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Abstract
Background—There is growing recognition that oxidative stress plays a role in the pathogeneses
of myocardial repair/remodeling following infarction (MI). NADPH oxidase is a major source for
cardiac reactive oxygen species production. Herein, we studied the importance of NADPH oxidase
in development of cardiac oxidative stress and its induced molecular and cellular changes related to
myocardial repair/remodeling.

Methods—MI was created by coronary artery ligation in C57/BL (wild type) and NADPH oxidase
(gp91phox) knockout mice. Cardiac oxidative stress, inflammatory/fibrogenic responses, apoptosis
and hypertrophy were detected by in situ hybridization, immunohistochemistry, TUNEL, picrosirius
red staining and image analysis, respectively, at different stages postMI.

Results—In wild type mice with MI and compared to sham-operated animals, we observed
significantly increased gp91phox and 3-nitrotyrosine, a marker of oxidative stress, in the infarcted
myocardium; accumulated macrophages and myofibroblasts at the infarct site; abundant apoptotic
myocytes primarily at border zones on day 3 and numerous apoptotic inflammatory/myofibroblasts
in the later stages. In addition, we detected significantly increased TGF-β1, TIMP-2 and type 1
collagen gene expression and continuously increasing collagen volume in the infarcted myocardium;
and hypertrophy in noninfarcted myocardium. Compared to wild type mice with MI, we did not
observe significant difference in infarct size/thickness, cardiac hypertrophy, myocyte apoptosis,
inflammatory/fibrogenic responses as well as cardiac oxidative stress in gp91phox knockout mice.

Conclusion—Our findings indicate that during NADPH oxidase deficiency, superoxide production
can be compensated by other sources, which leads to cardiac oxidative stress and its related molecular/
cellular events in the infarcted heart.
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INTRODUCTION
Heart failure has emerged as a major health problem during the past two decades. It appears
most commonly in patients with previous MI. Myocardial remodeling, which occurs in both
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infarcted and non-infarcted myocardium, contributes significantly to the development of heart
failure (1-3). This leads to ventricular remodeling characterized by alterations in left ventricular
size, shape, and wall thickness (4-6). Multiple factors may, in fact, contribute to left ventricular
remodeling at different stages postMI. There is experimental evidence to suggest that oxidative
stress mediated by reactive oxygen species (ROS) plays a role in the pathogeneses of
myocardial repair/remodeling after MI (7-11). Oxidative stress results from an oxidant/
antioxidant imbalance: an excess of oxidants relative to antioxidant capacity. The heart with
acute MI experiences increased ROS production as well as an antioxidant deficit. Chronic
antioxidant treatment suppresses cardiac oxidative stress and attenuates ventricular
remodeling, partially preserving left ventricular function and improving survival in rats or mice
with experimental MI (12-14). Experimental studies have also demonstrated that oxidative
stress can induce most, if not all, of the changes that are thought to contribute to myocardial
remodeling including proinflammatory cytokine release, cardiomyocyte apoptosis (15),
fibrogenesis (16), cell proliferation (17-18), and hypertrophy (19).

NADPH oxidase is one of the major sources of superoxide, O2
-, in the heart (20). Following

MI, NADPH oxidase expression is significantly increased in the infarcted myocardium (21),
suggesting that ROS production is enhanced. However, the importance of NADPH oxidase
expression on cardiac repair and remodeling remain to be elucidated. In the current study by
using experimental MI model created by coronary artery ligation in wild type and NADPH
oxidase (gp91phox) gene knockout mice, we sought to determine the role of NADPH oxidase
on development of cardiac oxidative stress and its related molecular and cellular events
including hypertrophy, myocyte apoptosis, cell proliferation, inflammatory and fibrogenic
responses in the infarcted heart.

MATERIAL AND METHODS
Animal Model

Left ventricular anterior transmural MI was created in 8-week-old male wild-type C57BL/6J
mice and gp91phox knockout mice by permanent ligation of the left coronary artery with silk
ligature (22). Mice were anesthetized, intubated and ventilated with a rodent respirator. After
left thoracotomy, the heart was exposed and 7-0 silk suture placed around the left coronary
artery. The vessel was ligated, the chest closed and lungs reinflated using positive end-
expiratory pressure. Animals were sacrificed on day 3, 7, 14 and 28 (n=10/time point/group).
Sham-operated mice served as controls. Hearts were removed, rinsed in cold normal saline,
weighed, frozen in isopentane with dry ice, and kept at −80°C. Serial cryostat coronal sections
were prepared for the following studies. This study was approved by the University of
Tennessee Health Science Center Animal Care and Use Committee.

