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Abstract

Background—Fetal exposure to nicotine is not limited to maternal tobacco smoke, as electronic 

cigarettes have an increased prevalence of use among reproductive aged women. Animal models 

have shown that nicotine exposure in utero is associated with increased risk of asthma and 

cognitive deficits, as well as increased expression of the hippocampal glucocorticoid receptor. We 

hypothesized that in utero nicotine exposure is associated with epigenetic changes in the offspring 

lung and brain which may contribute to a memory of this exposure.

Methods—Sprague-Dawley rat dams received either saline or 2mg/kg of nicotine by 

intraperitoneal injection once daily from embryonic day 6 (e6) to e22. Pups were sacrificed on day 

1 of life, and brain and lung tissues were harvested (N=3/ group).

Results—We found that nicotine exposed offspring have altered histone modifications in the 

brain. Dimethylation of lysine 9 of histone H3 is decreased (0.43-fold, p=0.03) while acetylation is 

increased (1.79-fold, p=0.031). Histone deacetylase (HDAC) activity is significantly decreased 
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with nicotine exposure in brain and lung (0.11-fold, p<0.001; 0.12-fold, p<0.001, respectively). 

Expression of splice variant 1.7 of the glucocorticoid receptor is reduced in the nicotine exposed 

offspring lung (0.25-fold, p=0.038).

Conclusions—We conclude that nicotine exposure is associated with epigenetic alterations in 

the offspring and may lead to susceptibility to adult disease,. Our finding that in utero exposure to 

nicotine is associated with inhibition of HDAC activity in the brain of offspring is of importance as 

a similar inhibition has been suggested as a mechanism for the potentiation of addiction.
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nicotine; epigenetics; developmental origins of adult disease

INTRODUCTION

Fetal exposure to nicotine is a major public health concern since more than 10% of women 

may smoke at some point during pregnancy (Martin et. al., 2007, Andres, 2000, Suter, 

2012). Maternal cigarette smoking has long been known as a modifiable risk factor for the 

prevention of intrauterine growth restriction (IUGR) (Andres, 2000, Suter, 2012) and 

childhood asthma (Burke, 2012). Because women are encouraged to stop smoking during 

pregnancy, nicotine replacement therapy (NRT) is now more commonly used by pregnant 

women (Clark, 2011, Forinash, 2010). Furthermore, there has been an increase in electronic 

cigarette use by women of reproductive age (Arrazola, 2014). Electronic cigarettes are 

battery operated nicotine delivery systems which do not require the combustion of tobacco. 

Studies interrogating the effects of prenatal nicotine exposure on the fetus are of increasing 

relevance in perinatal health.

Because tobacco smoke contains over 4000 chemicals, animal models have helped our 

understanding of the specific effects of nicotine exposure on the offspring. Using a rat model 

of prenatal nicotine exposure, we have previously shown that nicotine can alter the 

developmental programming of the fetal lung (Krebs, 2010, Rehan, 2007) and that nicotine 

exposed offspring are susceptible to cigarette smoke exposure induced asthma (Liu, 2013). 

Nicotine exposure in utero has also been associated with metabolic, neurological, and 

behavioral consequences (Ernst, 2001, Gao, 2008, Gao, 2005, Muneoka, 2001, Seidler, 

1992). Additionally, we have also shown that the asthma phenotype in nicotine-exposed 

pups in utero is transgenerational (Rehan, 2012). When F1 offspring were exposed to 

nicotine in utero and were mated, their offspring had a similar asthma phenotype, despite 

lack of in utero nicotine exposure.

Such transgenerational inheritance suggests an epigenetic mechanism (Leslie, 2013, Rehan, 

2012). Epigenetic modifications refer to changes in chromatin structure that do not involve a 

change to the underlying DNA sequence. Posttranslational modifications to histone proteins, 

including acetylation and methylation, are potential epigenetic modifications which may 

contribute to maintaining a “memory” of an in utero exposure. In general, histone 

acetylation is associated with permissive or open chromatin structure. For example, 

acetylation of lysine 9 of histone H3 (H3K9ac) is enriched in the promoters of active genes 

(Cui, 2007, Regha, 2007). Di- and trimethylation of lysine 9 of histone H3 (H3K9me2 and 

Suter et al. Page 2

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2016 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



H3K9me3, respectively) are enriched in the promoters of repressed genes (Le Gac, 2006, 

McGarvey, 2006, Regha, 2007).

