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Abstract
In the present study we tested the hypothesis that prenatal nicotine exposure increases heart
susceptibility to ischemia/reperfusion (I/R) injury in adult offspring. Nicotine was administered to
pregnant rats via subcutaneous osmotic minipumps throughout gestation. Nicotine treatment resulted
in a rapid and transient decrease in food-intake and a moderate decrease in maternal body weight
gain. Hearts were isolated from adult male and female offspring and subjected to I/R in a Langendorff
preparation. Nicotine significantly attenuated left ventricle (LV) developed pressure, heart rate, and
coronary flow rate in female but not male hearts at baseline. Additionally, nicotine significantly
increased LV infarct size and attenuated postischemic recovery of LV function in both male and
female offspring with more pronounced effects in females. In female but not male hearts, nicotine
significantly decreased the postischemic coronary flow rate. However, coronary nitric oxide release
was decreased in male but not female hearts. Caspase-3, -8, and -9 levels were not significantly
changed in either female or male hearts. However, nicotine caused a significant decrease in protein
levels of protein kinase (PK) Cε in both male and female hearts and a decrease in PKCδ levels in
female hearts only. Control studies of maternal food restriction showed that a moderate decrease in
maternal body weight gain had no effect on female hearts but significantly improved postischemic
recovery of LV function in male hearts. The results suggest that prenatal nicotine exposure causes
in utero programming of the PKC isozyme gene expression pattern in the developing heart and
increases heart susceptibility to I/R injury in adult offspring.

Epidemiological studies have demonstrated that in utero exposure to maternal cigarette
smoking is a significant risk factor for sudden infant death syndrome and is associated with
elevated blood pressure and cardiovascular disease in offspring later in life (Beratis et al.,
1996; Blake et al., 2000). As one of the major components in cigarette smoking, nicotine is
likely to contribute to the development of cardiovascular disorders. Nicotine readily crosses
the placenta and maternal cigarette smoking produces higher nicotine concentrations in fetal
circulation than that experienced by the mother (Lambers and Clark, 1996). Because nicotine
is an agonist of nicotinic acetylcholine receptors, exposure to nicotine early in life may cause
permanent changes in nicotinic receptors and consequent cell function (Slotkin, 1998). We
have recently demonstrated that fetal and neonatal nicotine exposure alters vascular function
in adult offspring in a gender-specific manner, which may lead to an increased risk of
cardiovascular dysfunction in adult life (Xiao et al., 2007).
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The effects of prenatal nicotine exposure on fetal heart development and their long-term
pathophysiological consequences in the adult heart have not been determined. Human
epidemiological studies suggested a link between adverse intrauterine environments and an
increased risk of ischemic heart disease in adulthood (Barker et al., 1993). Recent animal
studies demonstrated that fetal exposure to hypoxia (Xiao et al., 2000; Bae et al., 2003; Li et
al., 2003, 2004; Xu et al., 2006), glucocorticoids (Dodic et al., 2001), and cocaine (Bae et al.,
2005; Bae and Zhang, 2005a) caused an epigenetic programming in the heart and resulted in
increased heart susceptibility to ischemia and reperfusion (I/R) injury in adult offspring. It has
been shown that maternal cigarette smoking acutely increases fetal heart rate, which is probably
due to an increase in sympathetic activity (Mancia et al., 1997). The chronic effects of fetal
nicotine exposure on the heart are somewhat different and to a large extent result from
alterations in heart development. Prenatal nicotine exposure has been shown to alter the types
of nicotinic receptors that facilitate excitatory inputs to cardiac vagal neurons, which may be
responsible for the bradycardia observed in offspring (Huang et al., 2004). It has also been
demonstrated that heart function does not change in rat pups exposed to nicotine prenatally in
normal conditions, but fetal nicotine exposure produces intolerance to neonatal hypoxia,
resulting in a rapid and profound fall in heart rate (Slotkin et al., 1997).

