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Abstract

A comprehensive number of epidemiological and animal studies suggest that prenatal and early
life events are important determinants for disorders later in life. Among them, prenatal stress (i.e.
stress experienced by the pregnant mother with impact on the fetal ontogeny) has clear
programming effects on the cardiovascular system. A fetus developing under adverse conditions
becomes an adult who is susceptible to disease, which may include hypertension, insulin
resistance, altered blood lipid levels and cardiovascular disease. Recent evidence demonstrates
that maternal programming can occur in the absence of other adverse environmental factors.
Obesity, which is becoming a problem of large proportions in Western countries, is a possible
cause of programming. With over 30% of the US population currently obese, many mothers
currently suffer from obesity during their child-bearing years (in fact, these conditions are often
aggravated during pregnancy). One of the targets of programming is the cardiovascular system and
reported consequences include hypertension, endothelial dysfunction and vascular abnormalities.
The overall goal of our studies was to investigate the susceptibility of the heart to ischemia/
reperfusion in an animal model of maternal obesity. Our data demonstrate that normal (non-
mutant) offspring from obese Agouti mouse dams had an increased susceptibility to ischemia/
reperfusion injury. These data may provide insights into the long-term cardiovascular
consequences of programming.
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Introduction

Originally proposed by Barker et al (Barker et al., 1989), the “fetal origins” hypothesis holds

that a fetus developing under adverse conditions becomes an adult who is susceptible to
disease, which includes hypertension, insulin resistance, altered blood lipid levels and
cardiovascular disease. Originally, “programming” was described to result from
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undernourishment of mothers during pregnancy (Barker et al., 1989). We now know that it
can also result from other insults during fetal development, which establishes a permanent
physiological response that affects the individual for the rest of their lives (Fowden et al.,
2006). Of particular concern are two conditions that affect a very large number of
individuals in the US. These are obesity and diabetes. Maternal body mass index (BMI) is an
independent predictor of birth weight and many studies have now shown that infants of
obese women are prone to increased fat mass in childhood and young adulthood (Parsons et
al., 2001; Salsberry & Reagan, 2005; Sacks et al., 2006; Boney et al., 2005; Sewell et al.,
2006; Shields et al., 2006; Koupil & Toivanen, 2008). With over 30% of the US population
currently obese, many mothers currently suffer from these conditions during their child-
bearing years (in fact, these conditions are often aggravated during pregnancy). According
to the “fetal origins” hypothesis, their children stand the chance of growing up to be adults
in poor health, which, in addition to problems of morbidity and mortality, is a huge financial
burden on our country. It is therefore imperative to understand the factors leading to, as well
as the consequences of, fetal programming resulting from maternal obesity.

There are several reports showing that the heart can be persistently affected by adverse
influences in-utero. Cardiac function in animal models of developmental programming has
been infrequently addressed, although most studies suggest permanent influences on
myocardial function. These include demonstration of ventricular hypertrophy arising from
prenatal undernutrition (Battista et al., 2005). Prenatal exposure to under nutrition also leads
to offspring tachycardia with reduced p1-adrenergic receptor (B-AR) expression and
sympathetic function (Fernandez-Twinn et al., 2006), changes in cardiomyocytes number
(Corstius et al., 2005), alterations in heart size (Xu et al., 2006; Williams et al., 2005; Xiao
et al., 2000; Ostadalova et al., 2002) and interstitial fibrosis (Cheema et al., 2005). Maternal
nutrient restriction in a sheep model is associated with expression in the fetal left ventricle of
genes associated with cardiac hypertrophy (Han et al., 2004). Prenatal chronic hypoxia in
the rat enhances susceptibility of the adult rat heart to ischemia/reperfusion injury (Li et al.,
2003b) and differentially regulates the expression of B-AR subtypes (Roigas et al., 1996).
These offspring have a greater than normal proportion of binucleate cardiomyocytes
suggesting premature maturation and terminal differentiation of cardiomyocytes (Bae et al.,
2003). Maternal anemia in the pregnant ewe altered coronary conductance which persists to
adulthood (Broberg et al., 2003). Thus, prenatal programming can set the level of
vulnerability for heart disease before birth. Chronic maternal hypoxia has also been
demonstrated to lead to adaptive alterations in the heart, which increases the susceptibility of
the heart to ischemic insults (Ostadalova et al., 2002; Xu et al., 2006; Li et al., 2003a). Our
overall goal of this study was to examine effects of maternal obesity on the
pathophysiological consequences of ischemia/reperfusion in the cardiovascular system. We
used a genetic mouse model of maternal obesity. Normal (non-obese) offspring were raised
on a normal diet for over a year, before assessing left ventricular function by
echocardiography and subjecting the mice to an in vivo ischemia/reperfusion protocol.