Prior work has shown that the F1 generation individuals exposed to nicotine in utero have 

epigenetic changes in their lung, ovaries and testes (Rehan, 2012). Global DNA methylation 

is altered in ovary and testes, but not in lung. In the lung, H3 acetylation is increased while 

H4 acetylation decreased (Rehan, 2012). Such changes may act as a memory of the in utero 
nicotine exposure. Epigenetic changes in the brain of exposed offspring are of upmost 

importance. In a mouse model, nicotine administration is associated with an increased 

behavioral response to cocaine and increased histone H3 and H4 acetylation in the brain 

(Levine, 2011). Chronic nicotine administration has been found to reduce histone 

deacetylase (HDAC) activity (Levine, 2011).

Prenatal exposure to nicotine also has been shown to alter the hypothalamic-pituitary-

adrenal (HPA) axis in offspring (Liu, 2012). Activation of the glucocorticoid receptor (GR) 

activates a negative feedback loop inhibiting the stress response of the HPA (Jacobson, 

1991), and different splice variants of the GR show a tissue-specific distribution (Turner and 

Muller, 2005). . GR gene expression is increased with prenatal nicotine exposure in the 

hippocampus in offspring (Xu, 2012). An alteration in GR expression and splice variant 

specificity appears to be regulated by an epigenetic mechanism in the hypothalamus in 

IUGR offspring (Ke, 2010). However, it is unknown if GR expression is altered in the 

offspring lung with prenatal nicotine exposure.

In this study, we sought to determine which specific epigenetic changes occur in the 

offspring brain and lung with in utero exposure to nicotine. We found that in brain H3K9ac 

is increased and H3K9me2 is decreased in the nicotine exposed offspring. In both brain and 

lung, HDAC activity is significantly decreased with nicotine treatment. Analysis of the GR 

splice variants in both brain and lung revealed that splice variant 1.7 is significantly 

decreased in lung with nicotine exposure in the postnatal offspring.

MATERIALS AND METHODS

Animal Model

Timed mated Sprague-Dawley rat dams received either saline or 2mg/kg of nicotine by 

intraperitoneal injection in 100μl volumes once daily from embryonic day 6 (e6) to e22 

(Krebs, 2010). Male pups were sacrificed on day 1 of life following spontaneous term 

delivery, and tissue was harvested (N=3 pups/ group. Each pup was from a separate dam). 

Control and nicotine treated dams were pair-fed, had free access to food and water, and were 

subjected to 12H:12H light and dark cycles. All experiments were performed in accordance 

with IACUC approval from Los Angeles Biomedical Research Institute and the University 

of Utah.

Histone Isolation and Western Blotting

Histones were isolated from day 1 lung and whole brain tissue by acid extraction as 

previously described (Aagaard-Tillery, 2008). Histone concentrations were determined using 

a BCA protein assay (Pierce Biotechnology, IL). 20mg of histones were separated on 15% 
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SDS-PAGE gels and transferred to PVDF membranes. Blocking was carried out with freshly 

prepared TBS-Tween plus 3% non-fat milk. After washing, the membrane was incubated 

overnight with diluted primary antibodies: anti-H3K9ac (1:400; Cell Signaling, Beverly 

MA), anti-H3K14ac (1:5000), anti-H3KI8ac (1:500), and anti-H3 (1:2000; Millipore, 

Billerica, MA). Appropriate secondary antibodies conjugated with horse radish peroxidase 

were incubated for 1 hour at room temperature. Signals were detected using ECL. All 

modifications were normalized to total histone H3, and a Student's T-test was performed for 

each modification to determine significance.

qPCR

qPCR was carried out as previously described (Ke, 2010). RNA was extracted from tissue 

using the Machery Nagel kit. cDNA was made using Superscript III from Invitrogen. 

Primers used have been previously described, with GAPDH utilized for normalization (Ke, 

2010) Student's T-tests were performed for statistical analysis to determine significance.

HDAC Assay

HDAC assays were performed as previously described (Aagaard-Tillery, 2008). Nuclear 

extracts were made from frozen tissue and quantified by a BCA assay (Pierce 

Biotechnology, IL). Approximately 80mg was used for each reaction. A commercially 

available HDAC activity kit from Biomol was used which measures the activity of Class I 

and Class II HDACs, and manufacturer's instructions were followed. For each assay, samples 

were assayed in triplicate. All components of the kit were defrosted and then stored on ice 

until use. Substrate and developer were prepared fresh according to manufacturer's 

instructions. Assay buffer, sample and substrate were added to each well to a final volume of 

50μL with a final concentration of substrate of 1mM. The plate was incubated at 37°C for 

one hour. Developer was added to each well and the plate was incubated at 37°C for 15 

minutes. Absorbance was read at 405nm. A Student's T-test was utilized to determine 

significance.

