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Abstract
Purpose of Review Maternal tobacco smoking during pregnancy is of public health concern, and understanding the biological mech-
anisms can help to promote smoking cessation campaigns. This non-systematic review focuses on the effects of maternal smoking 
during pregnancy on offspring’s epigenome, consistent in chemical modifications of the genome that regulate gene expression.
Recent Findings Recent meta-analyses of epigenome-wide association studies have shown that maternal smoking during 
pregnancy is consistently associated with offspring’s DNA methylation changes, both in the placenta and blood. These stud-
ies indicate that effects on blood DNA methylation can persist for years, and that the longer the duration of the exposure and 
the higher the dose, the larger the effects. Hence, DNA methylation scores have been developed to estimate past exposure 
to maternal smoking during pregnancy as biomarkers.
Summary There is robust evidence for DNA methylation alterations associated with maternal smoking during pregnancy; 
however, the role of sex, ethnicity, and genetic background needs further exploration. Moreover, there are no conclusive 
studies about exposure to low doses or during the preconception period. Similarly, studies on tissues other than the placenta 
and blood are scarce, and cell-type specificity within tissues needs further investigation. In addition, biological interpreta-
tion of DNA methylation findings requires multi-omics data, poorly available in epidemiological settings. Finally, although 
several mediation analyses link DNA methylation changes with health outcomes, they do not allow causal inference. For 
this, a combination of data from multiple study designs will be essential in the future to better address this topic.
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Introduction

Maternal tobacco smoking during pregnancy (MSDP) is still 
of great concern in public health. A report including data 
from 43 countries indicated that the global prevalence of 

MSDP for the 1985–2016 period was 1.7%, ranging from 
0.8% in Africa to 8.1% in Europe [1]. Children of smoker 
mothers are born with lower birth weight [2]. Moreover, they 
are at increased risk of developing a long list of pathologies 
later in life, including obesity [3], impaired lung function 
and asthma [4], and neuropsychological problems [5].

Before the clinical endpoint, MSDP triggers several 
molecular, cellular, and physiological pathways in the 
mother and the offspring. These pathways are diverse due 
to the number of toxic chemical compounds found in ciga-
rettes and in the smoke produced by their combustion [6]. 
The epigenome has been proposed as one of the mechanisms 
linking environmental exposures to disease [7]. It consists 
of several mitotically heritable chemical modifications of 
the genome, which control gene expression in a tissue- and 
time-specific manner, including DNA methylation (DNAm), 
histone modifications, and regulatory RNAs.
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This non-systematic review summarizes currently avail-
able literature about the effects of MSDP on the offspring’s 
epigenome, especially on DNAm, and their link with health 
outcomes. The review presents what is known about dose and 
duration of exposure, the persistence of the effects, tissue and 
cell specificity, and the mediator role of DNAm on health out-
comes. Moreover, it presents evidence of the effects on other 
molecular layers, including gene and microRNA (miRNA) 
expression and metabolomics. Finally, it discusses the main 
gaps in the literature and future research directions.

Maternal Smoking During Pregnancy 
and Blood DNA Methylation

Associations with Cord Blood DNA Methylation 
at Birth

Most epigenome-wide association studies (EWAS) of MSDP 
assess DNAm through microarrays as they allow evaluating 
hundreds of participants at a relatively low cost. The most 
common microarray is the Illumina 450 K, which has since 
been updated to the MethylationEPIC array, and the most 
frequently investigated tissue is blood or leukocyte rederived 
DNA as it is easily accessible in epidemiological settings. 
On the other hand, information on MSDP is usually obtained 
through self-reports and less often through objective bio-
markers (e.g., urinary cotinine). Obtaining this information 
at different time points in pregnancy allows to study differ-
ent exposure windows: any MSDP (when mothers smoke at 
any time during pregnancy), non-sustained MSDP (when 
mothers quit smoking at the beginning of pregnancy), and 
sustained MSDP (when mothers smoke through most of the 
pregnancy).

The largest EWAS meta-analysis to date evaluating the 
association of MSDP with cord blood DNAm at birth was 
conducted by Joubert et al. within the Pregnancy And Child-
hood Epigenetics (PACE) consortium and included data 
from 13 cohorts [8••]. After correcting for false discovery 
rate (FDR), the authors identified 6073 CpGs differentially 
methylated in relation to sustained MSDP (52% hyper- and 
48% hypo-methylated). Consistent with studies of current 
smoking in adults, the top CpG was cg05575921 located 
within the AHRR gene body, which showed reduced meth-
ylation in newborns of smoker mothers (− 6.6%). This gene 
codes for the protein Aryl hydrocarbon receptor repressor 
that represses the transcription activity of the Aryl hydro-
carbon receptor, a chemical/ligand-dependent intracellular 
receptor involved in xenobiotic detoxification [9]. Joubert 
et al. performed pathway enrichment analysis and revealed 
that genes annotated to CpGs associated with MSDP were 
enriched for anatomical development, phosphate-containing 

compound metabolism, nervous system development, and 
cell communication processes. Among the MSDP-sensitive 
CpGs, around 30% were common with CpGs found to be 
associated with own smoking in adults’ blood [10••]. Inter-
estingly, CpGs unique to newborns were enriched in xeno-
biotic metabolism pathways.