In the present study we tested in a rat model the hypothesis that prenatal nicotine exposure
increases heart susceptibility to I/R injury in adult offspring. Postischemic recovery of left
ventricle (LV) function and myocardial infarct size were determined in hearts isolated from
adult offspring in a Langendorff preparation. To determine the potential gender effects of
prenatal nicotine exposure on the heart, both male and female offspring were included in the
studies. Given that apoptosis plays an important role in I/R injury (Kang and Izumo, 2000) and
the finding that nicotine exposure leads to a gender-specific increase in apoptotic markers in
the brain (Machaalani et al., 2005), we measured the levels of caspase-3, -8, and -9 in the hearts.
In addition, we investigated possible mechanisms underlying nicotine-induced cardiac
dysfunction and determined the protein levels of PKCε and PKCδ in the hearts, which have
been shown to be important in the regulation of cardiac I/R injury (Murriel and Mochly-Rosen,
2003). Because maternal nicotine administration reduced food intake and caused a moderate
decrease in maternal body weight gain during pregnancy, we also studied the effects of
decreased maternal body weight gain with food restriction on heart vulnerability to I/R injury
in adult offspring.

Materials and Methods
Experimental Animals

Time-dated pregnant Sprague-Dawley rats were purchased from Charles River Laboratories
(Portage, MI). Nicotine was administrated through osmotic minipumps implanted s.c. as
described previously (Xiao et al., 2007). In brief, on the 4th day of pregnancy, rats were
anesthetized with ketamine and xylazine, and an incision was made on the back to insert
osmotic minipumps (type 2ML4; Alza, Palo Alto, CA). The incision was closed with four
sutures. Half of the pregnant rats were implanted with the minipumps containing nicotine at a
concentration of 102 mg/ml, and the other half were implanted with the minipumps containing
only saline, which served as the vehicle control. The flow rate of the minipumps was 60 μl/
day, which delivered a dose of 2.1 mg of nicotine free-base per day. In rats of an average of
350 g b.wt., this corresponds to a dose rate of 6 mg/kg/day, which closely resembles doses
occurring in moderate to heavy human smokers (Lichtensteiger et al., 1988; Slotkin, 1998).
According to the manufacturer’s specifications, the delivery period for the pumps is 28 days,
and thus delivery continued after birth until postnatal day 10. As previously reported (Xiao et
al., 2007), nicotine treatment did not affect the litter size and the length of gestation, and all of
the pregnancies reached full term. Maternal food intake and body weight gain were monitored
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daily. On day 21 of pregnancy, some rats were euthanized, and fetal hearts were isolated. Each
litter was counted as an individual sample. Other rats were allowed to give birth naturally. Pups
born to the dams were kept with their mothers until weaning. At weaning, male and female
pups were separated and transferred to cages where they were housed in groups of two. Male
and female offspring were sacrificed at 3 months of age, and hearts were isolated for Western
blot, histological, and I/R functional studies. In separate studies, pregnant rats were divided
into two groups and were fed with food equivalent to that determined in saline control and
nicotine-treated animals, respectively. Hearts were isolated from adult male and female
offspring and studied for I/R injury. Offspring in the present study were from four treatment
groups of pregnant rats: saline control (four litters), nicotine treatment (four litters), control
(six litters), and food restriction (five litters). All procedures and protocols used in the present
study were approved by the Institutional Animal Care and Use Committee of Loma Linda
University and followed the guidelines by the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (National Research Council, 1996).

Histological Analysis
Hearts were fixed in 4% formalin and embedded in paraffin. Both horizontal and vertical
section cuts were conducted from the midline of hearts, and serial sections (5 μm) were stained
with hematoxylin and eosin staining. The wall thicknesses of left and right ventricles and the
ventricle septum were measured.

Western Blot Analysis
Protein levels of procaspase-3, -8, and -9, PKCε, and PKCδ in the left ventricle were determined
with Western blot analysis. Briefly, tissues were homogenized in a lysis buffer containing 150
mM NaCl, 50 mM Tris·HCl, 10 mM EDTA, 0.1% Tween 20, 0.1% β-mercaptoethanol, 0.1
mM phenylmethylsulfonyl fluoride, 5 μg/ml leupeptin, and 5 μg/ml aprotinin, pH 7.4.
Homogenates were then centrifuged at 4°C for 10 min at 10,000g, and supernatants were
collected. Proteins were measured in the supernatant using a protein assay kit from Bio-Rad
(Hercules, CA). Samples with equal proteins were loaded onto 10% polyacrylamide gel with
0.1% sodium dodecyl sulfate and were separated by electrophoresis at 100 V for 2 h. Proteins
were then transferred onto nitrocellulose membranes. Nonspecific binding sites were blocked
with overnight incubation at 4°C in a Tris-buffered saline solution containing 5% dry milk.
The membranes were incubated with primary antibodies against caspase-3, -8, and-9, PKCε,
or PKCδ (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), respectively. After washing,
membranes were incubated with secondary horseradish peroxidase-conjugated antibodies.
Proteins were visualized with enhanced chemiluminescence reagents, and blots were exposed
to Hyperfilm. Results were quantified with the Kodak electrophoresis documentation and
analysis system and Kodak ID image analysis software.