Materials and Methods

Mouse model of maternal obesity

In mice, the lethal yellow (AY) mutation is one of five dominant agouti mutations that result
in ectopic agouti expression and is an excellent animal model for human obesity. The AY
mouse has been demonstrated as a valid model of fetal programming resulting from
maternal obesity since normal offspring from AY dams have impaired glucose tolerance and
impaired pancreatic B-cell function (Han et al., 2005). We consequently used the AY mouse
model to characterize the cardiovascular consequences of maternal obesity-induced fetal
programming. Agouti mice become obese around 6-8 weeks of age, at which time their
blood glucose levels are normal (Han et al., 2005), which provides for a model of maternal
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obesity in the absence of diabetes. The breeding strategies and colony management are
depicted in Figure 1. We bred heterozygote AY females (in a C57BL6 background; Jackson
Laboratories: strain: B6.Cg-Ay/J; stock number: 000021) to non-mutant C57BL6J males.
Non-mutant (black coat color; AY-negative) offspring were used in these studies.
Heterozygote offspring were not used. The control group consisted of non-mutant C57BL6J
animals. Offspring were gender-matched and litter sizes were kept similar between groups.
Forty-eight hours after delivery litters were reduced to 4 with equal sex ratios where
possible (litters less than 4 were not used). The animals came from a total number of 10
litters. All animals had free access to normal chow and water. All animals were used at 46—
48 weeks of age and received humane care in compliance with the “Principles of Laboratory
Animal Care” formulated by the National Society of Medical Research and the Guide for the
Care and Use of Laboratory Animals published by the National Institutes of Health (NIH
Publication No. 85-23, Revised 1996). The experimental protocol was reviewed and
approved by the Institutional Animal Care and Use Committee of NYU School of Medicine
and Emory University School of Medicine.

Echocardiographic Assessment of left ventricular structure and function

Mice were anesthetized with isoflourane in 100% O, with continuous monitoring of ECG,
core body temperature and respiration rate. Transthoracic high-resolution, two-dimensional
ECG-based kilohertz visualization, B mode images were acquired at the rate of 1,000
frames/sec over 7 min. These images were used to calculate left ventricular (LV) dimensions
as well as ejection fraction (EF). After the baseline images were acquired, the mice were
subjected to LCA occlusion followed by reperfusion as described below. At 24 hr of
reperfusion, post I/R echocardiographic images were obtained. Off-line measurements and
calculations were made using Visual Sonics V2.2.3 software for the assessment of LV
structure and function.

Myocardial ischemia and reperfusion protocol

All surgical procedures were performed using aseptic techniques as previously described in
detail (Elrod et al., 2006). Briefly, mice were anesthetized via i.p. injection of sodium
pentobarbital (50 mg/kg) and ketamine (60 mg/kg). Mice were intubated and ventilated with
100% oxygen by a rodent ventilator, Minivent (HugoSachs, Model 845) at a rate of 110
strokes/minute and 230 pL tidal volume. A thoracotomy was performed, the left coronary
artery (LCA) was visually identified and ligated with a 7-0 silk suture rendering the left
ventricle ischemic. Mice were subjected to 45 min of LCA ischemia followed by 24 hr of
reperfusion.

