac tissue (16).
Chronic hypoxia can contribute to disruption of both cardiac
structure and function (6). In adult hearts, peroxynitrite plays
a key role in cardiac pathologies associated with ischemia–
reperfusion injury (16), myocardial contractile dysfunction (17),
and heart failure (18). The role of peroxynitrite in HPX fetal
hearts has not been investigated, but it is likely a key oxidant
contributing to cardiac injury. Fetal cardiac pathology associated with peroxynitrite may have lasting consequences in the
offspring and increase the risk for heart failure in the adult.
Peroxynitrite has been shown to stimulate the translocation of
nuclear transcription factors (nuclear factor-kappa B and activator protein-1) to the matrix metalloproteinase (MMP) promoter
site (19), thereby upregulating MMP expression. The MMP gene
family consists of several protein subtypes contributing to the
modulation of the extracellular matrix (ECM) (19), with MMP2
and MMP9 playing key roles in cardiac tissue (19,20). Recent
studies provide insight into the role of MMPs as modulators of
the myocardial ECM in cardiac pathologies (e.g., heart failure
(21), ischemia–reperfusion injury (21), and myocardial contractile dysfunction (20,22)). Upregulation of MMP expression and
activation contributes to collagen degradation of the ECM in a
time-dependent manner (20). With prolonged activation, collagen subfragments degraded by selective MMPs such as MMP2,
MMP9, and MMP13 promote collagen synthesis by disrupting
the balance between synthesis and degradation, resulting in collagen accumulation and cardiac fibrosis (23,24).
This study examined the role of iNOS-derived NO in mediating the formation of peroxynitrite in fetal guinea pig hearts of
normoxic (NMX) and HPX animals. We measured lipid peroxidation, as an index of oxidative stress, and protein-associated
3-nitrotyrosine (3-NT) levels, as an index of peroxynitrite formation. In addition, fetal cardiac MMP9 expression and collagen
accumulation were measured as downstream actions of peroxynitrite formation. A selective competitive inhibitor of iNOS activity, L-N6-(1-iminoethyl)-lysine (LNIL), and N-acetylcysteine
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(NAC), an endogenous glutathione precursor and antioxidant,
were administered to pregnant sows to determine the roles of
iNOS-derived NO and oxidative stress, respectively, as modulating factors of the ECM in HPX fetal hearts.
Results
Effect of Hypoxia on Fetal Body and Organ Weights

Chronic hypoxia caused a decrease in fetal guinea pig body
weight of 19% (Table 1) associated with an increase in relative
(normalized to fetal body weight) placental, heart, and brain
weights, but not relative liver weight. LNIL reduced fetal body
weight of NMX (19%) but not HPX animals. NAC reduced
body weight of both NMX (20%) and HPX (14%) fetuses compared with their respective controls (P < 0.05). Food intake
was similar regardless of treatment. Water intake was similar
among NMX, HPX, and LNIL-treated groups. However, NAC
reduced water intake in NMX but not HPX animals.
LNIL Inhibits cGMP Levels in HPX Fetal Hearts

Chronic hypoxia increased cGMP levels (pmoles/mg tissue) in
fetal cardiac ventricles by 148% (0.0033 ± 0.0007 vs. 0.0082 ±
0.0008; NMX (n = 5) vs. HPX (n = 5), P < 0.05). LNIL administration in HPX animals reduced cGMP levels (0.0044 ± 0.0013;
HPX + LNIL (n = 6), P < 0.05) to those of the untreated NMX
controls. cGMP levels of NMX and NMX plus LNIL treatment
were similar (0.0026 ± 0.00055; NMX + LNIL, n = 5).