Perfused Hearts Subjected to I/R
Hearts were isolated from adult male and female offspring and retrogradely perfused via the
aorta in a Langendorff preparation under constant pressure (70 mm Hg) with gassed (95%
O2 and 5% CO2) Krebs-Henseleit buffer at 37°C as described previously (Bae and Zhang,
2005b). A pressure transducer connected to a saline-filled balloon inserted into the LV was
used to assess ventricular function by measuring LV pressure (millimeters of mercury) and its
first derivative (dP/dt). LV end-diastolic pressure (LVEDP) was set at approximately 5 mm
Hg. After baseline recording, hearts were subjected to 25 min of global ischemia by stopping
the perfusion followed by 60 min of reperfusion. LV functional parameters, LV developed
pressure (LVDP), heart rate (HR), dP/dtmax, dP/dtmin, and LVEDP were continuously recorded
with an online computer. Pressure rate product (PRP) was calculated as LVDP × HR.
Pulmonary artery effluent was collected as an index of coronary flow.
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Measurement of Myocardial Infarct Size
Myocardial infarct size was measured as described previously (Bae and Zhang, 2005b). Briefly,
at the end of reperfusion, left ventricles were collected, cut into four slices, incubated with 1%
triphenyltetrazolium chloride solution for 15 min at 37°C, and immersed in formalin for 60
min. Each slice was then photographed separately, and areas of myocardial infarction in each
slice were analyzed by computerized planimetry (Image-Pro plus; Media Cybernetics, Inc.,
Silver Spring, MD), corrected for the tissue weight, summed for each heart, and expressed as
a percentage of total LV weight.

Measurement of Nitric Oxide
NO was measured by the chemiluminescence method as described previously (Bae and Zhang,
2005a). Samples of coronary effluent (100 μl) were injected into a gas purge vessel containing
5 ml of vanadium(III) HCl to react for 1 min and to reduce nitrite/nitrate in the sample back to
NO. To achieve high reducing efficiency, the reduction was performed at 90°C. NO in the
sample was then “stripped” into the head-space by helium bubbling (12 ml/min) for 1 min. NO
in the head-space was drawn into the NO analyzer (model 280; Sievers Instruments; Boulder,
CO) and mixed with O3 in the front of a cooled Hamamatsu red-sensitive photomultiplier tube.
Signals from the detector were analyzed with the use of an on-line computer as area under the
peak. The measurement reflected the combined amount of nitrite, nitrate, and NO and was
normalized to coronary flow rate and tissue weight, expressed as nanomoles per minute per
gram.

Statistical Analysis
Data were expressed as means ± S.E.M. Statistical significance (P < 0.05) was determined by
two-way ANOVA or t test, where appropriate.

Results
Effects of Prenatal Nicotine Exposure and Maternal Food Restriction on Body and Heart
Weight

As shown in Fig. 1, maternal nicotine administration starting at day 4 of pregnancy caused a
rapid and transient reduction in food intake and a moderate decrease in maternal body weight
gain during the period of treatment. Control studies of maternal food restriction mimicking
that observed in nicotine-treated animals resulted in a similar decrease in maternal body weight
gain (Fig. 1). Nicotine treatment caused a significant decrease in body weight of near-term (21
day) fetuses (3.79 ± 0.05 versus 4.12 ± 0.04 g, n = 4–5 litters, P < 0.05). A two-factor ANOVA
(age and treatment) showed significance differences (P < 0.0001) in age, nicotine treatment,
and the treatment × age interaction, respectively, in rats at post-natal ages up to 30 days (Fig.
2, top). In contrast, although there was a significant difference (P < 0.0001) in age in rats at
postnatal ages up to 30 days, neither maternal food restriction nor the treatment × age
interaction showed significant differences (P > 0.05) (Fig. 2, bottom). In adult offspring, there
were no significant differences in body weight (male, 498.7 ± 12.9 versus 468.6 ± 30.0 g, P >
0.05; female, 304.0 ± 14.4 versus 298.7 ± 8.7 g, P > 0.05) or heart weight (male, 1.49 ± 0.06
versus 1.43 ± 0.02 g, P > 0.05; female, 0.99 ± 0.04 versus 0.91 ± 0.03 g, P > 0.05) between
saline control and prenatal nicotine-treated males or females. In addition, prenatal nicotine
exposure had no significant effects on the thickness of left and right ventricular walls and the
ventricular septum (data not shown).