In Situ Hybridization
The localization and optical density of cardiac gp91phox, transforming growth factor (TGF)-
β1, type I collagen and tissue inhibitor of metalloprotease (TIMP)- 2 mRNAs were detected
by quantitative in situ hybridization. In brief, cardiac sections (16μm) were fixed in 4%
formaldehyde for 10 min, washed with phosphate-buffered saline (PBS, pH 7.4), and incubated
in 0.25% acetic anhydride in 0.1M TE-HCl for 10 min. Sections were then hybridized overnight
with [35S]dATP-labeled DNA probes for gp91phox, TGF-β1, TIMP-2, and type I collagen at
45°C. The hybridized sections were then washed, dried, and subsequently exposed to Kodak
Biomax X-ray film. After exposure, the film was developed and sections were stained with
hematoxylin and eosin. Quantitation of mRNA optical density was performed using a computer
image analysis system (NIH Image, 1.60) (23).
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Immunohistochemistry
The appearance, population and localization of macrophages, lymphocytes, myofibroblasts
and proliferating cells as well as expression of 3-nitrotyrosine in the mouse heart were detected
by immunohistochemistry. Cardiac sections (6μm) were air-dried, fixed in 10% buffered
formalin for 5 min, and washed in PBS for 10 min. Sections were then incubated with the
primary antibody against ED1 (macrophages), CD4 (lymphocytes), α–smooth muscle actin
(SMA) (myofibroblasts) (Sigma, St Louis, MO), and Ki67 (proliferating cells) (ID Labs,
London, ON Canada) and 3-nitrotyrosine (Cayman Chemical Co, Ann Arbor, MI) for 1 h at
room temperature. Sections were then incubated with IgG-peroxidase conjugated secondary
antibody (Sigma, St. Louis, MO) for 1 h at room temperature, washed in PBS for 10 min, and
incubated with 0.5 mg/mL diaminobenzidine tetrahydrochloride 2-hydrate + 0.05% H2O2 for
5 min. Negative control sections were incubated with secondary antibody alone. All sections
were counterstained with hematoxylin, dehydrated, mounted, and viewed by light microscopy
(24).

TUNEL
Apoptosis was detected by TUNEL technique using an Apop Tag Fluorescein kit (Intergen,
Norcross, GA). In brief, cardiac sections (6μm) were fixed in 1% faraformaldehyde, followed
by incubation with TdT enzyme. Sections were then incubated with antidigoxigenin conjugated
with fluorescein. Sections were counterstained with Propidium iodide (PI), mounted and
viewed by fluorescence microscopy (25). TUNEL-positive nuclei were distinguished from the
TUNEL-negative nuclei by counterstaining with PI and were counted after being
photographed. The percentage of nuclei labeled by TUNEL per unit of cells stained with PI
nuclear dye reflected the apoptotic index.

Cardiac Morphology
Cardiac sections (6μm) were prepared to determine the fibrillar collagen accumulation by
collagen-specific picrosirius red staining and observed by light microscopy as previously
reported (26). Collagen volume fraction of each section was determined using a computer
image analysis system (NIH image, 1.60) as previously reported (26).

Infarction Size/Thickness
Cardiac sections (6μm) were taken at the apex, mid-cavity, and base and stained with H&E.
Infarct size were determined as the mean percentage of epicardial and endocardial
circumference occupied by infarct tissue for the three sections as previously described by
Pfeffer et al (27). Infarcted myocardium thickness was measured using a computer image
analysis system (NIH Image, 1.60).

Statistical Analysis
Statistical analysis of ratio of heart weight, infarct size, wall thickness, gene expression and
apoptosis findings was performed using analysis of variance. Values are expressed as mean
±SEM with P<0.05 considered significant. Multiple group comparisons among controls and
each group were made by Scheffé’s F-test.