Fetal Hypoxia Increases 3-NT

3-NT was detected by immunohistochemistry of intact cardiac
ventricles from hearts of NMX and HPX animals treated with
and without LNIL (Figure 2a). Figure 2 shows positive brown
immunostaining of 3-NT in cardiac sections of fetal hearts. The
upper panels show representative images of cardiac ventricles
from the four treatment groups. Positive immunostaining for
3-NT was greater in HPX fetal cardiac ventricles compared
with NMX controls. LNIL administration during HPX reduced
3-NT staining to levels of NMX and had no effect on 3-NT
staining alone. Figure 2b shows western blot analysis of 3-NT
protein expression of isolated fetal cardiomyocytes obtained
from hearts from each treatment group. Fetal hypoxia (n = 4)
increased 3-NT expression by 82.9% compared with NMX controls (n = 4) (P < 0.05). Maternal LNIL (HPX + LNIL, n = 4)
significantly inhibited the hypoxia-induced increase in 3-NT
and had no significant effect in cardiomyocytes of NMX hearts
(NMX + LNIL, n = 4). Because of differences in band density of
β-actin in different blots, relative density values (3-NT/β-actin)
were compared with their respective controls within each blot
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Fetal Hypoxia Increases Lipid Peroxidation in Fetal Hearts

Chronic hypoxia increased fetal cardiac malondialdehyde (nmol/
mg protein) by 42% compared with NMX controls (1.16 ± 0.07
vs. 1.72 ± 0.17; NMX (n = 5) vs. HPX, n = 4; Figure 1). Maternal
administration of LNIL abolished the hypoxia-induced increase
in malondialdehyde (1.21 ± 0.12; HPX + LNIL, n = 4; P < 0.05)
compared with hypoxia alone. Similarly, maternal NAC prevented the hypoxia-induced increase in fetal cardiac malondialdehyde levels (1.03 ± 0.04; HPX + NAC, n = 3; P < 0.05).
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Figure 1. Malondialdehyde (MDA) levels of normoxic (NMX) and hypoxic
(HPX) fetal guinea pig cardiac ventricles treated with and without L-N6(1-iminoethyl)-lysine (LNIL) and N-acetylcysteine (NAC). Values are
expressed as mean ± SEM. *P < 0.05 vs. NMX; **P < 0.05 vs. HPX.

Table 1. Fetal body weights, organ weights, relative weights, and food and water intake
NMX

HPX

NMX + LNIL

HPX + LNIL

NMX + NAC

HPX + NAC

BW (g)

85.7 (4.9)

69.2 (2.6)*

69.8 (3.5)*

65.9 (2.4)

68.6 (2.9)*

59.7 (1.6)**

Placenta (g)

4.73 (0.21)

4.77 (0.19)

3.97 (0.15)

4.83 (0.25)

3.64 (0.17)

3.68 (0.10)

Heart (g)

0.454 (0.020)

0.413 (0.009)

0.388 (0.013)

0.388 (0.008)

0.383 (0.016)

0.353 (0.012)

Brain (g)

2.62 (0.05)

2.41 (0.03)

2.45 (0.06)

2.37 (0.03)

2.49 (0.05)

2.35 (0.02)

Liver (g)

4.35 (0.26)

3.45 (0.18)

3.30 (0.25)

3.33 (0.19)

4.00 (0.23)

3.20 (0.16)

0.056 (0.002)

0.071 (0.003)*

0.058 (0.003)

0.075 (0.005)

0.054 (0.002)

0.062 (0.002)

Heart/BW (g/g)

0.0053 (0.0001)

0.0062 (0.0002)*

0.0057 (0.0001)

0.0060 (0.0002)

0.0056 (0.0002)

0.0060 (0.0002)

Brain/BW (g/g)

0.0320 (0.0008)

0.0362 (0.0010)*

0.0363 (0.0018)

0.0367 (0.0010)

0.0370 (0.0014)

0.0400 (0.0009)

Liver/BW (g/g)

0.052 (0.001)

0.051 (0.002)

0.047 (0.002)

0.050 (0.002)

0.058 (0.001)

0.053 (0.002)

38.0 (2.5)

42.4 (2.2)

39.0 (3.0)

52.9 (6.7)

32.5 (4.0)

39.4 (4.2)

73 (4)

118 (25)

88 (10)

135 (38)

46 (5)*

68 (7)

Placenta/BW (g/g)

Food (g/d)
Water (ml/d)