Effect of Prenatal Nicotine Exposure on Postischemic Recovery of LV Function
Table 1 shows the preischemic values of LV function and coronary flow rate in isolated hearts
from adult male and female offspring in a Langendorff preparation. Prenatal nicotine exposure
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showed no significant effects on baseline LV function and coronary flow in male hearts, but
significantly attenuated LVDP, HR, and coronary flow rate at baseline levels in female hearts
(Table 1). As shown in Figs. 3 and 4, global ischemia for 25 min caused a significant impairment
in LV function in both male and female hearts. Consistent with the previous findings (Bae and
Zhang, 2005b), the postischemic recoveries of LVDP, dP/dtmax, dP/dtmin, and the pressure-
rate product were significantly better in female hearts than those in male hearts in saline control
animals (Figs. 3 and 4). Prenatal nicotine exposure resulted in significant decreases in
postischemic recovery of LV function in both male and female hearts with the detrimental
effects in female hearts being more pronounced (Figs. 3 and 4). In prenatal nicotine-treated
animals, there were no significant differences in the postischemic recovery of LV function in
male and female hearts (Figs. 3 and 4). The infarct size of LV at the end of 60-min reperfusion
after 25-min ischemia is shown in Fig. 5. Ischemia and reperfusion caused LV myocardial
infarction in both male and female hearts. Prenatal nicotine treatment significantly increased
infarct size in both male and female hearts (Fig. 5). In prenatal nicotine-treated animals, the
postischemic infarct size of LV was significantly greater in female than in male hearts (Fig.
5).

Effect of Prenatal Nicotine Exposure on Coronary Flow and NO Production
Pulmonary artery effluent was collected as an index of coronary flow, and NO in coronary
effluent was measured by the chemiluminescence method as described under Materials and
Methods. In female hearts, prenatal nicotine exposure significantly decreased coronary flow
rate (milliliters per minute per gram of heart wet weight) at the baseline and during postischemic
recovery (Fig. 6). In contrast, nicotine had no effects on coronary flow rate in male hearts (Fig.
6). Unlike the changes observed in coronary flow rate, prenatal nicotine exposure significantly
decreased coronary NO levels at the baseline and during postischemic recovery in male hearts
but not in female hearts (Fig. 7).

Effect of Prenatal Nicotine Exposure on Cardiac Caspase and PKC Isozyme Expression
The protein levels of caspase-3, -8, and -9 and PKCε and PKCδ expression in the heart were
determined by Western blot analyses. As shown in Fig. 8, differential expression of caspase-3,
-8, and -9 in male and female hearts was observed. Caspase-3 and -8 levels were significantly
higher in male hearts than those in female hearts. In male hearts, levels of caspase-3 were
significantly higher than those of caspase-8 and -9. Unlike in male hearts, in female hearts
levels of caspase-9 were significantly higher than those of caspase-3 and -8. Prenatal nicotine
exposure had no significant effects on caspase-3, -8, or -9 levels in either male or female hearts
(Fig. 8).

The gender dimorphism of PKC isozyme expression levels was also identified in the heart (Fig.
9). Whereas there was no significant difference in PKCε protein levels in male and female
hearts, the levels of PKCδ were significantly higher in female hearts than those in male hearts.
In female hearts, there was no significant difference in PKCε and PKCδ protein levels.
However, in male hearts there were significant higher levels of PKCε than of PKCδ. Prenatal
nicotine exposure caused a significant decrease in the expression of PKCε in both male and
female hearts and a significant decrease in PKCδ expression only in female hearts (Fig. 9).

