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Abstract

Perinatal smoke/nicotine exposure alters lung development and causes asthma in exposed 

offspring, transmitted transgenerationally. The mechanism underlying the transgenerational 

inheritance of perinatal smoke/nicotine-induced asthma remains unknown, but germline epigenetic 

modulations may play a role. Using a well-established rat model of perinatal nicotine-induced 

asthma, we determined the DNA methylation pattern of spermatozoa of F1 rats exposed 

perinatally to nicotine in F0 gestation. To identify differentially methylated regions (DMRs), 

reduced representation bisulfite sequencing was performed on spermatozoa of F1 litters. The 

top regulated gene body and promoter DMRs were tested for lung gene expression levels, 

and key proteins involved in lung development and repair were determined. The overall CpG 

methylation in F1 sperms across gene bodies, promoters, 5′-UTRs, exons, introns, and 3′-UTRs 

was not affected by nicotine exposure. However, the methylation levels were different between 
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the different genomic regions. Eighty one CpG sites, 16 gene bodies, and 3 promoter regions 

were differentially methylated. Gene enrichment analysis of DMRs revealed pathways involved 

in oxidative stress, nicotine response, alveolar and brain development, and cellular signaling. 

Among the DMRs, Dio1 and Nmu were the most hypermethylated and hypomethylated genes, 

respectively. Gene expression analysis showed that the mRNA expression and DNA methylation 

were incongruous. Key proteins involved in lung development and repair were significantly 

different (FDR < 0.05) between the nicotine and placebo-treated groups. Our data show that 

DNA methylation is remodeled in offspring spermatozoa upon perinatal nicotine exposure. These 

epigenetic alterations may play a role in transgenerational inheritance of perinatal smoke/nicotine 

induced asthma.
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1 | INTRODUCTION

Active or passive exposure of the developing offspring to cigarette smoke results in a 

lifelong decrease in offspring pulmonary function, increased risk of asthma, and chronic 

lung disease, even when the offspring do not smoke.1–5 These effects of perinatal 

smoke exposure, traditionally attributed to the direct effects of smoke constituents on 

the developing lung, have been a cause of concern for decades. However, our recent 

demonstration that such effects are transmitted across generations6,7 has greatly added 

to the significance of the consequences of smoke exposure to the developing fetus. This 

is particularly relevant since the erroneous perception that electronic cigarettes are safer 

than traditional cigarettes has led to a sharp increase in their use among women of 

reproductive age.8–11 This adds to the importance of addressing the consequences of 

perinatal smoke exposure not only from the basic science perspective but also from a 

public health perspective. However, the mechanism underlying the transmission of perinatal 

smoke-induced lung phenotype across generations remains unknown.

Research using human cohorts with and without gestational smoke exposures across 

generations is required to determine the intergenerational and transgenerational effects in 

patients with asthma. Given the logistic limitations to study any human cohort across 

generations, particularly from a mechanistic perspective, animal models are used instead. 

Several animal models have been employed to study the effects of smoke exposure on 

developing lungs.1,3,12–14 Although there are thousands of chemicals in cigarette smoke,15 

compelling evidence supports that most effects of perinatal smoke exposure on the 

developing lung, including the intergenerational and transgenerational transmission of the 

asthmatic phenotype, are caused by nicotine.6,7,16 Specifically, the experimental asthmatic 

phenotype seen following perinatal nicotine exposure in the rat model used in this study 

and many other animal models is similar to that seen in human infants exposed perinatally 

to maternal smoke.1,12–14,16 Therefore, perinatal nicotine exposure is a relevant model to 

study the effects of smoke exposure on the developing lung, including the transmission of 

the asthmatic phenotype across generations.
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DNA methylation is one of the most studied and well-characterized epigenetic mark. 

Specifically, the cytosine residues located within cytosine and guanine dinucleotides can 

be dynamically methylated and demethylated by the activity of DNA methyltransferases 

(DNMTs) and ten-eleven translocation (TET) enzymes, respectively.17 Maternal exposure 

to nicotine and tobacco smoking alters the DNA methylation signature in placental and 

offspring’s somatic tissues.18–20 This may be explained by direct exposure to nicotine, since 

nicotine can cross the placenta, and fetal concentration can be 15% higher than the maternal 

concentration.19,21 Whether nicotine can affect the gametic epigenome of the developing 

offspring remains unknown.

Although the direct effects of smoke/nicotine exposure on the developing lung can 

mechanistically explain the pulmonary phenotype seen in F1 offspring, this does not 

explain the pulmonary effects seen in the subsequent non-exposed F2 and F3 offspring. 