Values are expressed as mean (SEM). NMX, n = 25; HPX, n = 23; NMX + LNIL, n = 20; HPX + LNIL, n = 23; NMX + NAC, n = 16; HPX + NAC, n = 25.
BW, body weight; HPX, hypoxic; LNIL, L-N6-(1-iminoethyl)-lysine; NAC, N-acetylcysteine; NMX, normoxic.
Significant differences are indicated by * (vs. NMX; P < 0.05) and ** (vs. HPX; P < 0.05).
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Fetal hypoxia and cardiac MMP
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Figure 2. Immunohistochemistry of fetal heart ventricles (a) and western blot analysis of isolated cardiomyocytes (b) of 3-nitrotyrosine (3-NT) of
normoxic (NMX) and hypoxic (HPX) fetal guinea pigs treated with and without (control) L-N6-(1-iminoethyl)-lysine (LNIL). Density values of each band
were normalized to β-actin as a loading control and are reported as a ratio. Values are mean ± SEM. *P < 0.05.

and are shown in separate graphs. Student’s t test was performed
for comparison between groups with a P value of <0.05 for statistical significance.
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Figure 3 shows MMP9 protein expression of fetal heart ventricles
of NMX and HPX animals treated with and without LNIL. Each
image shows a representative section of fetal heart ventricles from
the four treatment groups immunostained against MMP9. The
lower graph shows the average stain density of hearts for each
treatment group expressed as density per standardized viewing
area. Fetal hypoxia (n = 5) significantly increased immunostaining of MMP9 in fetal cardiac ventricles compared with NMX
controls (n = 5). Furthermore, maternal treatment with LNIL
(HPX + LNIL, n = 4) significantly inhibited the MMP9 expression in fetal hearts exposed to hypoxia. LNIL (NMX + LNIL, n
= 4) had no effect on MMP9 expression in NMX controls. In a
separate group of animals (Figure 4), maternal NAC (HPX +
NAC, n = 6) similarly inhibited the hypoxia-induced increase in
MMP9 expression. NAC (NMX + NAC, n = 6) had no effect on
MMP9 expression in NMX controls.
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Figure 3. Immunohistochemistry (upper figures) and quantification of
matrix metalloproteinase 9 (MMP9) in normoxic (NMX) (a,c) and hypoxic
(HPX) (b,d) fetal guinea pig heart ventricles treated with and without
(control) L-N6-(1-iminoethyl)-lysine (LNIL). Figures (original magnification
×200) show MMP9 expression (brown stain) and nuclei of cardiomyocytes
(blue stain). Values are mean ± SEM. *P < 0.05 vs. NMX; **P < 0.05 vs. HPX.

Fetal Hypoxia Increases Collagen Levels in Fetal Hearts

Collagen was identified in intact fetal cardiac ventricles and
quantified using Sirius Red staining (Figure 5a–f). Images are
representative of NMX (a), HPX (b), NMX + LNIL (c), HPX
+ LNIL (d), NMX + NAC (e), and HPX + NAC (f). Fetal
hypoxia (n = 5) significantly increased (P < 0.05) stain density
in fetal cardiac ventricles compared with NMX controls (n = 4).
Maternal administration of either LNIL (HPX + LNIL, n = 5) or
NAC (HPX + NAC, n = 5) inhibited collagen staining in HPX
Copyright © 2012 International Pediatric Research Foundation, Inc.