Effect of Maternal Food Restriction on Postischemic Recovery of LV Function
Control studies of maternal food restriction and moderated decreases in maternal body weight
gain (Fig. 1) had no significant effects on body weight and heart weight in both male and female
adult offspring. In addition, the baseline values for LV function and coronary flow rate as
determined in a Langendorff preparation were not significantly different. Consistent with the
finding in saline control animals, the postischemic recovery of LV function was significantly
better in female than in male hearts in food control animals (Fig. 10). In contrast to the finding
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with prenatal nicotine treatment, maternal food restriction and moderated decreases in maternal
body weight gain resulted in a significant increase in the postischemic recovery of LV function
in hearts of adult male offspring (Fig. 10). However, the postischemic recovery of LV function
in female hearts was not significantly affected (Fig. 10). In offspring of maternal food
restriction rats, there was no significant difference in the postischemic recovery of LV function
in male and female hearts (Fig. 10).

Discussion
The present study demonstrated that prenatal nicotine exposure significantly increased LV
myocardial infarct size and decreased postischemic recovery of LV function after 25 min of
ischemia in adult offspring. This result is in agreement with previous studies showing that
prenatal hypoxia and cocaine treatments increased cardiac vulnerability to I/R injury in adult
offspring (Li et al., 2003; Bae et al., 2005; Xu et al., 2006) and is consistent with
epidemiological studies showing an association of adverse intrauterine environment and an
increased risk of ischemic heart disease in later adult life (Barker et al., 1993). It has been
shown that second-hand smoke exposure in utero for 3 weeks increases infarct size in young
pups that were subjected to 17 min of left coronary artery occlusion and 2 h of reperfusion
(Zhu et al., 1997). Similar studies have demonstrated that prenatal nicotine exposure produced
intolerance to neonatal hypoxia by interfering with the maintenance of cardiac function (Slotkin
et al., 1997).

In contrast with previous findings that prenatal cocaine and hypoxia treatments predominantly
affected the male heart in adult offspring (Li et al., 2003; Bae et al., 2005; Xu et al., 2006),
prenatal nicotine exposure resulted in more pronounced effects in female hearts. The finding
that postischemic recovery of female hearts was significantly better than that of male hearts in
saline control animals is in agreement with previous studies (Bae et al., 2005; Bae and Zhang,
2005b). Unlike prenatal cocaine treatment that increased heart vulnerability to I/R injury only
in male adult offspring (Bae et al., 2005), nicotine resulted in a significant decrease in
postischemic recovery of LV function in both male and female hearts with the detrimental
effects in female hearts being more pronounced and abolished the difference in postischemic
recovery of LV function between male and female hearts. These findings suggest different
gender mechanisms of in utero cardiac programming caused by fetal nicotine and cocaine
exposure. Additionally, our previous study demonstrated that prenatal nicotine treatment
significantly increased norepinephrine-induced contractions of aortas in male but not female
adult offspring (Xiao et al., 2007), suggesting an organ and/or tissue specificity of gender-
dependent programming induced by prenatal nicotine exposure.

The present finding of increased sensitivity of female hearts in manifestation of heart
vulnerability to I/R injury in adult offspring after prenatal nicotine exposure is novel and
intriguing. The gender dichotomy in fetal programming of adult disease has been demonstrated
in several animal models. Although the results are conflicting, it has generally been shown that
female offspring are less sensitive in manifestation of hypertension caused by adverse prenatal
stimuli (do Carmo Pinho Franco et al., 2003). It is likely that multiple mechanisms are involved
in the gender-dependent effects of prenatal nicotine exposure on heart vulnerability to I/R
injury. The finding that coronary flow rate was significantly decreased in female but not male
hearts at the baseline and during postischemic recovery in nicotine-treated animals suggests a
mechanism for the increased sensitivity of female hearts. The moderate decrease in baseline
coronary flow rate may not be critical for cardiac function at rest but is likely to contribute to
the increased heart susceptibility to I/R injury in the female hearts. Given that NO plays an
important role in the regulation of coronary flow, we measured NO release in coronary effluent.
We found that prenatal nicotine treatment significantly decreased coronary NO release in male
but not in female hearts. This finding is consistent with our previous study demonstrating a
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gender-specific decrease in endothelial nitric-oxide synthase activity in the aorta of male
offspring after prenatal nicotine treatment (Xiao et al., 2007) and suggests that the decreased
coronary flow rate observed in female hearts is mediated by increased coronary vascular tone
or changes in coronary vasculature rather than by a decrease in NO release.