Transmission of the environmentally induced phenotypes is likely mediated via germ 

cell epigenetic modifications. Epigenetic marks regulate transcriptional processes in both 

somatic and germ cell development and are carried from one cell division to the next, 

characterized as epigenetic programming.22 We hypothesize that perinatal nicotine exposure 

alters the epigenetic machinery in germ cells leading to generationally heritable asthma 

phenotype. Previously we showed that global DNA-methylation was higher in the testes 

of F1 animals subjected to perinatal exposure to nicotine.6,7,23 To investigate possible 

DNA methylation changes with a higher resolution, we profiled the genome-wide DNA 

methylation of spermatozoa from F1 male offspring exposed perinatally to nicotine using 

reduced representation bisulfite sequencing (RRBS).

2 | MATERIALS AND METHODS

2.1 | Animal model

As described previously,6,7,24,25 time-of mating-matched, first-time pregnant, pair-fed, 

Sprague Dawley rat dams (F0) weighing 200–250 g received either placebo (saline, n = 

3) or nicotine (1 mg/kg, subcutaneously, n = 4) in 100 μL volumes daily from embryonic 

day (e) 6 of gestation to postnatal day (PND) 21. The dose of nicotine used (1 mg/kg/day) 

is within the range of nicotine exposure in the moderately heavy smoker (5–9 cigarettes/day, 

0.16 to 1.8 mg/kg body weight).26–28 At this dose, the pulmonary structural, molecular, and 

functional changes that we observed in the rat model used are similar to those demonstrated 

in numerous other perinatal nicotine and smoke exposure models.1,2,7,14,14,24,29

Animals were maintained in a 12 hours: 12 hours light: dark cycle, pair-fed according 

to the previous day’s food consumption by the nicotine-treated group, and were allowed 

free access to water. Following spontaneous delivery at term, the F1 pups were allowed 

to breastfeed ad libitum. At PND21, pups were weaned and maintained in separate cages. 

At PND60, males [n = 10 (from 3 to 4 separate litters) for each group] were euthanized 

by pentobarbital overdose injected intraperitoneally, followed by epididymis and lung 

collections as quickly as possible. The lungs were flash-frozen in liquid nitrogen and kept at 

−80°C for later qRT-PCR and Western blot analyses. The epididymides were kept in ice-cold 

F12 culture medium until sperm isolation within 1–2 hours of the collection, as outlined 

below. All animal procedures were performed following the National Institutes of Health 
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guidelines for the care and use of laboratory animals and approved by the Institutional 

Animal Care and Use Committee at The Lundquist Institute for Biomedical Innovation at 

Harbor-UCLA Medical Center.

2.2 | Isolation of sperm cells

At culling, each epididymis was isolated by cutting the vas deferens and muscle connections 

with the testis. After trimming the surrounding connective tissue, the two epididymides from 

each animal were placed in a tissue culture plate containing 3 mL of F12 culture medium 

on ice. The spermatozoa were released into the culture media by making 6–8 small cuts to 

each epididymis with a sharp blade, and the plates were placed in a culture incubator at 

37°C for 30 minutes. Following incubation, the medium containing spermatozoa was filtered 

through a cell strainer (Genesee Scientific, 70 μm Advanced Cell Strainers, Cat No. 25–376) 

to a 50 mL conical tube, and the filtrate was divided into four 1.5 mL micro-centrifuge 

tubes. The tubes were centrifuged at 1000 g for 5 minutes, supernatants discarded, and 1 mL 

lysis buffer (0.05% SDS and 0.005% triton X-100 in distilled water) added to each tube to 

gently suspend the pellet. The tubes were kept on ice for 5 minutes to lyse and remove the 

contaminated somatic cells. After confirming the purity of isolated sperms microscopically, 

the samples were centrifuged at 3000 g for 5 minutes. The supernatants were discarded, and 

each pellet gently suspended in 1 mL ice-cold PBS. The suspensions from two tubes were 

pooled and centrifuged at 3000 g for 5 minutes. The supernatants were discarded, and pellets 

stored at −80°C until DNA isolation.

2.3 | Sperm DNA extraction

For isolation of total genomic DNA from epididymal spermatozoa, an aliquot of about 40 

μL of the sperm pellet was used in a QIAamp DNA Mini Kit (Qiagen, Germany, Cat. No. 

51304) according to the instructions of the manufacturer. The concentration and purity of the 

DNA were determined using a Thermo Scientific NanoDrop 2000 spectrophotometer.

2.4 | Library preparation of reduced representation bisulfite sequencing

RRBS libraries were prepared as previously described.30–32 Briefly, genomic DNA 

was incubated with Msp1 (NEB, Frankfurt, Germany) restriction enzyme overnight for 

fragmentation. Adenylation step was performed using dNTP and Klenow fragment followed 

by an AMPure Bead clean-up (Beckman Coulter, Copenhagen, Denmark) and ligation 

to TruSeq adapters (Illumina, CA, USA). All the samples were pooled and subjected 

to bisulfite conversion using the EZ DNA Methylation Kit (Zymo Research, Freiburg, 

Germany). The library pool was amplified by PCR (2 min 95°C [30 s 95°C, 30 s 

65°C; 45 s 72°C] × 20 cycles; 7 min 72°C) with PfuTurbo Hotstart DNA polymerase 

(Agilent, Glostrup, Denmark). PCR products were purified using the AMPure Bead clean-

up. Libraries were sequenced on a NextSeq 500 system (Illumina), on a 75-bp single-end 

sequencing mode.