fetal hearts to levels similar to those in NMX controls (P < 0.05).
Treatment with either LNIL (NMX + LNIL, n = 4; Figure 5c)
or NAC (NMX + NAC, n = 4; Figure 5f) alone had no effect on
NMX hearts.
Discussion
This study indicates that chronic hypoxia increases peroxynitrite
in fetal guinea pig hearts through iNOS-derived NO synthesis.
Volume 71 | Number 1 | January 2012       Pediatric Research
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that peroxynitrite generation in chronically HPX fetal hearts
plays an important role in modulating the ECM of the myocardium. Upregulation of MMP expression leading to modulation
of the ECM in the fetus suggests that intrauterine hypoxia could
be a precursor to increased risk of heart failure or other cardiac
pathologies in the offspring (29–32).
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Figure 4. Immunohistochemistry (upper figures) and quantification of
matrix metalloproteinase 9 (MMP9) in normoxic (NMX) (a,c) and hypoxic
(HPX) (b,d) fetal guinea pig heart ventricles treated with and without (control) N-acetylcysteine (NAC). Figures (original magnification ×200) show
MMP9 expression (brown stain) and nuclei of cardiomyocytes (blue stain).
Values are mean ± SEM. *P < 0.05 vs. NMX; P < 0.05 vs. HPX.
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Figure 5. Sirius red staining (upper figures) and quantification of
collagen fibers in normoxic (NMX) (a,c,e) and hypoxic (HPX) (b,d,f) fetal
guinea pig heart ventricles from animals treated with and without
(control) L-N6-(1-iminoethyl)-lysine (LNIL) or N-acetylcysteine (NAC).
Figures (original magnification ×200) show collagen fibers (red stain) and
cardiomyocytes (yellow background). Values are mean ± SEM. *P < 0.05
vs. NMX; **P < 0.05 vs. HPX.

Significant increases in 3-NT protein levels were measured in
HPX fetal hearts but were inhibited in the presence of LNIL. The
hypoxia-induced increase in MMP9 expression, as evidenced
by increased immunostaining of fetal cardiac ventricles, was
decreased by both LNIL and NAC used alone. Fetal hypoxia
also increased collagen accumulation in fetal hearts, which was
reversed by both LNIL and NAC. The pattern of inhibition of
3-NT, MMP9, and collagen by LNIL and NAC provides evidence
28 Pediatric Research     

Maternal hypoxia caused fetal growth restriction, a compensatory increase in placental growth, and pups that exhibited
fetal heart- and brain-sparing effects (33,34). We previously
reported that maternal hypoxia increases red blood cell
content and reticulocyte number in fetal guinea pig blood
(2) and induces local tissue hypoxia of fetal hearts as evidenced by increased hypoxia-inducible factor-1α mRNA
and protein levels in HPX fetal guinea pig cardiac ventricles
(1). In addition, maternal hypoxia increases fetal cardiac
iNOS mRNA/protein levels, tissue NO2−/NO3− content (1),
and cGMP levels. The effect of LNIL on both NOx production and cGMP levels is consistent with inhibition of iNOSderived NO synthesis (1) because hypoxia, under identical
conditions of study, decreases fetal guinea pig cardiac eNOS
mRNA/protein expression (3) and has no effect on neuronal
NOS expression (1) in fetal guinea pig hearts. Both LNIL
and NAC restricted fetal growth by mechanisms that remain
unclear.
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Lipid peroxidation is a result of oxidation of plasma membrane phospholipids (26). Hypoxia has been shown to generate oxidizing species in cardiac tissue through several
mechanisms, including upregulation of nicotinamide adenine dinucleotide phosphate oxidase (35) and/or inhibition
of mitochondrial function (35). Although each mechanism
may generate superoxide anions (O2−), the mechanisms
that contribute to increased lipid peroxidation in HPX fetal
hearts are not known. Although O2− levels were not measured in the current study, the evidence that both LNIL and
NAC inhibit lipid peroxidation is consistent with oxidative
stress, associated with generation of NO and O2−, respectively. We propose that the increase in lipid peroxidation in
HPX fetal hearts is likely mediated through increased peroxynitrite generation (36,37).
Fetal Hypoxia Generates Peroxynitrite

Peroxynitrite is generated by the interaction of NO and O2−
(27,36,37), and it selectively nitrates tyrosine residues to
form 3-NT (27). Cardiac proteins identified to be selectively
nitrated include those responsible for energy production and
metabolism and structural integrity of the cells (38). Fetal
hypoxia increased 3-NT expression in both cardiomyocytes
and the fetal myocardium. The inhibitory effect of LNIL on
protein expression, confirmed by both western blot analysis
and immunostaining, supports an important biological role of
iNOS-derived NO in generating peroxynitrite in the myocardium of fetal guinea pig hearts.
Copyright © 2012 International Pediatric Research Foundation, Inc.