In addition to altered coronary flow, intrinsic changes in cardiomyocytes contribute
significantly to cardiac programming resulting from an adverse intrauterine environment (Li
et al., 2003; Bae and Zhang, 2005a; Bae et al., 2005; Xu et al., 2006). It has been clearly
demonstrated that apoptosis plays an important role in I/R injury (Kang and Izumo, 2000;
Condorelli et al., 2001). Our previous studies demonstrated that increased myocyte apoptosis
played a key role in the increased heart vulnerability to I/R injury in adult offspring after
prenatal insults (Bae et al., 2003, 2005; Li et al., 2003; Bae and Zhang, 2005a). In the present
study, we demonstrated a differential expression pattern of caspase-3, -8, and -9 in male and
female hearts in saline control animals. The finding that caspase-3 and -8 levels were
significantly higher in male than in female hearts suggests a possible mechanism for the
increased susceptibility of male hearts compared with female hearts to I/R injury in control
animals. It has been shown that heart-targeted overexpression of caspase-3 in mice increases
I/R-induced myocyte infarct size and depresses cardiac function (Condorelli et al., 2001).
Nevertheless, prenatal nicotine treatment had no significant effects on caspase-3, -8, or -9 levels
in either male or female hearts, suggesting that they may not be involved in nicotine-induced
programming of heart vulnerability to I/R injury in adult offspring.

Our previous studies demonstrated that prenatal insults caused an epigenetic modification of
the PKCε gene in the fetal heart resulting in a down-regulation of PKCε expression in the heart
of adult offspring (Li et al., 2004; Bae et al., 2005; Zhang et al., 2007). A similar finding has
been obtained in the present study showing that prenatal nicotine exposure significantly
decreased cardiac PKCε protein expression in adult offspring. These findings suggest a
common mechanism of PKCε in cardiac programming in response to intrauterine adverse
stimuli. PKCε plays a pivotal role of cardio-protection during cardiac I/R injury through
inhibition of apoptosis (Sugden and Clerk, 2001; Murriel and Mochly-Rosen, 2003; Gray et
al., 2004; Gregory et al., 2004). Recent studies in a PKCε knockout mouse model have
demonstrated that PKCε expression is not required for normal cardiac function under
physiological conditions, but PKCε activation is necessary and sufficient for acute
cardioprotection during cardiac I/R (Gray et al., 2004). Our previous study demonstrated that
prenatal cocaine exposure caused a decrease in PKCε protein levels only in adult male hearts,
which corresponded to the functional study showing that only male hearts were affected in
postischemic recovery of LV function (Bae et al., 2005). In the present study, we found that
PKCε protein levels were decreased in both male and female hearts after prenatal nicotine
treatment and that postischemic recovery of LV function was significantly decreased in both
male and female hearts. These findings suggest a gender dichotomy of the PKCε gene
expression pattern in the heart and reinforce a key role for PKCε in programming of heart
vulnerability to I/R injury in adult offspring.

Unlike PKCε, the role of PKCδ in I/R injury is less clear and is somewhat controversial.
Inhibition of PKCδ during reperfusion has been shown to decrease reperfusion-induced injury
(Murriel and Mochly-Rosen, 2003). Other studies demonstrated the cardioprotective effects
of δ Kawamura et al., 1998; Zhao et al., 1998; Bouwman et al., 2006). It has been demonstrated
that estrogen deficiency decreases ischemic tolerance in the aged rat heart through decreases
in both PKCδ and PKCε levels (Hunter et al., 2007). The present finding that female hearts
had higher levels of PKCδ and had greater resistance to I/R injury than male hearts suggests a
possible mechanism of PKCδ in the gender dichotomy of heart susceptibility to I/R injury. The
significantly decreased PKCδ protein levels in female but not male hearts is likely to contribute
to the increased heart susceptibility to I/R injury in female than in male adult offspring after
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prenatal nicotine exposure. The lack of effect of nicotine on PKCδ in male hearts may be due
in part to the low basal level of PKCδ in the male heart.