2.5 | RNA Isolation and quantitative polymerase chain reaction (qPCR) analysis

Total RNA from lung specimens was extracted using Trizol (Thermo Fisher Scientific, 

Waltham, MA). The quantity and quality of the isolated RNA was determined 
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by spectrophotometry (ND-1000, NanoDrop Technologies, Wilmington, DE, USA) as 

previously described.33 RNA sample of 1 μg each was reverse transcribed using random 

primers. Quantitative RT-PCR was carried out using SYBR gene expression master mixes 

(Applied Biosystems, Carlsbad, CA). The PCR reaction was: 10 minutes 95°C followed by 

40 cycles of 15 seconds at 95°C and 1 minutes at 60°C. Expression levels were quantified 

using the Invitrogen StepOne System and normalized to ppia. All reactions were run in 

triplicate and relative expression was determined using the comparative cycle threshold 

method (2ΔΔCT), as recommended by the supplier (Applied Biosystems). Abundance values 

were expressed as fold changes compared to the placebo treatment group. The primer 

sequences used in the study are listed in Table 1.

2.6 | Immunoblotting

The isolated lungs were flash-frozen in liquid nitrogen and then homogenized and sonicated 

in four volumes of ice-cold cell lysis buffer containing 50 mM β-glycerophosphate (pH 

7.4), 150 mM NaCl, 1.5 mM EGTA, 1 mM EDTA, 1% Triton X-100, 100 mM NaF, 2 mM 

Na3VO4, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 

10 μg/mL leupeptin, 10 μg/mL aprotinin, and 2 μg/mL pepstatin A. After centrifugation 

at 13 200 g for 15 min at 4°C, the supernatant was used for Western blot analysis to 

determine protein levels of fibronectin, α smooth muscle actin (αSMA), calponin, collagen 

I & III, nicotinic acetylcholine receptor (nAChR) α3 and α7, β-catenin, lymphoid enhancer-

binding factor-1 (LEF-1) and peroxisome proliferator-activated receptor gamma (PPARγ). 

The total protein concentration of the supernatant was measured using the Pierce BCA 

Protein Assay Kit (Thermo Scientific, USA, Cat. No.23225) with bovine serum albumin 

as the protein standard. Aliquots of the supernatant, each containing 30 μg of protein, 

were separated by SDS-PAGE and transferred to nitrocellulose membranes. Non-specific 

binding sites were blocked with Tris-buffered saline (TBS) containing 5% non-fat dry 

powdered milk (wt/vol) for 1 hour at room temperature. After a brief rinse with TBS 

containing 0.1% Tween 20 (TBST), the protein blots were incubated in 1:250 diluted anti-

fibronectin monoclonal antibody (BD Biosciences, USA, Cat. No. 610078), 1:10 000 diluted 

anti-αSMA monoclonal antibody (Sigma-Aldrich, USA, Cat. No. A2547), 1:6000 diluted 

anti-calponin monoclonal antibody (Sigma-Aldrich, USA, Cat. No. C-2687), 1:500 diluted 

anti-collagen I polyclonal antibody (Fitzgerald Industries, USA, Cat. No. RDIMCOII1abr), 

1:1000 diluted anti-collagen III monoclonal antibody (Sigma-Aldrich, USA, Cat. No. 

C7805), 1:400 diluted anti-nicotinic AChRα3 (Santa Cruz Biotechnology, USA, Cat. No. 

sc-5590), 1:20 000 diluted anti-nicotinic AChRα7 (Sigma-Aldrich, USA, Cat. No. N8158), 

1:1000 diluted anti-β-catenin (Santa Cruz Biotechnology, USA, Cat. No. sc-7963), 1:500 

diluted anti-LEF-1 (Santa Cruz Biotechnology, USA, Cat. No. sc-28687), 1:1000 diluted 

anti-PPARγ (Santa Cruz Biotechnology, USA, Cat. No. sc-7196), and 1:4000 diluted anti-

GAPDH monoclonal antibody (MilliporeSigma, USA, Cat. No. MAB374,) overnight at 

4°C. After washes with TBST, blots were incubated in 1:1000 (fibronectin), 1:10 000 

(αSMA), 1:6000 (calponin), 1:2500 (collagen I), 1:2000 (collagen III), 1:3000 (AChRα3), 

1:20 000 (AChRα7), 1:2500 (β-catenin, LEF-1, and PPARγ), and 1:4 000 (GAPDH) diluted 

horseradish peroxidase-conjugated anti-mouse, rat, or rabbit secondary antibody for 1 hour 

at room temperature. Blots were exposed to X-ray film using HyGLO Chemiluminescent 

Antibody Detection Reagent (Denville Scientific, USA, Cat. No. E-2500) and developed. 
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The relative densities of the protein bands were determined with ImageJ software and 

normalized to the density of GAPDH.