Fetal hypoxia and cardiac MMP
Effect of Peroxynitrite on MMP9 Expression

Peroxynitrite has been reported to increase MMP9 expression
in the adult myocardium (37). Furthermore, the increase in
MMP9 and/or MMP2 expression has been shown to contribute to an increase in cardiac fibrosis in adult hearts (39,40).
The current study indicates that both iNOS-derived NO and
reactive oxygen species are sufficient to induce MMPs because
each inhibitor (i.e., LNIL and NAC) was capable of inhibiting
MMP9 expression individually.
Peroxynitrite has been shown to be a highly reactive molecule
that has multiple downstream actions such as transcription of
genes, oxidation and nitration of proteins, DNA damage, and
lipid peroxidation (16). Peroxynitrite has also been shown to
increase MMP9 activity by autolytic cleavage of the cysteine
thiol group and increase MMP9 expression by transcriptional
regulation through nuclear factor-kappa B and activator protein-1 (19). We are not aware of any evidence that NO can
directly activate MMP9 and/or transcriptionally regulate MMP9
expression. Rather, we propose that the biological action of NO
on MMP9 activation is mediated through peroxynitrite.
Fetal Hypoxemia Increases Collagen Accumulation

MMPs are key regulatory proteins in the modulation of collagen in the ECM, with MMP9 having an important role in
cardiac tissue (20). Fetal hypoxia, under identical conditions of the current study, increases MMP9 protein levels
but not MMP2 protein expression in fetal guinea pig hearts
(3), and the current study suggests that peroxynitrite formation may contribute to this HPX response. The increase
in MMP9 levels parallels collagen accumulation. Although
MMP9 can degrade collagen via its gelatinolytic activity,
we measured a paradoxical increase in collagen levels. This
may occur if chronic exposure to hypoxia disrupts the balance between collagen synthesis and degradation as a result
of time-dependent generation of matrikines (subfragments
of collagen degradation), which stimulates further collagen
synthesis (39,40). We hypothesize that chronic hypoxia is sufficient to generate collagen accumulation in fetal hearts with
increased MMP activation, although the causal relationship
remains unknown. Regardless, both NAC and LNIL inhibited
the increase in collagen levels generated by hypoxia, and this
parallels the inhibitory effects of drug treatment on MMP9
levels in fetal hearts. Thus, we propose that peroxynitrite is a
precursor to increased MMP9 levels and, subsequently, collagen accumulation in HPX fetal guinea pig hearts.
This study provides the first evidence that chronic intrauterine hypoxia generates conditions in fetal hearts that are
capable of producing peroxynitrite in cardiomyocytes in vivo,
which may induce MMP expression and contribute to cardiac
remodeling through collagen accumulation. Furthermore,
iNOS-derived NO and oxidative stress are important factors
that initiate activation of MMPs such as MMP9. The combination of both upregulation of MMP9 and collagen accumulation
that persists after 2 wk of hypoxia exposure suggests that modulation of collagen synthesis may contribute to cardiac restructuring in the HPX fetal heart. Identification of the specific
Copyright © 2012 International Pediatric Research Foundation, Inc.
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cellular factors contributing to the mechanism associated with
cardiac remodeling in the fetus is important for developing
therapeutic approaches that minimize the risk of cardiovascular diseases associated with intrauterine growth restriction.
Methods
Animal Model
Pregnant Hartley guinea pigs were placed under either NMX (21%
O2) or HPX (10.5% O2) conditions throughout the pregnancy for 14
d before term (term = 65 d) (1–3). At near-term (63 d), pregnant sows
were anesthetized (ketamine, 80 mg/kg; xylazine, 1 mg/kg), and fetuses
were removed by means of hysterotomy. Fetal body and organ weights
were measured. Fetal hearts were excised and ventricles were either frozen in liquid N2 and stored at −80 °C or fixed for immunohistochemistry. These methods were approved by the University of Maryland
Animal Care Committee.
Drug Treatment
To test whether chronic hypoxia induces peroxynitrite formation
through an iNOS-mediated pathway, both NMX and HPX animals were
treated with LNIL, a selective iNOS inhibitor (1,12,25), administered in
the drinking water (1–2 mg/kg/d) for 10 d, 4 d after being placed in the
HPX chamber (1). In a separate group, pregnant sows were treated with
NAC (500 mg/kg/d) administered in the drinking water using the same
protocol for LNIL. Both food (g/d) and water (ml/d) intake rates were
measured throughout the duration of treatment.
Effect of LNIL on Fetal Cardiac Cyclic Guanosine
59-Monophosphate Levels
Prenatal treatment of pregnant sows with LNIL has been shown to
significantly inhibit fetal cardiac NO synthesis as measured by fetal
cardiac NO2–/NO3– levels in hearts exhibiting upregulation of iNOS
mRNA/protein expression (1). In addition, fetal cardiac cyclic guanosine 59-monophosphate (cGMP) was measured as a second messenger
to NO synthesis with and without LNIL to confirm its inhibitory effect
on NO synthesis. Fetal hearts were excised from NMX and HPX animals treated with and without LNIL, and frozen tissues were assayed
for cGMP (pmoles/mg tissue) using an enzyme immunoassay (Assay
Designs, Enzo Life Sciences, Plymouth Meeting, PA).
Quantification of Fetal Cardiac Lipid Peroxidation
Plasma membrane phospholipids are targeted molecules of oxidative stress (26), and malondialdehyde is measured as an index of lipid
peroxidation (26). Frozen ventricles of fetal hearts from NMX and
HPX guinea pigs treated with and without LNIL or NAC were used.
Malondialdehyde was assayed using a thiobarbituric acid reactive substances assay (Cayman Chemical, Ann Arbor, MI), measured in triplicate, and normalized to milligram protein of each sample. Protein
concentration was determined by Bradford protein assay (Bio-Rad
Laboratories, Hercules, CA).
Protein Quantification of 3-NT of Isolated Cardiomyocytes
Peroxynitrite is a cytotoxic molecule that nitrates tyrosine residues and
forms 3-NT (27). Protein level of 3-NT was quantified using western
blot analysis of isolated fetal cardiomyocytes from hearts of NMX and
HPX animals treated with and without LNIL.