The present finding that a transient maternal food restriction during early gestation and
moderately decreased maternal body weight gain, mimicking that observed in nicotine-treated
animals, significantly improved postischemic recovery of LV function in male but lacked the
effect in female adult offspring is very intriguing and suggests an additional explanation for
why males were less sensitive than females in heart susceptibility to I/R injury after prenatal
nicotine treatment. It is possible that the reduced food intake and decreased maternal weight
gain observed in nicotine-treated animals produced cardiac protection that counteracted
nicotine-mediated detrimental effects in male adult offspring. Additionally, these studies
reinforce a specific effect of nicotine in programming of the heart resulting in increased heart
susceptibility to I/R injury in adult offspring. To our knowledge, this is the first report that
transient maternal food restriction during early gestation induces a gender-specific
cardioprotective effect in adult male offspring. Previous studies in several animal models
showed that sustained maternal food restriction or a low-protein diet during the late gestational
period or throughout pregnancy caused vascular and cardiac dysfunction in adult offspring (do
Carmo Pinho Franco et al., 2002; Brawley et al., 2003; Cheema et al., 2005; Williams et al.,
2005) and impaired postischemic recovery of the heart (Xu et al., 2006; Elmes et al., 2007).
Taken together, these studies suggest that specific gestational periods and duration of the
treatment are critical in determining the outcomes of cardiac programming and the effects on
heart function in adult offspring.

In conclusion, we have demonstrated that prenatal nicotine exposure causes cardiac
programming and increases heart susceptibility to I/R injury in adult offspring. Together with
the previous studies, the present finding reinforces the notion that multiple adverse factors
during pregnancy can affect heart development in utero and impair heart function in adulthood.
Given that maternal cigarette smoking with fetal nicotine exposure is one of the most
widespread prenatal insults, the present finding has obvious clinical significance. As is often
the case with novel findings, the present study may raise more questions than it answers. For
instance, are the effects on heart development mediated by a direct effect of nicotine on the
fetal heart or indirectly through its effect on the mother? In addition, what are the epigenetic
mechanisms involved in the gender-dependent regulation of PKC isozyme gene expression
pattern in the heart, which persists into adulthood? Does prenatal nicotine treatment alter the
coronary vasculature in female hearts? What are the mechanisms for cardiac protection in adult
offspring after transient maternal food restriction during early gestation? Undoubtedly, these
questions warrant continuing investigations.
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I/R  

ischemia/reperfusion

LV  
left ventricle

PK  
protein kinase

LVEDP  
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left ventricle end diastolic pressure