RESULTS

Prenatal nicotine exposure alters histone H3 lysine 9 methylation and acetylation in the 
offspring brain

We hypothesized that in utero nicotine exposure would alter the offspring brain and lung 

epigenome. In order to determine which site specific modifications are altered with prenatal 

nicotine exposure, we utilized Western blotting on acid extracted histones from brain and 

lung tissue. Levels of H3K4me2, H3K4me3, H3K9me3, H3K14ac, H3K18ac and H3K27ac 

remained unchanged in both tissues in control and nicotine exposed offspring (Table 1). 

However, in the brain, levels of H3K9me2 were decreased (0.425-fold, p=0.002) while 

H3K9ac levels were increased (1.8-fold, p = 0.031; Figure 1) in the nicotine-exposed 

offspring. These modifications were not altered in the lung tissue of either controls or 

nicotine exposed offspring.
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HDAC activity is reduced in offspring lung and brain with prenatal nicotine exposure

Because we observed an increase in H3K9ac in the offspring brain, we hypothesized that a 

decrease in HDAC activity may contribute to this increase. Using a commercially available 

kit, we measured HDAC activity on nuclear extracts from brain and lung tissue (Aagaard-

Tillery, 2008, Suter, 2012). HDAC activity in the brain is reduced in the nicotine exposed 

offspring compared with control brain (0.11-fold, p<0.001) (Figure 2). In the lung, a similar 

reduction in HDAC activity also is observed in the nicotine exposed offspring compared to 

control (0.12-fold, p<0.001).

Splice variant 1.7 of the glucocorticoid receptor is significantly reduced in the offspring 
lung

It has been previously shown that the glucocorticoid receptor has various splice variants that 

are associated with epigenetic changes in the GR promoter region (Ke, 2010). Differential 

expression of these variants has been associated with IUGR, a condition associated with 

prenatal tobacco smoke exposure. In order to determine if prenatal administration of nicotine 

alone alters GR splice variant expression, qPCR was utilized to measure levels in both brain 

and lung tissue. While levels did not change in the brain (Figure 3B), we found that levels of 

splice variant 1.7 were significantly down-regulated in lung tissue in the nicotine exposed 

offspring compared with control offspring (Figure 3A).

COMMENT

In this study we have found that in utero nicotine exposure is associated with epigenetic 

changes in the offspring lung and brain. We utilized daily IP injections of nicotine, which is 

believed to cause a spike in nicotine levels similar to those seen in smokers (Mantella et. al, 

2013). In the brain of 1 day old pups, H3K9me2 is decreased while H3K9ac is increased 

with nicotine exposure. In both the brain and lung, HDAC activity is significantly decreased 

with nicotine exposure. These epigenetic alterations are associated with a change in 

expression of the GR splice variant 1.7 in the lung.

These data lend clarity to the effects of nicotine on the offspring. While the effects of 

maternal smoking on the offspring have long been studied, the mechanisms by which they 

occur remain poorly understood. Given that combustible tobacco smoke contains more than 

4000 known chemicals, it is impossible to ascribe specific effects to the direct action of 

nicotine in tobacco exposed infants. With the use of nicotine replacement therapies by 

pregnant women and the emerging popularity of electronic cigarettes among women of a 

reproductive age, a better understanding of the specific effects of nicotine alone on the 

offspring is important for determining strategies to improve public health.

The developmental origins of adult disease hypothesis postulates that in utero exposures can 

predispose the offspring to diseases later in life. Animal models of prenatal nicotine 

exposure confirm that offspring exposed in utero are more likely to suffer from asthma 

(Maritz, 2013) as well as memory and learning deficits later in life (Ernst, 2001). Thus, the 

study of epigenetic changes which occur in utero in the lung and brain with nicotine 

exposure is essential because it will help with the development of strategies to prevent 
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epigenetic changes.. Equally important is how and if these modifications contribute to a 

memory of the exposure and are associated with the adult onset of disease.

We have found that offspring exposed to nicotine in utero have increased H3K9ac and 

decreased H3K9me2 in the brain. These results expand upon our previous findings that H3 

acetylation is increased in the lungs and testes of offspring with nicotine exposure (Rehan, 

2012). The consequences of these epigenetic alterations are currently unknown. However, in 

a mouse model, administration of nicotine acts to inhibit histone deacetylase activity in the 

brain and increase global histone acetylation in the striatum (Levine, 2011). These 

epigenetic alterations were shown to be associated with a behavioral alteration, specifically, 

a primed response to cocaine compared with controls who had not been administered 

nicotine.

The idea that prenatal nicotine exposure may be priming the fetal brain for other addictive 

drugs is an intriguing one deserving of further investigation. The social, psychological and 

economic burden of narcotic addiction is a major public health issue (Degenhardt, 2012). 