The CpGs most widely identified across other EWAS are 
situated within coding or regulatory regions of the AHRR, 
GFI1, CYP1A1, and MYO1G genes (Tables S1). Altered 
DNAm patterns in these genes were identified in European 
[11, 12, 13••], Japanese [14], and African American popu-
lations [15], suggesting similar effects of MSDP across 
ancestries. Sex differences in DNAm are frequent and stable 
throughout early development and are known to alter health 
risks [16]. Nevertheless, only a few studies have explored 
sex-specific DNAm patterns associated with MSDP, giving 
inconsistent results [13••, 15, 17–20]. Furthermore, none of 
these studies assessed DNAm changes in sex chromosomes, 
whereas evidences in adult current smokers suggest that they 
are also present [21].

Persistence of Associations on Blood DNA 
Methylation in Childhood, Adolescence, 
and Adulthood

Literature suggests that environmental exposures may 
involve lasting alterations in DNAm. Within the PACE 
meta-analysis, the authors explored whether blood DNAm 
changes associated with MSDP at birth were still observed 
in childhood [8••]. They observed that all 6073 CpGs identi-
fied in newborns were still nominally associated with MSDP 
in child blood at a mean age of 5 years (of these, 148 CpGs 
met FDR significance), and 73% had a consistent direction 
of effect.

Other studies also reported persistent effects of MDSP 
on blood DNAm after birth, covering different age ranges: 
infancy [22••], childhood [13••, 23, 24••], adolescence 
[13••, 20, 25, 26], and adulthood [13••, 20, 26, 27]. The 
overlap among CpGs and genes showing persistent effects 
at different ages is shown in Fig. 1.

However, these results are mostly based on evaluations 
of DNAm levels at only one time-point, which does not 
allow to examine time-response patterns to MSDP in the 
same individual. Importantly, the Avon Longitudinal Study 
of Parents and Children (ALSPAC) cohort measured blood 
DNAm at birth, 7 and 17 years of age in the same partici-
pants. Leveraging this approach, they observed that some 
CpGs recovered DNAm levels similar to those unexposed 
(e.g., within GFI1, KLF13, and ATP9A genes), while oth-
ers showed persistently perturbed DNAm levels throughout 
childhood and adolescence (e.g., within AHRR, MYO1G, 
CYP1A1, and CNTNAP2 genes) [13••].
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Maternal Smoking During Pregnancy 
and DNA Methylation in Other Tissues

Associations with Placenta DNA Methylation

Placenta, a critical organ for fetal development, is another 
accessible tissue in epidemiological settings. It mediates 
the maternal–fetal exchange of gases, nutrients, hormones, 
and metabolic waste products, thereby playing a crucial 
role in shaping fetal growth and birth size, a significant 
predictor of health across the life course [28]. Despite the 
importance of this organ for child and adult health, there 
are limited studies analyzing the effect of environmental 
exposures on it [29].

The largest study to date investigating placental DNAm 
was conducted by Everson et al. within the PACE consor-
tium and included data from 7 cohorts [30••]. After Bon-
ferroni correction, the authors identified 443 CpGs differ-
ently methylated in response to any or sustained MSDP 
(41.5% hypo- and 58.5% hyper-methylated). These CpGs 
were annotated to genes enriched for detoxification path-
ways, growth-factor signaling, immunity and inflammation, 
and myometrial and vascular smooth muscle contraction. 
Moreover, MSDP-associated CpGs were enriched in pla-
cental enhancers. The CpG cg27402634, located between 
LEKR1 and LINC00886, showed the largest effect (− 25.1% 
in sustained smokers). Besides this, other CpGs that yielded 
large magnitudes of association but far from the top CpG 
were located within the EDC3, WBP1L, and KDM5B genes. 
Interestingly, the genomic regions of LEKR1-LINC00886, 
EDC3, and WBP1L have been described to contain genetic 
variants related to birth weight.

These top genes were also identified in other single cohort 
EWAS by Morales et al. [31] and Cardenas et al. [32]. The 
latter evaluated DNAm with the Illumina EPIC array, which 
has a larger coverage of the genome than the 450 K, and this 
allowed the identification of 52 novel CpGs not described 
before. Finally, another study identified 203 placental differ-
entially methylated regions (DMRs) associated with MSDP 
[33•]. These DMRs encompassed 1023 CpGs, some of them 
overlapping previous literature. They were enriched for pla-
centa enhancer regions located near ten imprinted regions 
known to control fetal and placental development. Results 
from other smaller studies are summarized in Table S1.