2.7 | Data analysis

2.7.1 | Statistical analysis of RRBS—RRBS reads in FASTQ format were trimmed 

using Trim Galore! v0.4.3 with the --rrbs flag. On average, 22.8 million trimmed reads per 

sample were aligned to rat genome (rn6, release 92, Ensembl),34 and methylation levels 

estimated using Bismark35 v0.18.1 using Bowtie 236 v2.2.5 on default settings. The SNPs 

from dbSNP database37 (build 149, Rnor_6.0) and CpGs with coverage larger than 10 times 

the 95-percentile of coverage in each sample were filtered out. CpGs were aggregated within 

each gene and promoter (from 2000 bp upstream to 1000 bp downstream of TSS) regions. 

Differential methylation analysis was performed by edgeR38 v3.24.0 for CpG sites (n = 

171 768), genes (n = 10 948), and promoters (n = 7444). CpGs with a minimum of 10 

counts were considered for differential methylation analysis and CpGs (in promoters or 

gene bodies) with an adjusted p-value (FDR) below 0.05 were considered as differentially 

methylated. The ratio of methylated CpGs to unmethylated CpGs (M-value) was used for 

multi-dimensional scaling (MDS) analysis.

The methylation percentages for genomic regions, gene bodies, promoters, 5′-UTRs, exons, 

introns and 3′-UTRs were calculated by aggregating the single CpG methylation levels 

from RRBS analysis. Since the assumptions of parametric testing were violated, a non-

parametric test similar to 2-way ANOVA setup, Scheirer-Ray-Hare test, was performed 

considering methylation level as dependent parameter (m), while genomic region (g) and 

nicotine treatment (t) were considered as independent parameters (m ~ g + t). Dunn test 

was performed as a post-hoc test to identify pairwise comparisons. All sequencing data is 

stored in Gene Expression Omnibus (GEO) database with accession number GSE173898 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE173898).

2.8 | Pathway enrichment analysis

FRY algorithm, implemented in edgeR38 R package, was used to identify enriched pathway 

terms from GO (BP, biological process) database.39 Using an FDR cut-off of 0.05, 39 

and 3 enriched terms were identified for genes and promoters, respectively. As there 

were many redundant terms in the enriched pathway terms, a clustering approach was 

applied to simplify the terms into relevant categories. First, the pathway terms were 

connected if two terms had at least one shared gene. The interaction network among the 

enriched terms was created by this criterion forming nodes as enriched terms and edges 

(vertices) as connection between the two terms. Linked-communities were identified by 

linkcomm40 R package using “single” distance metric and “ward.D2”41 algorithm resulting 

in 11 linked-communities. The different linked-communities can share the same GO term, 

which explains the biological relatedness of diverse linked-communities. We then used 

the linked-communities to find out the similar biological pathways clustered into smaller 

groups by using hierarchical clustering with “binary” distance and “ward.D2”41 algorithm, 

which ended up forming 6 distinct clusters identified by dynamic TreeCut algorithm42 with 

“hydrid” method and minimum cluster size of 3 GO terms.

Altintaş et al. Page 6

FASEB J. Author manuscript; available in PMC 2022 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE173898


2.9 | Statistical analysis of qPCR and Western blot data

The qPCR ΔCt values of each gene of interest (GOI) were normalized to fold-changes by 

comparing to housekeeping gene Ppia. The outliers were removed using Grubb’s test.43 

As the assumption of normality was violated (Shapiro test, P < .05), a non-parametric, 

Wilcoxon Rank-Sum, test was done for each gene expression. The resulting p-values were 

adjusted for multiple testing by Benjamini Hochberg44 method. The genes with FDR below 

0.05 were considered differentially expressed. Western blots images were scanned, and 

background normalized by using ImageJ software (National Institutes of Health, Bethesda, 

MD., USA, https://imagej.nih.gov/ij/download.html). The relative signal intensity of the 

imaging data was analyzed using a similar statistical approach used for the RT-qPCR 

anlysis.

3 | RESULTS

3.1 | Nicotine treatment affects CpG methylation levels of F1 spermatozoa

Rat F0 females (E6 - PND21) were subcutaneously administered either nicotine (1 mg/kg 

once daily) or saline as placebo. Spermatozoa of F1 male offspring (postnatal day 60, 

n = 10, from 3–4 separate litters in each group) were collected and subjected to RRBS 

(Figure 1A). Multidimensional scaling analysis showed that nicotine and placebo treatment 

had a distinct separation across individual CpG profiles (Figure 1B). To identify if global 

methylation level in specific genomic region is changed by nicotine exposure, CpGs were 

aggregated into several genomic regions, including gene bodies, promoters, 5′-UTRs, exons, 

introns, and 3′-UTRs. While treatment with nicotine did not have an overall significant 

effect over placebo treatment (Scheirer–Ray–Hare Test, ptreatment = 0.79), specific genomic 

regions showed significant differences between each other (Scheirer–Ray–Hare Test, pregion 

= 0). Dunn post-hoc test for pairwise comparisons identified that almost all genomic 

regions had different methylations levels (Table 2). Introns exhibited the highest global CpG 

methylation levels, followed by gene bodies, 3′-UTRs, and exons. The smallest methylation 

levels were observed in 5′-UTRs and promoters (Figure 1C).