Fetal cardiomyocyte preparation. Fetal hearts were excised

and mounted through the aorta onto a Radnoti heart perfusion
apparatus (37 °C), and cardiomyocytes were isolated (28). In brief,
hearts were perfused for 5 min each with calcium-free Tyrodes
buffer (95% O2/5% CO2) (140 mM NaCl, 5 mM KCl, 10 mM N-2hydroxyethylpiperazine-N9-2-ethanesufonic acid, 10 mM glucose,
and 1 mM MgCl2; pH 7.35) at 37 °C, followed by a calcium-free
Tyrodes buffer containing collagenase type II (160 U/ml), protease
(Sigma Type XIV, 0.78 U/ml), and bovine serum albumin (1 mg/
Volume 71 | Number 1 | January 2012       Pediatric Research
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ml), and subsequently with Kraftbruhe solution (30 mM KCl, 10 mM
N-2-hydroxyethylpiperazine-N9-2-ethanesufonic acid, 10 mM glucose, 74 mM K-glutamate, 20 mM taurine, 1.5 mM MgSO4, 0.5 mM
ethyleneglycol-bis(baminoethylether)-N,N9-tetraacetic acid, and
30 mM KH2PO4; pH 7.37). Cells released from the digested hearts
were collected into Kraftebruhe buffer and passed through 150-μm
nylon mesh to remove cellular debris. The suspension was centrifuged at 200g (5 min), washed, and resuspended in fresh buffer.
Aliquots were centrifuged (17,000g), supernatant was discarded, and
pellets were frozen at −80 °C.