RESULTS
Cardiac Gene Expression of gp91phox following MI

Low gp91phox mRNA levels were observed in the normal heart of wild type mice (Figure 1,
panel A). Following MI, gp91phox mRNA levels were significantly increased in the infarcted
myocardium on day 3, reached peak on day 7 (Figure 1, panel B) and gradually declined
thereafter. However, gp91phox mRNA remained unchanged in noninfarcted myocardium

Zhao et al. Page 3

Cardiovasc Pathol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



compared to controls. Cardiac gp91phox mRNA was not detectable in gp91phox knockout mice
(panel C). The quantitative gp91phox mRNA data in the infarcted myocardium of wild type
mice are shown in Figure 1, panel D.

Heart Weight, Infarct Size/Thickness and Myocyte Hypertrophy
Compared to controls, heart weight was continuously increased in both wild type and
gp91phox knockout mice following MI, indicating the development of hypertrophy in
noninfarcted myocardium. However, there was no significant difference in the heart weight
between wild type and gp91phox knockout mice (Figure 2). Myocyte hypertrophy became
evident in the noninfarcted left ventricle (septum) in both groups at week 2 and 4 postMI. Left
ventricle infarct size and thickness (Figure 2) were similar between wild type and gp91phox

knockout mice at all studied time points.

Cells Involved in Cardiac Repair/Remodeling and Proliferation
By immunohistochemistry, we detected cells involved in cardiac inflammatory/fibrogenic
responses following MI. In wild type mice with MI, we observed accumulated ED-1 positive
macrophages at the site of infarction on day 3. The population of macrophages reached peak
on day 7 (Figure 3, panel B) and gradually declined thereafter. A small population of
lymphocytes was present at the site of MI (Figure 3, panel D). Inflammatory cell accumulation
was not seen in noninfarcted myocardium.

Cell proliferation was detected by immunohistochemical Ki67 staining. Proliferating cells were
rarely seen in the normal heart (Figure 3, panel E). Following MI, abundant proliferating cells
appeared at infarct site, particularly on day 7 (Figure 3, panel F). The majority of these
proliferating cells are fibroblast-like cells and newly-formed vascular smooth muscle cells and
endothelial cells.

Myofibroblasts are phenotypically transformed fibroblasts and play a major role on collagen
synthesis in the injured tissue. A hallmark of these cells is the expression of α-smooth muscle
actin (SMA). By immunohistochemical α-SMA labeling, we detected involvement of
myofibroblasts on cardiac repair in mice following MI. Normal myocardium does not contain
myofibroblasts (Figure 3, panel G). Following MI, myofibroblasts began to appear in the
infarcted myocardium on day 3, became abundant on day 7 (Figure 3, panel H) and 14 and
gradually declined thereafter. Myofibroblasts were not seen in noninfarcted myocardium.

Compared to wild type mice with MI, inflammatory cell response, cell proliferation and
appearance of myofibroblasts were similar to those found in gp91phox knockout mice.

Cardiac Apoptosis
By using TUNEL technique, we detected apoptosis in the infarcted heart. Apoptotic cells were
rarely seen in the normal mouse heart (Figure 4, panel A). On day 3 postMI, we observed
abundant apoptotic cells in the infarcted myocardium, particularly at the border zones, the
regions between infarcted and noninfarcted myocardium in both wild-type (Figure 4, panel B)
and gp91phox knockout mice (not shown). The majority of cells undergoing apoptosis at this
time point were myocytes. The number of apoptotic myocytes was largely reduced in the
infarcted myocardium in the later time points, while most apoptotic cells were inflammatory
cells on day 7 (Figure 4, panel C) and 14 and myofibroblasts on day 28 (Figure 4, panel D).
There was, however, no significant difference in apoptotic rate in the infarcted myocardium
between wild type and gp91phox knockout mice (Figure 4, panel E).
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Cardiac Gene Expression of TGF-β1, TIMP-2 and Type I Collagen
As detected by quantitative in situ hybridization, low levels of TGF-β1 (Figure 5, panel A),
TIMP-2 (Figure 5, panel C) and type I collagen (Figure 5, panel E) mRNAs were observed in
the heart of both wild type and gp91phox knockout mice. On day 3 and 7 following MI, TGF-
β1 mRNA was significantly increased at the site of MI in both wild type (Figure 5, panel B)
and gp91phox knockout mice and then declined to normal levels on day 14 and 28. TIMP-2
mRNA was significantly elevated in the infarcted myocardium on day 3, peaked on day 7
(Figure 5, panel D) and declined thereafter, but still remained significantly higher than controls
in both wild-type and gp91phox knockout mice. Compared to controls, type I collagen mRNA
was significantly increased in the infarcted myocardium on day 3, reached peak on day 7
(Figure 5, panel F), declined but remained significantly higher on day 14 and returned to normal
levels on day 28 in both wild type and gp91phox gene knockout mice. However, there is no
significant difference in cardiac TGF-β1, TIMP-2 and type I collagen mRNA levels between
wild type and gp91phox gene knockout mice at any studied time point. The quantitative data
on TGF-β1, TIMP-2 and type I collagen mRNAs in the infarcted myocardium are shown in
Figure 6.