After filtering low count methylated CpGs and SNPs, 171 768 CpGs were considered for 

RRBS differential methylations analysis. CpGs with an FDR below 0.05 were considered 

differentially methylated (Table S1A). Mean percent methylation between nicotine and 

placebo groups had high correlation (Pearson correlation, ρ = 0.994), which indicates that 

the majority of the CpG methylation is not affected by the treatment (Figure 1D). In line 

with the observations shown in Figure 1B, hierarchical clustering of M-values, which is 

defined as the ratio between methylated and unmethylated CpG counts, showed that all 

sperm samples from nicotine and placebo groups were clustered separately (Figure 1E). We 

identified 39 hypomethylated and 42 hypermethylated CpGs (ntotal = 81) as differentially 

methylated (Table S1A).

3.2 | Differentially methylated regions are more frequent in gene bodies than promoters

To identify the differentially regulated genes or promoters, the CpGs inside each genomic 

region were aggregated. CpG aggregation in these genomic regions resulted in 10 948 gene 

bodies and 7444 promoters. Differential methylation analysis identified 16 gene bodies and 
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3 promoters differentially methylated (Figure 2, Table S1B,C). Hierarchical clustering of 

percent methylation levels returned two separate clusters of nicotine and placebo treatment 

groups in both genes and promoters (Figure 2B,D). The only exception in differentially 

methylated promoters was rat #6 (denoted as Nico-6).

3.3 | Differential methylation of nicotine-response genes in spermatozoa

To identify the gene pathways which may be coordinately affected by CpG methylation 

upon nicotine exposure, we ran a gene enrichment analysis using FRY algorithm in edgeR 

R package.38 We found 38 genes and 3 promoters enriched for Gene Ontology Biological 

Processes (GO, BP) (Table S2). The term “response to oxidative stress” was the only 

enriched term shared between genes and promoters. GO terms with shared genes with 

similar function were grouped into 11 different categories, called linked-communities (see 

Materials and Methods for details) (Figure 3A,B). To identify the groups of GO terms 

similar to each other, linked-communities were clustered using hierarchical clustering, 

which resulted in 6 different clusters (Figure 3C).

Of the GO clusters identified, Cluster 1 contains GO terms related to development and 

response to cellular stress like “lung alveolus development”, “limb development”, and 

“brain development” as well as “response to oxidative stress” and “platelet aggregation”. 

Strikingly, nicotine treatment was associated to methylation of genes involved in “response 

to nicotine,” while genes in this GO term were shared with other stress responses and 

developmental processes. Cluster 2 contains the GO terms involved in metabolic processes 

related to oxidative stress response, similar to cluster 1, such as “regulation of glutathione 

biosynthetic process”, “regulation of cysteine metabolic process”, “dipeptide import across 

plasma membrane” and “regulation of cellular response to oxidative stress”. Cluster 3 

contains GO terms enriched mainly for terms related to cellular signaling, DNA damage, 

and transcription. Of interest, the c-Jun N-terminal kinase (JNK) pathway, which is 

activated upon ionizing γ-radiation, UV, and nicotine45,46 is a member of cluster 3. Similar 

to cluster 3, cluster 4 includes GO terms related to cellular signaling, but also terms 

related to transcriptional regulation. Cluster 5 GO terms are related to immune response, 

NF-κB transcriptional regulation by protein ubiqutination.47,48 Lastly, genes in cluster 6 

either do not overlap with the genes of other GO terms, thereby not a member of any 

linked-communities (eg “chloride transport”), or are unique to linked-communities. For 

example, “chromosome segregation” in cluster 6 is a member of linked-community #11, 

which is constituted of other cell cycle regulation terms including “negative regulation of 

transcription, DNA–templated” (cluster 4), “response to UV” and “cell cycle” (cluster 3) 

(Figure 3C).

3.4 | Differentially methylated regions in sperm may control gene expression in lung 
tissue

Previously, we reported in this cohort that perinatal nicotine treatment affects offspring lung 

development across generations.6,49 Thus, since we identified “lung alveolus development” 

as one of the enriched GO terms upon nicotine treatment, we examined whether the 

methylation pattern of differentially methylated genes in sperm cell were associated 

with expression changes of the related genes in lung tissue. We investigated the top 
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10 differentially methylated genes, selected based on ranking highest absolute percent 

methylation difference with a lower FDR cut-off (FDR < 0.10) as a tradeoff between higher 

methylation difference and lower statistical significance. These DMRs had an average of 

more than 13% absolute methylation difference (|Δβ| > 0.13) between control and treatment. 