Nicotine may act as a gateway drug by virtue of molecular changes in the brain which set 

the stage for an enhanced response to narcotics. With in utero nicotine exposure, the gateway 

drug (nicotine) is taken by the mother. However, the offspring may suffer the consequences 

through an epigenetic reprogramming of the brain, increasing the preference for narcotics 

and enhancing the potential for addiction.

Concomitant with the increase in histone acetylation, we also observed a decrease in HDAC 

activity in both brain and lung tissue. Again, these findings are in line with the observation 

that nicotine administration inhibits HDAC activity in a mouse model (Levine, 2011). 

Because nicotine may act as an HDAC inhibitor systemically, epigenetic alterations 

including increased histone acetylation may be occurring in many other tissues in the 

exposed offspring. Rat models of prenatal nicotine exposure have shown that offspring have 

increased blood pressure, increased perivascular adipose tissue, and increased beta cell 

apoptosis (Gao, 2008, Gao, 2005, Holloway, 2005) Similarly, epigenetic modifications may 

play a role in these tissues after nicotine exposure.

Epigenetic modifications have also been associated with expression of specific splice 

variants of GR in association with IUGR in a rat model (Ke, 2010). In this model, we have 

shown that IUGR is associated with a global increase in H3K9ac in the brain, similar to 

what we have observed with nicotine exposure, as well as a decrease in expression of 

HDAC1 at day 0 (Ke, 2006). We also observed that there was an increase in hippocampal 

total GR and GR1.7 expression which was associated with an increase in H3K9ac in the 

promoter region at day 0 (Ke, 2010). Because nicotine has been shown to down-regulate GR 

expression in cell culture (Sun, 2012), and given the epigenetic changes found associated 

with GR expression in the IUGR model, we determined whether the various GR splice 

variants were altered with nicotine exposure in either brain or lung. While none of the 

variants were altered in the brain, nicotine exposure was associated with a down-regulation 

of splice variant 1.7 in the postnatal lung. While the role of the specific splice variants is 

unknown, it is possible that the decreased HDAC activity in the lung is altering the lung 
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epigenome, leading to altered splicing of this gene. It is tempting to postulate that other 

genes may also undergo differential splicing with nicotine exposure.

While others have revealed a change in GR expression in the nicotine exposed offspring 

brain, they have reported these changes in a region- specific fashion. It is possible that 

because we utilized whole brain homogenates for these experiments, we would not be able 

to detect the changes which happen only in a specific brain region.

In conclusion, our findings support a model where prenatal nicotine exposure alters the fetal 

epigenome. These modifications may prime the offspring for adult-onset disease or a 

heightened response to illicit drugs, perhaps favoring addiction. As electronic cigarettes, 

which deliver noncombustible nicotine, become more popular among pregnant women, a 

better understanding of the fetal and lifelong potential effects of in utero nicotine exposure is 

of paramount importance.
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Figure 1. Prenatal nicotine exposure alters the brain epigeneome in postnatal offspring
In the brain, levels of H3K4me2 are decreased while H3K9ac levels are increased with 

nicotine exposure compared with control. Neither modification significantly differs in 

offspring lung tissue. Error bars represent standard error of the mean.
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Figure 2. HDAC activity is decreased in brain and lung with nicotine exposure
Nuclear extracts from brain and lung of nicotine exposed offspring reveals a significant 

decrease in HDAC activity compared with control offspring. Error bars represent standard 

error of the mean.
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Figure 3. Levels of the splice variant 1.7 of the glucocorticoid receptor are decreased with 
nicotine exposure in the offspring lung
Expression levels of various GR splice variants revealed that while there is no change in 

expression in the brain of nicotine exposed offspring, GR1.7 shows a significant decrease in 

expression in the lung compared with control animals. Error bars represent standard error of 

the mean, calculated from the ΔCT levels after normalizing to GAPDH.
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Table 1

Epigenetic modifications in nicotine exposed offspring

Modification Tissue Fold change p-value

H3K4me2
Lung 0.943 0.772

Brain 1.092 0.656

H3K4me3
Lung 1.310 0.410

Brain 0.940 0.860

H3K9me2
Lung 0.874 0.370

Brain 0.425 0.002

H3K9me3
Lung 0.800 0.490

Brain 0.678 0.270

H3K14ac
Lung 0.588 0.233

Brain 0.730 0.308

H3K18ac
Lung 0.706 0.409

Brain 0.863 0.624

H3K9ac
Lung 0.804 0.583

Brain 1.786 0.031

H3K27ac
Lung 0.924 0.845

Brain 1.567 0.078
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