Western blot of 3-NT. Protein levels of 3-NT from isolated fetal

cardiomyocytes of hearts from NMX and HPX guinea pigs treated
with and without LNIL were quantified using western blot analysis
(1). Frozen isolated fetal cardiomyocyte preparations were homogenized in 1× lysis buffer (cat. no. 20-188, Upstate Biotechnology,
Billerica, MA), incubated on ice for 4 h, and centrifuged at 1,000g
(4 °C/10 min). Protein concentrations were quantified by Bradford
protein assay (Bio-Rad Laboratories). Equal amounts of protein
(20 μg) were loaded onto 7.5% Tris/glycine polyacrylamide gels
and separated by gel electrophoresis. Proteins were transferred
to Immun-Blot poly(vinylidene fluoride) membranes (Bio-Rad
Laboratories), blocked for 2 h, and probed with rabbit polyclonal
antibody specific for 3-NT (1:1,000; Millipore, Billerica, MA) overnight at 4 °C, followed by a secondary IgG antibody (1:10,000).
Protein bands were detected by enhanced chemiluminescence
Western Blotting Analysis System (Perkin Elmer, Waltham, MA).
Positive controls were used to identify selected proteins nitrated by
peroxynitrite (e.g., 215, 66, 32, 16 kDa molecular weight). In guinea
pig cardiomyocytes, protein bands of 66 kDa were the only bands
able to be detected by the anti-nitrotyrosine antibody (cat. no.
06-284, Millipore). Bands at 215 kDa were not visible, and those at
16 and 32 kDa were too faint to quantify. Although this may indicate
selective nitration of specific proteins in the fetal heart, their identity is difficult to confirm simply on the basis of molecular weight.
Bands were quantified by densitometry and normalized to β-actin as
a loading control for each sample.

Immunohistochemistry of 3-NT and MMP9
Fetal hearts were excised and fixed in 10% formalin (Sigma, St
Louis, MO) for immunohistochemistry of 3-NT and MMP9. Hearts
were dehydrated through increasing ethanol concentrations, paraffin embedded, and sectioned at 5 μm. Heart sections were deparaffinized and rehydrated through decreasing ethanol concentrations,
and sections of each group were immunostained. Each of the sections was boiled in sodium citrate buffer (pH 6), treated with 0.3%
H2O2, blocked with buffer containing normal goat serum (4%), and
incubated separately with anti–3-NT (1:1,000, Millipore) and antiMMP9 (1:50, Millipore) overnight at 4 °C. Sections were subsequently incubated with biotinylated goat anti-rabbit secondary antibody (1:10,000; Vector Laboratories, Burlingame, CA). Avidin–biotin
complex reagent (Vector Laboratories) was used in combination with
the peroxide substrate solution composed of 10 ml Tris buffer, 2 mg
3,3’-diaminobenzidine tetrahydrochloride dihydrate, and 3% H2O2.
Negative controls were generated in the absence of primary antibody.
Sirius Red Staining of Collagen
Collagen fibers of fetal heart sections were visualized with Sirius Red
stain. Paraffin-embedded fetal heart sections (5 μm) were deparaffinized, rehydrated, and stained in 0.1% Sirius Red in saturated picric
acid for 1 h. Sections were rinsed two times with 0.5% acetic acid for
5 min, dehydrated in three changes of 100% ethanol for 5 min, and coverslipped for imaging using bright-field microscopy.
Statistics
Results are expressed as mean ± SEM. Comparisons between groups
were made using two-way ANOVA with hypoxia and drug treatment
30 Pediatric Research     
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as independent variables. If mean values were found to be significantly different (P < 0.05), a Student–Newman–Keuls post hoc test
was applied to analyze the differences between treatments. A single
fetus was obtained from each litter representing each of the four
treatment groups. A P value of <0.05 indicates statistical significance
between groups (n values = number of fetuses). Positive staining was
quantified using IPlab imaging software (Scanalytics, Fairfax, VA),
a Nikon Eclipse E1000 microscope (Melville, NY), and a QImaging
QICAM FAST 1394 camera (Surrey, British Columbia, Canada). The
optical density of the brown (3,3’-diaminobenzidine tetrahydrochloride dihydrate) or red (Sirius Red) stain was quantified and normalized per standard area of each section. Six randomly chosen views of
each section from a single animal were selected, measured as optical
density for a given area, and averaged.
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