Although the DMR next to the lncRNA AABR07046830.1 was in the top differentially 

methylated, it could not be reliably detected by qRT-PCR, possibly due to its short half-live 

(t1/2 RNA) (data not shown). Therefore, AABR07046830.1 was excluded from further 

gene expression analysis. We investigated the Map4k2 since it shows the highest percent 

methylation (13.25%) of the differentially methylated promoters. In total, we investigated 

the expression pattern of 11 genes, which included AABR07051515.1, Dio1, Gabra4, 

Htr6, Map4k2, Men1, Nmu, Orai2, Rars, Sec14l5, and Slc7a11 (Figure 4). Examining 

their expression profiles, AABR07051515.1 and Dio1 were differentially expressed (FDR 

< 0.05) and Map4k2 was near the threshold of significance (FDR =0.054). The highest 

hypermethylated (Δβ = 68.2%) gene was Dio1, which is iodothyronine deiodinase 1, and 

its gene expression was down-regulated 2.19-fold (log2FC = −1.13) in the nicotine-treated 

group. The next highest hypermethylated gene was AABR07051515.1 (Δβ = 18.8%) and its 

transcript was up-regulated 1.55-fold (log2FC = 0.63) (Figure 4).

3.5 | Key lung development and injury repair proteins had mixed gene expression 
patterns

Next, we measured the lung lysate levels of key lung development and injury repair 

proteins. The abundance of 10 key proteins involved in these processes and which are 

known to be affected by nicotine exposure1,14,49–51: AChRα3; AChRα7; αSMA; β-catenin; 

Calponin; Collagen I, Collagen III; Fibronectin; LEF1; and PPAR-γ (Figure 5 and Figure 

S1). While at the protein level, all of these gene products were significantly up-regulated 

upon nicotine exposure except PPAR-γ, at the transcript level, we did not detect a 

consistent pattern. Interestingly, AChRα7, β-catenin, and Calponin had up-regulated protein 

abundance while their gene expression levels were down-regulated. However, LEF1 and 

PPAR-γ congruent gene expression and protein abundance patterns, up-regulated and down-

regulated, respectively (Figure 5).

4 | DISCUSSION

Our study shows that the epigenetic signature of spermatozoa of animals exposed to 

nicotine perinatally is altered. We identified striking DNA methylation changes at the 

proximity of genes controlling the response to nicotine and lung development. Given the 

transgenerational transmission of lung phenotype following perinatal nicotine exposure, 

the epigenetic alterations identified in spermatozoa may constitute a developmental 

reprogramming involved in the etiology of altered lung function later in life and 

transgenerationally.

In the same animal model and study design, we have previously reported that DNA 

methylation of the whole testicular tissue is increased at the global level in nicotine-exposed 

F1 offspring.6,23 Here, we show that perinatal nicotine exposure did not change global 

DNA methylation in spermatozoa from F1 animals. This discrepancy may be due to DNA 
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methylation changes in a non-germ cell(s) in the testis or may be due to the difference in the 

assays performed between the studies. The global 5mC methylation profile was assessed by 

ELISA previously,6,23 while here, we used the aggregate of individual CpG methylations to 

calculate the global DNA methylation by RRBS. RRBS is known to have a selection bias 

toward CpG islands since MspI digestion sites (CCGG) are enriched, which neglects 5mC 

sites elsewhere.52 Similar to our findings using rat RRBS, Jenkins et. al. have shown that 

there are no significant differences between control and smoker sperm DNA methylation on 

gene bodies using Infinium HumanMethylation450 BeadChip microarrays (Illumina).53

Enrichment analysis of biological processes regulated by differentially methylated loci 

upon nicotine exposure identified six linked-community clusters. Interestingly, in line with 

the known effects of nicotine on the developing offspring,1,14 we determined that genes 

involved in pathways controlling nicotine response, alveolar and brain development, cellular 

signaling, and oxidative stress were epigenetically remodeled. Of interest, the only GO 

term enriched in both differentially methylated promoters and gene body was “response to 

oxidative stress”. As DNA demethylation is dependent on oxidation processes,17 and since 

nicotine treatment induces oxidative stress,54,55 epigenetic reprogramming after perinatal 

nicotine exposure may be controlled, at least in part, by the oxidative stress caused by 

nicotine exposure.

To determine the potential developmental impact of nicotine-induced differential 

methylation changes in sperm cells of the perinatal nicotine-exposed offspring, we 

investigated the lung expression patterns of the genes located near the top 10 DMRs that 

we identified. Of these, only AABR07051515.1 and Dio1 were differentially expressed, with 

varying effects of methylation status on gene expression. For example, the expression of 

the highest differentially hypermethylated gene Dio1 in sperm cells was down-regulated in 

the nicotine-exposed group lungs, whereas the expression of AABR07051515.1, the next 

highest hypermethylated gene in sperm cells, was up-regulated in the lung. In contrast 

to the methylation of a promoter, which is classically associated with gene repression,56 

our results are consistent with previous observations that gene body methylation can 

affect gene expression both positively and negatively.57 It is worth pointing that in a rat 

model of volutrauma-induced lung injury, which shares molecular similarities to nicotine-

induced lung injury,14 AABR07051515.1, a lincRNA, was down-regulated.58 Thus, the 

AABR07051515.1 lincRNA may represent a target gene epigenetically remodeled by 

nicotine exposure, which plays a role in altered lung function in adult life.