LVDP  
left ventricle developed pressure

HR  
heart rate

PRP  
pressure rate product calculated as LVDP × HR

NO  
nitric oxide

ANOVA  
analysis of variance
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Fig. 1.
Effect of nicotine administration on maternal food intake and body weight gain. Nicotine was
administrated to pregnant rats through osmotic pumps, as described under Materials and
Methods. Control rats received saline. Maternal food intake and body weight gain were
measured daily. In separate studies, pregnant rats were divided into two groups and were fed
with food equivalent to that determined in saline control and nicotine-treated animals,
respectively. Data are means ± S.E.M. n = 4 to 6.
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Fig. 2.
Effect of maternal nicotine administration and food restriction on neonatal body weight.
Nicotine was administrated to pregnant rats through osmotic pumps, as described under
Materials and Methods. Control rats received saline. In separate studies, pregnant rats were
divided into two groups and were fed with equivalent food to that determined in saline control
and nicotine-treated animals, respectively. Body weight was measured in offspring from 1 to
30 days of age. Data are means ± S.E.M. Data were analyzed by two-way ANOVA with age
as one factor and nicotine treatment as the other.*, P < 0.05 versus nicotine treatment. n = 4
to 6 litters.
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Fig. 3.
Effect of maternal nicotine administration on postischemic recovery of LV function in adult
male offspring. Nicotine was administrated to pregnant rats through osmotic pumps, as
described under Materials and Methods. Control rats received saline. Hearts were obtained
from 3-month-old male offspring and were subjected to 25 min of ischemia and 60 min of
reperfusion in a Langendorff preparation. Data are means ± S.E.M. Data were analyzed by
two-way ANOVA with ischemia-reperfusion as one factor and nicotine treatment as the
other.*, P < 0.05, versus saline control for the entire curve. n = 11.
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Fig. 4.
Effect of maternal nicotine administration on postischemic recovery of LV function in adult
female offspring. Nicotine was administrated to pregnant rats through osmotic pumps, as
described under Materials and Methods. Control rats received saline. Hearts were obtained
from 3-month-old female offspring and were subjected to 25 min of ischemia and 60 min of
reperfusion in a Langendorff preparation. Data are means ± S.E.M. Data were analyzed by
two-way ANOVA with ischemia-reperfusion as one factor and nicotine treatment as the
other.*, P < 0.05, versus saline control for the entire curve. n = 9 to 11.
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Fig. 5.
Effect of maternal nicotine administration on I/R-induced myocardial infarction in adult
offspring. Nicotine was administrated to pregnant rats through osmotic pumps, as described
under Materials and Methods. Control rats received saline. Hearts were obtained from 3-
month-old male and female offspring and were subjected to 25 min of ischemia and 60 min of
reperfusion in a Langendorff preparation. Left ventricles were collected at the end of
reperfusion, and myocardial infarct size was determined with 1% triphenyltetrazolium chloride
staining and expressed as a percentage of the total left ventricular weight. Data are means ±
S.E.M. a, P < 0.05 versus saline control; b, P < 0.05 versus male. n = 9 to 11.
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Fig. 6.
Effect of maternal nicotine administration on coronary flow rate in adult offspring. Nicotine
was administrated to pregnant rats through osmotic pumps, as described under Materials and
Methods. Control rats received saline. Hearts were obtained from 3-month-old male and female
offspring and were subjected to 25 min of ischemia and 60 min of reperfusion in a Langendorff
preparation. Pulmonary artery effluent was collected as an index of coronary flow (milliliters
per minute per gram of heart wet weight). Data are means ± S.E.M. Data were analyzed by
two-way ANOVA with ischemia-reperfusion as one factor and nicotine treatment as the other.
*, P < 0.05 versus saline control for the entire curve. n = 9 to 11.
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Fig. 7.
Effect of maternal nicotine administration on coronary NO release in adult offspring. Nicotine
was administrated to pregnant rats through osmotic pumps, as described under Materials and
Methods. Control rats received saline. Hearts were obtained from 3-month-old male and female
offspring and were subjected to 25 min of ischemia and 60 min of reperfusion in a Langendorff
preparation. Pulmonary artery effluent was collected and NO (nanomoles per minute per gram
of heart wet weight) was measured using the chemiluminescence method, as described under
Materials and Methods. Data are means ± S.E.M. Data were analyzed by two-way ANOVA
with ischemia-reperfusion as one factor and nicotine treatment as the other. *P < 0.05, versus
saline control for the entire curve. n = 9 to 11.
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Fig. 8.
Effect of maternal nicotine administration on caspase protein levels in the hearts of adult
offspring. Nicotine was administrated to pregnant rats through osmotic pumps, as described
under Materials and Methods. Control rats received saline. Hearts were obtained from 3-
month-old male and female offspring, and caspase-3, -8, and -9 protein levels were determined
using Western blot analyses. Data are means ± S.E.M. a, P < 0.05 versus other caspases in the
same sex; b, P < 0.05 versus the same caspase in male hearts. n = 4.
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Fig. 9.
Effect of maternal nicotine administration on PKCε and PKCδ protein levels in the hearts of
adult offspring. Nicotine was administrated to pregnant rats through osmotic pumps, as
described under Materials and Methods. Control rats received saline. Hearts were obtained
from 3-month-old male and female offspring and protein levels of PKCε and PKCδ were
determined using Western blot analyses. Data are means ± S.E.M. a, P < 0.05 versus saline
control; b, P < 0.05 versus male. n = 4.
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Fig. 10.
Effect of maternal food restriction on postischemic recovery of LV function in adult offspring.
Pregnant rats were divided into two groups and were fed with equivalent food to that determined
in saline control and nicotine-treated animals, respectively. Hearts were obtained from 3-
month-old male and female offspring and were subjected to 25 min of ischemia and 60 min of
reperfusion in a Langendorff preparation. Data are means ± S.E.M. Data were analyzed by
two-way ANOVA with ischemia-reperfusion as one factor and maternal food restriction as the
other. *, P < 0.05 versus control for the entire curve. n = 5.
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