Cardiac Collagen Volume
By collagen-specific picrosirius red staining, we observed a small amount of collagen in the
cardiac interstitial space in both wild type (Figure 7, panel A) and gp91phox knockout mice
(not shown). Following MI, collagen started to accumulate at the infarcted myocardium on day
3 and continuously increased over the course of 4 weeks in both wild type and gp91phox

knockout mice. However, collagen volume in the infarcted myocardium was not significantly
different between wild type and gp91phox knockout mice (Figure 7). Collagen volume was not
significantly elevated in noninfarcted myocardium at any time point.

Expression of 3-nitrotyrosine
Superoxide can react with nitric oxide to form short-lived peroxynitrite. Peroxynitrite forms
stable 3-nitrotyrosine, which serves as a marker of oxidative stress (28). By
immunohistochemistry, 3-nitrotyrosine is negatively labeled in the normal myocardium of both
wild type and gp91phox knockout mice. Following MI, 3-nitrotyrosine is extensively expressed
in the infarcted myocardium in both wild type and gp91phox knockout mice, which is most
evident on day 7 and cells expressing 3-nitrotyrosine were primarily inflammatory cells (Figure
7).

DISCUSSION
Ventricular structural remodeling after MI is characterized by cardiac repair in the infarcted
myocardium as well as interstitial fibrosis and hypertrophy in noninfarcted sites (4-6).
Increasing evidence from both animal and human studies has demonstrated that cardiac
oxidative stress appearing following MI plays an important role in the pathogenesis of cardiac
remodeling and progression of cardiac dysfunction (7,29-30). NADPH oxidase is a major
source of superoxide production in the heart. Herein we addressed the importance of NADPH
oxidase on cardiac molecular and cellular events related to cardiac repair/remodeling that
appear within the infarcted heart.

Firstly, this study has demonstrated that in wild type mice, gp91phox expression was
significantly increased in the infarcted myocardium, particularly in the early stage of MI. The
elevation of NADPH oxidase in the infarcted heart may result in enhanced ROS production.
The occurrence of cardiac oxidative stress has also been demonstrated in rats and mice with
MI (13-14). ROS in low concentrations serve as signaling molecules (31). However, these
agents elicit harmful effects when produced in excess (32). Experimental studies have also
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demonstrated that oxidative stress can induce most of the changes that contribute to myocardial
remodeling. Chronic antioxidant treatment has been shown to suppress cardiac oxidative stress,
attenuate ventricular remodeling, and improve left ventricular function in rats or mice with
experimental MI (12-14).