Assessment of myocardial infarct size

After 24 of reperfusion, infarct size was determined as previously described (Elrod et al.,
2006). Briefly, Evan’s blue dye was injected into the carotid artery catheter to delineate the
ischemic zone from the nonischemic zone. The heart was rapidly excised and cross-
sectioned into 1-mm thick sections, which were then incubated in 1.0% 2,3,5
triphenyltetrazolum chloride (TTC) for 5 minutes to demarcate the viable and nonviable
myocardium within the risk zone. Images of each side of each section were acquired and
weighed. The area of myocardial infarction (INF), area-at-risk (AAR), and area of
nonischemic LV were assessed blinded using computer-assisted planimetry (NIH Image
1.57).

Statistical Analysis

All the data in this study are expressed as mean + standard error (SEM). Differences in data
between the groups were compared using Prism 4 (GraphPad Software, Inc) or SigmaStat
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v3.5. Statistical test employed included Student’s t-test, one-way analysis of variance
(ANOVA) or Kruskal-Wallis One Way Analysis of Variance on Ranks as appropriate.
Pairwise multiple comparisons were performed using the Tukey test or the Holm-Sidak
method. A p value of less than 0.05 was considered significant.

Long-term phenotypes of the AY offspring

We assessed the non-mutant offspring of AY dams in terms of their body weights and
mortality. There were no differences in overall mortality between groups (data not shown).
There were no differences in body weight at weaning (~3 weeks) or at the termination of the
experiment (~46-48 weeks of age). The males in the experimental group weighed on
average ~10% less than control mice at this time point, but this difference was not
statistically significant (Table 1). Non-fasting blood glucose levels in blood samples from
the mice just prior to the surgical procedure were 203 mg/dl in control (both genders) vs 200
mg/dl in the experimental group (the reason for the higher levels relative to that typically
seen with younger mice is probably related to the old age of these mice).

Maternal programming is associated with an increased myocardial I/R injury

Control and experimental mice were subjected to 45 min of left coronary artery (LCA)
ischemia and 24 hr of reperfusion. A total of 42 animals were subjected to this procedure (21
animals in each of the control and experimental groups). Overall, the survival rate from this
procedure was ~62% (Table 2). The survival rate in the experimental female group was
50%, but this value is not significantly different from the others (Fisher’s Exact test).

Quantitatively, control mice displayed a mean infarct per area-at-risk (INF/AAR) of 64.5 £
2.7 % (Figure 2). There was no difference in the area-at-risk relative to the LV (AAR/LV),
between control and experimental animals (56.1 + 1.2% in control vs. 54.8 + 2.3% in the
experimental group, n= 14 and 12 respectively). Overall, animals in the experimental group
had a significantly larger INF/AAR, but not when expressed as Inf/LV (Figure 2A).

Restricting the analysis to female animals only revealed no differences in INF/AAR between
control and experimental animals (Figure 2B). The infarct size (expressed as a function of
the area-at-risk) was 69.2 + 2.0% in control females and 71.3 + 1.6% in experimental
females (n=7 and n=4 respectively). A corresponding analysis for male animals revealed that
INF/AAR in experimental males was significantly larger when compared to control males
(59.8 £ 4.7% in control males vs. 71.2 + 1.8% in experimental males; p<0.05).

Left ventricular function and structure

Prior to the determination of infarct size (see above), left ventricular function was
determined by echocardiography before and after ischemia/reperfusion. The left ventricular
end-systolic diameter was significantly increased after ischemia/reperfusion with little
change in the left ventricular end-diastolic diameter (Figure 3). The calculated ejection
fraction was depressed following ischemia/reperfusion (Figure 3). There were no significant
differences in these parameters between the control and experimental groups (regardless of
gender). Other parameters that were measured included the LV systolic area, LV diastolic
area, LV systolic volume and the LV diastolic volume (Table 3). The LV systolic area and
volumes were significantly increased after ischemia/reperfusion. A between-group
comparison shows that the LV diastolic area and volume were significantly larger in the
experimental group following ischemia/reperfusion (Table 3). This difference was
significant for males, but not females.
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Discussion

Epidemiological studies performed over the past decade have demonstrated that the risk of
coronary heart disease, stroke mortality and hypertension is strongly related to the
environment encountered during an individual’s life while still a fetus. In particular,
maternal undernutrition during pregnancy has been highlighted as a causal factor in the
long-term programming of disease risk. The concept is now firmly established that a
compromised intra-uterine environment is a major cause for this “fetal programming” of
poor health in later life (Fowden et al., 2006). Although much further studies are needed,
developmental programming and childhood disease have been cited as possible causes for
the recent finding of the unexpected and significantly poorer health status of older non-
Hispanic whites in the United States compared to those in England (Banks et al., 2006).