Since perinatal nicotine exposure of F1 animals alters the lung phenotype of 

not only the F1 generation, but also the F2 and F3 generations,6,7 epigenetic 

reprogramming of spermatozoa may represent a mechanism by which lung development 

is reprogrammed transgenerationally following perinatal nicotine exposure. Central to 

the mechanistic understanding of the transmission of any acquired phenotype across 

generations is understanding the difference between intergenerational and transgenerational 

transmission.59,60 While intergenerational transmission implies the transmission of the 

effects of direct exposure of a non-mutagenic stimulus on the parental germline to children 

(F0 to F1 in our experimental setup), transgenerational transmission occurs when the 

affected offspring is not directly exposed to the non-mutagenic stimulus (F1 to F2/F3). Our 
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experimental setup does not allow to determine the causality between epigenetic changes 

in spermatozoa and the lung phenotype seen in the adult life and in future generations. 

Determination of sperm DNA profiles of F2 and F3 generation male offspring of F1 

animals exposed to nicotine in utero may give further insight into the role of sperm DNA 

methylation on lung phenotype.

While in this study we focused on lung tissue, other tissues may also be affected by the 

spermatozoa’s epigenetic reprogramming. Nicotine-induced transgenerational inheritance of 

other phenotypic and molecular traits has been described in other models.61,62 Previous 

studies of paternal preconceptional exposure to nicotine showed higher tolerance to cocaine 

in the next generation.63 Given the importance of the nicotinic pathway in brain function, 

notably in the reward system and substance addiction, the DNA methylation changes that 

we identified at the proximity of genes controlling the nicotine response may affect the 

expression of the related genes in the brain as well. Further investigations should be 

conducted to explore the possible link between reprogrammed epigenetic signature by 

perinatal exposure to nicotine and the characteristics of the nicotinic pathway in the brain of 

the adult.

Although there is a general agreement that gametic epigenetic marks are largely erased 

after fertilization,22 there are unequivocal examples of retention of environmentally induced 

epigenetic marks across generations.64–66 Since two rounds of nearly complete DNA 

demethylation occur during development, at the embryogenesis and at the gametogenesis 

stages, retention of environmentally changed DNA methylation is likely to be modest. 

Epigenetic signals other than DNA methylation might be at play in the transmission 

of transgenerational inheritance induced by nicotine exposure, for example, histone 

modifications and expression of small and long noncoding RNAs, as suggested in other 

models of epigenetic inheritance.22 While other epigenetic marks than DNA methylation 

may be involved, our discovery that DNA methylation near genes involved in nicotine 

metabolism is altered in spermatozoa from animals exposed to nicotine strongly suggests 

that DNA methylation is involved in the inheritance of perinatal nicotine exposure. Whether 

the DNA methylation marks that we detected in sperm from exposed animals are directly 

responsible for the transmission of a phenotype in every generations affected downstream 

the nicotine-exposed animals (ie, in a true transgenerational fashion), or are leading to an 

altered phenotype in the next generation which reprograms the following generation in a 

serial manner cannot be determined at this stage.

In conclusion, our discovery that perinatal nicotine exposure remodels the spermatozoal 

epigenome of genes that control the response to nicotine strongly supports a functional 

role on the phenotype of the next generations. Strategies aiming to prevent or revert 

the reprogramming of the spermatozoa epigenome may constitute promising approaches 

to mitigate some of the effects of perinatal nicotine exposure on the developmental 

reprogramming of the next generation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
A, Experimental setup. Rat F0 mothers (E6 - PND21) were injected with nicotine 

subcutaneously (1 mg/kg/od) or with saline as placebo. Sperm cells of male rats (PND60) 

were collected and DNA was extracted from sperm samples. Afterwards, the reduced 

representation bisulfite sequencing (RRBS) was performed. B, Multi-dimensional scaling 

(MDS) plot of leading logFC dimension 1 and 2 of DNA methylation data from individual 

CpG sites. The CpG profiles of placebo and nicotine-treated sperm cells were clustered in 

different groups. Green: placebo, red: nicotine-treated. C, Methylation percentage across 
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different genomic regions as all CpGs (global DNA methylation), gene bodies, promoters, 

5′-UTRs, exons, introns and 3′-UTRs. The nicotine treatment did not affect the overall 

methylation between the two groups (P = .79, Scheirer–Ray–Hare Test), while individual 

genomic regions had significantly different methylation percentages (P = 0, Scheirer–Ray–