Secondly, we addressed oxidative stress related molecular and cellular events that appear
within the infarcted mouse heart. We explored cells involved in cardiac repair/remodeling and
the expression of profibrogenic mediators. Following MI, monocyte-derived macrophages
were found to be the major inflammatory cells in the infarcted myocardium. Macrophages are
responsible for cytokine release, phagocytosis and induction of oxidative stress in the repairing
tissue. Enhanced cardiac gp91phox in wild type mice is primarily expressed by macrophages.
After week 2 postMI, macrophages gradually disappeared from the infarcted heart, which is
coincident with the decline in gp91phox expression in the late stage of MI. Mediated by ROS,
macrophages have been demonstrated to stimulate proinflammatory/profibrogenic cytokine
release in the repairing tissue, that include tissue necrosis factor (TNF)-α and TGF-β. This
study has shown enhanced cardiac TGF-β1 expression, which is spatially coincident with
macrophages in the infarcted myocardium. TGF-β1 is the key stimulator on the differentiation/
proliferation of myofibroblasts and their collagen synthesis in the repairing tissue.
Myofibroblasts are phenotypically transformed fibroblasts, which are not present in the normal
tissue, but appear in the repairing tissue, where they play a key role on fibrous tissue formation
(33). Following MI, abundant myofibroblasts were observed at the site of infarction and are
co-localized with enhanced TGF-β1 and collagen expression. Myofibroblasts are, however,
not seen in noninfarcted myocardium. TGF-β also stimulates the synthesis of TIMPs. TIMPs
primarily inhibit collagen degradation by matrix metalloproteinases and therefore facilitate
collagen accumulation (34). TIMP expression is tightly controlled at the transcription level. In
the current study, we observed significantly elevated TIMP-2 gene expression at the site of
infarction. Thus, the imbalance of cardiac collagen synthesis and degradation that appears in
the infarcted heart results in fibrous tissue accumulation.

We then detected cardiac apoptosis and hypertrophy following MI. Loss of myocytes is an
important mechanism in the development of myocardial remodeling and cardiac failure.
Myocyte apoptosis has been shown to occur in the infarcted myocardium in rats (24). In the
current study, we observed abundant apoptotic myocytes at the site of MI, particularly at day
3 and 7 postMI. However, myocyte apoptosis was not evident in noninfarcted myocardium. In
the late stage of MI, apoptotic macrophages and myofibroblasts became evident in the infarcted
myocardium. These repairing cells are transient cells in the infarcted heart and are finally
eliminated through apoptosis when cardiac repair is completed. The regulation of myocyte
apoptosis involves multiple mechanisms. ROS have been proven to be one of the stimulators
of myocyte apoptosis (35-37). Treatment with the antioxidants has been indicated to attenuate
oxidative stress and cardiomyocyte apoptosis (38-40). Following MI, myocardial hypertrophy
is developed in non-infarcted left ventricle, which is most evident at week 4. Extracellular
stimuli such as mechanical strain, neurohormones or cytokines have been well recognized to
promote myocyte hypertrophy. Recent studies have further demonstrated that these
extracellular stimuli may mediate myocyte hypertrophy via oxidative stress.

Finally, we studied the effect of NADPH oxidase on cardiac oxidative stress and myocardial
repair/remodeling following MI in mice. Frantz et al have recently reported that lack of
gp91phox did not improve cardiac function, infarct size and systemic oxidative stress (41). In
the current study, we further examined the potential effect of gp91phox on cardiac oxidative
stress and its related inflammatory response, cell proliferation, fibrogenic response,
hypertrophy and apoptosis in the infarcted heart. We found that gp91phox expression was
significantly elevated with oxidative stress occurring at the site of infarction in wild type mice,
particularly in the first week postMI. However, in gp91phox deficiency mice, cardiac oxidative
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stress was also developed and oxidative stress related cardiac inflammatory/fibrogenic
responses, myocyte apoptosis and hypertrophy as well as infarct size were similar to those
found in wild-type mice. The protective effects of gp91phox deficiency on cardiac repair/
remodeling were therefore not evident. Even though NADPH oxidase is a major source of
superoxide, it has been reported that oxidative stress in the injured heart can be derived from
other sources. In addition to NADPH oxidase, ROS can also be produced intracellularly
through electron leakage from the mitochondria during oxidative phosphorylation and through
the activation of several cellular enzymes, including xanthine oxidase and nitric oxide synthase.
Therefore, during gp91phox deficiency, appearance of oxidative stress in the infarcted heart
might be due to compensating ROS production by other sources. Furthermore, Frantz et al’s
study showed that systemic oxidative stress was also not reduced in gp91phox gene knockout
mice with MI (41). In addition to gp91phox, NADPH oxidase is composed of several other
subunits including p22phox, p40phox, p47phox, p67phox and racl. Doerries et al have recently
indicated that lack of p47phox improved cardiac remodeling and ventricular function, indicating
the importance of p47phox in cardiac remodeling following MI (42). This observation suggests
that the individual subunits of NADPH oxidase may differ in the effects they have on cardiac
remodeling postMI. The potential role of gp91phox in the heart has been studied in other models.
Maytin et al have indicated that myocardial hypertrophy induced by chronic pressure overload
after aortic constriction was also not affected in gp91phox knockout mice (43). However,
another study has shown the reduced cardiotoxicity following doxorubicin treatment in
gp91phox knockout mice (44). Taking together, these studies suggest that gp91phox has different
functions in cardiac remodeling depending on the nature of cardiac damage. In addition to the
heart, it has also been reported that in intrapulmonary arteries, endothelial dysfunction induced
by chronic hypoxia depends on gp91phox (45).