Fetal programming resulting from maternal obesity

Although developmental programming was initially described resulting from maternal
malnutrition, it is now clear that other environmental factors occurring during fetal
development also have major consequences for health later in life. For example, offspring
from overweight mothers are susceptible to long-term health problems (Armitage et al.,
2005b). This is a particularly important problem given that obesity is reaching epidemic
proportions. At present, 65% of the US population is overweight (BMI > 25) and 31% of the
adult population is obese (BMI > 30) (Ogden et al., 2004; Hedley et al., 2004; Ogden et al.,
2002). Many overweight and obese women unknowingly enter preghancy and continue
overeating during the critical first trimester, when much of the fetal programming is thought
to occur. Thus, the stage is set for adult-onset health problems to emerge in the next
generation — even if the current weight problems can be curbed.

The cardiovascular system as a target of fetal programming

David Barker and colleagues performed population studies to examine the reasons for
regional differences in the incidence of mortality from stroke and cardiovascular disease in
England and Wales. They noted that ischemic heart disease and mortality due to stroke and
cardiovascular disease was clearly associated with the poor health of mothers, which they
named as a determinant of risk in the offspring (Barker et al., 1989; Barker & Osmond,
1986). Further studies also demonstrated an association between low infant weight and high
rates of cardiovascular mortality (Kermack et al., 2001). The adverse cardiovascular
consequences of fetal programming has now been firmly established (Remacle et al., 2004;
Langley-Evans, 2001; McMillen & Robinson, 2005).

Several cardiovascular consequences may occur. One of these is hypertension. Of the 71.3
million American adults with one or more form of cardiovascular disease, hypertension is
the most prevalent (91% of these have a high blood pressure) (Thom et al., 2006).
Epidemiological and animal studies alike have provided ample evidence for hypertension as
a consequence of adverse fetal programming. In general, there is an inverse relationship
between blood pressure in the adult and their birth weights (Huxley et al., 2002; Huxley et
al., 2000). There is also evidence that vascular and endothelial functions are affected by
maternal programming (Leeson et al., 2001; Ozaki et al., 2001; Brawley et al., 2003). The
latter is particularly interesting since endothelial dysfunction is a strong predictor of the
development of coronary artery disease (Bugiardini et al., 2004).

The present study was designed to examine the consequences of ischemia/reperfusion in
programming resulting from maternal obesity. Coronary artery disease remains the number
1 killer in America and caused 1 out of every 5 deaths in the United States in 2003 (Thom et
al., 2006). About every 26 seconds an American suffers from a coronary event and about
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every minute, someone will die from it. About 40% of the people who experience a coronary
event will die within a year as a result (Thom et al., 2006). Although fetal programming has
not been linked directly to coronary heart disease in experimental studies, it should be noted
that the fetal programming hypothesis first came into being when epidemiological studies
linked mortality due to cardiovascular disease and stroke to poor health and physique in the
mothers of the victims (Barker & Osmond, 1986; Barker et al., 1989; Barker, 2002). Yet,
very little is known about fetal programming of the heart and or how the cardiac response to
pathophysiological states is altered (such as with stress or during ischemia/reperfusion). It
appears that fetal programming of the rat heart is associated with adaptive responses,
including an increase in cell size (cellular hypertrophy), cell number (hyperplasia) and
apoptosis (Langley-Evans et al., 1996; Bae et al., 2003). The consequences of these changes
are not immediately apparent, but they may make the heart more susceptible to
pathophysiological injury. Indeed, there are some indications that the severity of ischemia
may be increased by fetal programming. For example, in a rat model of maternal hypoxia
the susceptibility of the offspring heart to ischemia/reperfusion injury is impaired (Li et al.,
2003a; Li et al., 2004; Xu et al., 2006). Our data are the first to directly demonstrate that
maternal obesity is associated with impaired cardiac outcome after ischemia/reperfusion.
Specifically, we found that male, but not female, offspring of obese mice have a
significantly increased infarct size following an in-vivo ischemia/reperfusion protocol.
These changes were not associated with clear alterations in cardiac function (ejection
fraction as assessed by echocardiography). There were, however, differences in the LV
diastolic area and volume. At the present, the underlying mechanisms for the worse
prognostic outcome is unknown and future experimental studies are needed to examine the
consequences of fetal programming on the susceptibility of the heart and coronary
vasculature to pathophysiological insults. It is interesting to note, however, that alterations in
heart sizes have been noted in prior studies. For example, in a model of diet-induced
maternal obesity in mice, offspring are hypertensive and have evidence of metabolic
syndrome. Interestingly, there was also an increase in heart mass (Samuelsson et al., 2008).
The changes in cardiac weight and dimensions have also been previously reported for other
models of fetal programming. Maternal hypoxia, for example, has been shown to be
associated with in increase in heart weight in offspring (fetuses, neonates and adults)
(Williams et al., 2005; Xu et al., 2006; Xiao et al., 2000; Ostadalova et al., 2002). Finally, a
recent study demonstrated that 6 month old infants of women who gained the greatest
weight in pregnancy have heavier hearts than offspring of women who gained appropriate
weight (Geelhoed et al., 2008).