Hare Test). X-axis: genomic regions, y-axis: Methylation percentage. Pairwise post-hoc 

comparisons (Dunn Test) for the genomics regions can be found on Table 2. Green: placebo, 

red: nicotine-treated. Solid horizontal lines show mean and solid vertical lines represent 

standard deviation. D, Comparison of the percent methylation of CpGs in placebo and 

nicotine-treated sperm samples. Red dots represent significant (FDR < 0.05) differentially 

methylated regions (DMRs). Faded blue shows the smoothed density for CpG sites and 

CpGs with no significant change upon nicotine treatment are expected to be on the diagonal 

line (dashed blue). E, Heatmap of differentially methylated individual CpG sites (FDR 

< 0.05). Heatmap colors indicate percent methylation values (z-score transformed; red, 

high; blue, low). Hierarchical clusters are calculated by ‘ward.D2’ algorithm using Pearson 

distance. Group colors; green, placebo; red, nicotine-treated
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FIGURE 2. 
Comparison of the percentage methylation of gene bodies (A) and promoters (C) in 

placebo and nicotine-treated sperm samples. Red dots represent significant (FDR < 0.05) 

differentially methylated regions (DMRs). Faded blue show the smoothed density for CpG 

sites. Heatmap of differentially methylated gene bodies (B) and promoters (D) (FDR < 

0.05). Heatmap colors indicate percent methylation values (z-score transformed; red, high; 

blue, low). Hierarchical clusters are calculated by ‘ward.D2’ algorithm using Pearson 

distance. Group colors; green, placebo; red, nicotine-treated. Individual CpG sites are 

aggregated into gene bodies as the region from transcription start site (TSS) until 5′-UTR 

and promoters as the region from −2000 bp to +1000 bp from TSS
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FIGURE 3. 
Pathway enrichment analysis from CpG methylation (RRBS) results. Pathway enrichment 

was performed using FRY algorithm with GO database (Biological Process, BP, domain). 

A, All enriched pathways were connected to each other using the shared gene information. 

Linked-communities (n = 11) identifying the shared properties across all enriched pathways 

were calculated. The names show uniquely enriched terms. B, Enriched pathway terms were 

shared by multiple linked-communities. The view is zoomed in from the region defined 

by the rectangle in panel A. C, Hierarchical clustering of all pathway linked-communities 
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resulted in 6 unique clusters. Cluster 1: nicotine response, alveolar and brain development; 

Cluster 2: oxidative stress response; Cluster 3: cellular signaling and cell cycle; Cluster 4: 

cellular signaling and transcriptional regulation; Cluster 5: NF-κB transcriptional regulation 

by protein ubiquitination; Cluster 6: GO terms with no shared genes between each other, and 

GO terms unique to specific linked-communities
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FIGURE 4. 
A, Top selected differentially methylated genes for further downstream investigation. Each 

panel represents a gene except Map4k2, denoted with *, which is a differentially methylated 

promoter. x-axis: Genes presented with placebo or nicotine treatment groups; y-axis: 

methylation percentage; each dot represents a CpG site. The mean methylation difference 

between nicotine and placebo treatment is shown at the bottom of each panel. B, qPCR 

comparisons of top selected differentially methylated genes from lung. x-axis: treatment 

with placebo or nicotine; y-axis: Relative expression values of each gene of interest (GOI) 

compared to housekeeping gene PPIA; each dot represents a replicate (n = 10). Solid 

horizontal lines show mean and solid vertical lines represent standard deviation. The log2-

fold change (log2FC) between nicotine and placebo treatment is shown at the bottom of each 

panel. Genes with an FDR cutoff of 0.05 (Wilcoxon test) were considered to be differentially 

expressed. Significance stars are defined with the following acronyms: ***FDR < 0.001; 

**FDR < 0.01; *FDR < 0.05; ° FDR < 0.1
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FIGURE 5. 
A, Western blot (WB) analysis of key lung development and injury repair proteins in lung. 

x-axis: Proteins presented with placebo or nicotine treatment groups; y-axis: relative log2 

intensity; each dot represents a replicate (n = 6). The mean protein level difference between 

nicotine and placebo treatment are shown at the bottom of each panel. A representative 

WB gel image for the given protein is shown under each panel. B (all original protein and 

GAPDH bands are shown in Figure S1), qPCR comparisons of genes shown in panel A from 

lung. x-axis: Genes presented with placebo or nicotine treatment groups; y-axis: Relative 
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expression values of each gene of interest (GOI) compared to housekeeping gene ppia; each 

dot represents a replicate (n = 10). Solid horizontal lines show mean and solid vertical lines 

represent standard deviation. The log2-fold change (log2FC) between nicotine and placebo 

treatment is shown at the bottom of each panel. Proteins/genes with an FDR cutoff of 0.05 

(Wilcoxon test) were considered to be differentially regulated. Significance stars are defined 

with following acronyms: ***FDR < 0.001; **FDR < 0.01; *FDR < 0.05; °FDR < 0.1
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