In summary, the current study has examined the spatial and temporal responses related to
cardiac remodeling following MI including cells responsible for cardiac repair, cardiac
apoptosis, inflammatory/fibrogenic responses and hypertrophy in mice. By using gp91phox

knockout mice, we detected the importance of NADPH oxidase on cardiac oxidative stress and
repair/remodeling following MI. Our results have indicated that NADPH oxidase deficiency
does not suppress cardiac oxidative stress and is not protective to cardiac remodeling postMI.
Our findings indicate that during NADPH oxidase deficiency, superoxide production can be
compensated by other sources, leading to cardiac oxidative stress and its related molecular/
cellular events in the infarcted heart.
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Figure 1.
Cardiac gp91phox gene expression in wild type mice. In sham-operated heart, low levels of
gp91phox mRNA were present in both left and right ventricles (LV, RV) (panel A). On day 7
postMI, gp91phox mRNA levels were largely increased at the site of MI, but not in septum (S)
and right ventricle (panel B). Cardiac gp91phox mRNA was not detectable in gp91phox knockout
mice (panel C). Panel D shows temporal response of gp91phox mRNA in the infarcted
myocardium. * p<0.05 vs controls (CTL).
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Figure 2.
Heart weight, infarct size and infarct thickness in wild type and gp91phox knockout
(gp91phox-/-) mice.
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Figure 3.
Cells involved in cardiac repair following MI in wild type mice. ED-1+ macrophages, CD3+
lymphocytes and Ki67+ proliferating cells were rarely seen in the normal heart (panels A, C,
and E, respectively). On day 7 postMI, macrophages were accumulated at the site of MI (panel
B, brown), while only a few lymphocytes were seen in the same site (panel D, arrows).
Abundant proliferating cells (brown) including fibroblast-like cells (arrows), vascular
endothelial and smooth muscle cells (V), were present in the infarcted myocardium (panel F).
α-SMA+ myofibroblasts were not present in the normal heart (panel G, arrows: α-SMA+
vascular smooth muscle cells). On day 7 postMI, myofibroblasts appeared and accumulated in
the infarcted myocardium (panel H, brown).
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Figure 4.
Apoptosis in the infarcted mouse heart. Apoptotic cells were not observed in the normal mouse
heart (panel A). Following MI, numerous apoptotic myocytes (bright spots) were seen in the
infarcted myocardium on day 3 (panel B). Apoptotic inflammatory cells (panel C) and
myofibroblasts (panel D) became evident in the infarcted myocardium of wild type mice on
day 7 and 28, respectively. Temporal cardiac apoptosis data in both wild type and gp91phox

knockout mice are shown in panel E.
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Figure 5.
Gene expression of profibrogenic mediators in the infarcted wild type mouse heart. Detected
by in situ hybridization, low levels of TGF-β1 (panel A), TIMP-2 (panel C), and type I collagen
(panel E) mRNAs are located in both left and right ventricles (LV, RV). On day 7 postMI,
TGF-β1 (panel B), TIMP-2 (panel D), and type I collagen (panel F) mRNAs were largely
increased in the infarcted myocardium.
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Figure 6.
Temporal response of cardiac TGF-β1, TIMP-2 and type I collagen gene expression in the
infarcted heart of wild type and gp91phox knockout mice.
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Figure 7.
Cardiac collagen volume and 3-nitrotyrosine expression. A small amount of collagen (red) is
present in the interstitial space (pane A, arrows). Following MI, collagen volume is largely
increased at the site of MI on day 28 (pane B). Temporal response of collagen volume fraction
at the site of MI in both wild type and gp91phox knockout mice is shown in panel C. On day 7
postMI, 3-nitrotyrosine is similarly expressed in the inflammatory cells at the site of MI in
wild type and gp91phox knockout mice (panels D and E, respectively).
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