Possible gender-bias with maternal programming

Animal studies indicate that the phenotype observed with maternal programming depends
not only on the timing and intensity of the manipulation, but also on the offspring gender. In
some studies, there appears to be a preference for female offspring to be affected. For
example, obesity-induced programming may lead to gender differences in renin-angiotensin
axis and insulin release, with females being more susceptible than males (Armitage et al.,
2005a; Han et al., 2005). If similar gender differences exist in the effects of programming on
the cardiovascular system, then this may have important implications in understanding the
emerging realization that cardiovascular disease is not restricted to males and is also the
number one Killer for women - in 2003, more female lives were claimed by CVD than were
claimed by the next five leading causes of death combined (cancer, COPD, Alzheimer’s,
diabetes and accidents) (Thom et al., 2006). Other studies suggest that males are also
susceptible to the sequelae of maternal programming. For example, perinatal protein
restriction during pregnancy in rats preferentially affects males in programming for adult
hypertension or insulin resistance, whereas female rats are relatively resistant (Woods et al.,
2005; Sugden & Holness, 2002), which is an effect that could even be carried to a second
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generation (Pinheiro et al., 2008). While experimental data regarding gender-specific effects
on the response to ischemia/reperfusion are not known, human population studies suggest
that cardiac mortality in males is affected (Banks et al., 2006). Our data demonstrate a clear
increase in infarct size following ischemia/reperfusion in males, but not in female offspring
from obese Agouti dams. Similarly, we observed an increased LV diastolic area and volume
in males, but not in females. Caution should be used in over-interpreting these gender data;
however, since the precise effects of programming on the cardiovascular system may depend
on the species and/or model being used.

Possible Mechanisms for Increased Susceptibility to I/R injury in offspring from Obese

dams

In the present study we did not define the cellular and molecular mechanisms responsible for
the increase in susceptibility to myocardial ischemia-reperfusion (I/R) injury in the offspring
from obese dams. This was largely the result of the very limited number of offspring that
were available for these studies. It is possible to speculate on the mechanisms that aggravate
the severity of myocardial cell death and myocardial contractile dysfunction. Primary
culprits in the pathogenesis of myocardial I/R injury include the generation of reactive
oxygen species (ROS), impaired endothelial function and loss of coronary nitric oxide (NO)
bioavailability, myocardial inflammation, mitochondrial dysfunction, and apoptosis. The
effects of adult obesity on the severity of myocardial I/R has been previously investigated in
various animal models and there are strong data demonstrating that obesity directly
enhances the severity of MI/R injury (Gundewar et al., 2007; Bouhidel et al., 2008; du Toit
et al., 2008; Thakker et al., 2006). Obese, non-diabetic animals subjected to myocardial I/R
exhibit a significant increase in myocardial infarct size and increased cardiac dysfunction
(Gundewar et al., 2007; Bouhidel et al., 2008; du Toit et al., 2008; Thakker et al., 2006).
Similar results are observed in obese animals with increased blood glucose levels (Greer et
al., 2006). These studies also suggest that the cardioprotective effects of various therapeutic
agents are largely attenuated in obese animals (Gundewar et al., 2007; Bouhidel et al., 2008;
du Toit et al., 2008). Previous studies suggest that increased oxidative stress, enhanced
inflammatory response, and a loss of cardioprotective signaling pathways such as the RISK
pathway promote myocardial cell injury in obesity (Gundewar et al., 2007; Bouhidel et al.,
2008; du Toit et al., 2008; Thakker et al., 2006). It is likely that obesity related factors such
as adipokines are exchanged between the maternal and fetal circulations and “imprint” a
number of latent signals that promote oxidative and inflammatory stress in the offspring of
obese dams that enhance subsequent cardiac injury following I/R. Our future studies of the
offspring of obese animals will be targeted at the elucidation of the pathological signaling
involved in the exaggerated response to MI/R injury.

Limitations of the study

The Agouti (AY) mouse has been previously used as a valid model of fetal programming
resulting from maternal obesity. Normal (non-obese) offspring from AY dams have impaired
glucose tolerance and impaired pancreatic B-cell function (Han et al., 2005). However, this
is not a commonly used model of programming resulting from maternal obesity and our data
should be validated with the use of other experimental models. A further issue is that our
experimental numbers were fairly low. Although we initiated the study with 42 animals (21
per experimental group), the post-procedural mortality was quite high, most likely due to the
older age of the animals when compared to other studies. Nevertheless, despite the relatively
small remaining group sizes, these data show a clear increase in infarct size in male
offspring from obese dams.
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Significance

Our data provide novel and important insights into the effects of maternal obesity on long-
term cardiovascular health of the offspring. Further experiments of this nature are essential
if we wish to understand how obesity, a major Western burden, may affect cardiovascular
health of millions of individuals, generations from now. Resulting data may aid in the
prediction of long-term cardiovascular outcomes of fetal programming from maternal
obesity in the human population. This would allow the medical community to alter medical
management of these patients in hopes of preventing poor cardiac outcomes. Additionally,
such data may help set the stage to prepare the general population (through advocacy
agencies) about the very real dangers that maternal obesity (and possibly also diabetes) may
hold for their children.
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Breeding and colony management strategy to study normal offspring from obese mouse
dams. In the experimental group, obese female heterozygous Agouti (Ay/—; filled symbols)
mice were bred with non-mutant males. Non-mutant offspring were raised under normal
conditions and used for experiments. The control animals came from normal breeding pairs
(same strain mice). Litters were kept at similar sizes.

Exp Physiol. Author manuscript; available in PMC 2010 July 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Calvert etal. Page 13

A *
70|
60 1 Control
I Experimental
50
o
% 40+ L
o
3@ 30|
S
204
10+
0
AARILV INF/AAR INFILV
B s
70
] Control
60+ N Experimental
50
x
% 40+ = -
5
30 30
=
20
104
0
AARILV INF/AAR INFILV
C =0
*
70|
T Control
60 I Experimental
50
x
% 40+
5 -
55 30
=
204
104
0
AAR/LV INF/AAR INF/LV

Figure 2.

Male offspring from obese Agouti mouse dams have a larger myocardial infarct size
following ischemia/reperfusion. Shown are the area-at-risk as a function of the left
ventricular mass (AAR/LV) and the infarct size expressed as a percentage of the area-at-risk
(INF/AAR) or as a percentage of the left ventricular mass (INF/LV). Data are shown for all
animals combined (A), females only (B) or males only (C). The control group represents
offspring from dams with normal body weights and the experimental group represents
offspring from dams with increased body weights (agouti dams). The experimental numbers
are given in Table 2.
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Mortality following ischemia/reperfusion in the control and experimental animals.

Table 2

Group | Gender | Enrolled | Survived
Control Male 10 7 (70%)
Female | 11 7 (64%)
Experimental | Male 13 8 (62%)
Female | 8 4 (50%)
Total | | 42 | 26 (65%)
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