Associations with DNA Methylation in Other Tissues

A limited number of studies have investigated the associa-
tion between MSDP and DNAm in tissues other than blood 
or placenta (Table S1). Access to fetal tissues is complicated, 
and thus studies are usually of small size. In dorsolateral 
prefrontal cortex samples from the second trimester of ges-
tation, 577 DMRs were associated with MSDP at nominal 
significance (n = 24) [34••]. Top DMRs were within the pro-
moter regions of GNA15 and SDHAP3, previously reported 
to show altered DNAm levels in the brain of patients with 
autism spectrum disorder and schizophrenia. In fetal lung, 
MSDP was nominally associated with DNAm at CpGs anno-
tated to several genes, including DPP10 previously related 
to asthma (n = 85) [35•, 36]. As indicated before, AHRR is 
a primary response gene for MSDP. However, unlike in cord 
blood, it was not affected in buccal epithelium cells collected 
at birth (n = 15) [18]. Finally, in child buccal epithelium cells 
(n = 272), one study found that MSDP was associated with 

Fig. 1  Venn diagram showing the overlap between CpGs (A) and 
genes (B) persistently associated with any/sustained maternal smok-
ing during pregnancy in blood in childhood (Richmond et al. [13••]; 

Joubert et  al. [8••]; Vives-Usano et  al. [24••]), adolescence (Rich-
mond et al. [13••], Rauschert et al. [20]), and adulthood (Richmond 
et al. [13••]; Wiklund et al. [26])
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DNAm differences at eight genes (AXL, PTPRO, KLK11, 
TGFB3, MET, SPDEF, SNCG, NBL1) [37].

The overlap of the top CpGs associated with MSDP in 
the different tissues is shown in Fig. 2A. Five CpGs were 
common between placenta and cord blood, and one between 
cord blood and fetal cortex. CpGs in fetal lung did not over-
lap with CpGs described in any other tissue. Although 
these observations indicate cell-specific effects of MSDP, 
we cannot rule out the possibility that different CpGs might 
be regulating the same genes or pathways, particularly con-
sidering that gene expression is often regulated by different 
CpGs according to the tissue. In fact, when comparing lists 
of genes mapped to the CpGs significantly associated with 
MSDP, we found a higher number of overlapping genes: 
12 genes overlapped between the placenta and cord blood; 
11 genes between fetal cortex and placenta; and 18 genes 
between cord blood and fetal cortex (Fig. 2B).

Cell‑Type Specificity

Interpreting DNAm changes associated with smoking in the 
context of tissue cellular heterogeneity is challenging. To 
answer this, Bauer et al. examined DNAm at 5 smoking-
sensitive CpGs in sorted blood cell types [38]. They found 
that several scenarios were possible: smoking promotes the 
expansion of a specific cell type with a specific DNAm pat-
tern (i.e., GPR15 + T cells); smoking affects DNAm in spe-
cific cells (i.e., hypo-methylation of GFI1 in granulocytes); 
and smoking affects DNAm across blood cell types (i.e., 
hypo-methylation of the cg05575921 CpG in the AHRR). 
In the case of cg19859270, they confirmed that a smoking-
induced methylation difference of around 2% was caused 

by expansion of GPR15 + T cells, involved in inflammation 
and disease pathology. Thus, even slight DNAm changes in 
whole blood samples might be of strong biological relevance 
if attributed to a specific cell type.

However, cell sorting is not always possible in epide-
miological settings. To uncover these, there exist reference-
based cell deconvolution methods for tissues such as whole 
blood [39•], cord blood [40•], saliva [41•], or placenta 
[42•]. Most of the EWAS apply these methods to adjust 
for cell-type proportions in the statistical model; however, 
they can also be used to identify cell-type-specific effects. 
For instance, You et al. found that most highly reproducible 
smoking-associated hypo-methylation signatures in adults 
were more prominent in the myeloid lineage [43•].

Dose and Duration of Maternal Smoking 
During Pregnancy

The harmful effects of MSDP might be reduced or dimin-
ished if the mother quits smoking in the first trimester of 
pregnancy or if she decreases cigarette consumption. Thus, 
several studies have explored the effect of these temporal 
and dose parameters on offspring’s DNAm. Regarding the 
duration of the exposure, the PACE meta-analyses found that 
the effects on DNAm were stronger among sustained smoker 
mothers compared to the group of any smoker mothers, both 
in cord blood [8••] and placenta [30••]. Consistent findings 
were found in other studies [13••, 14, 18, 24••].

The number of cigarettes smoked per day is also impor-
tant. Some of the MSDP-sensitive CpGs in cord blood show 
evidence of a dose-dependent association, with stronger 

Fig. 2  Venn diagram showing the overlap between CpGs (A) and 
genes (B) significantly associated with any/sustained maternal 
smoking during pregnancy in cord blood (Joubert et  al. [8••]), pla-
centa (Everson et al. [30••]), fetal cortex (Chatterton et al. [34••]), 
and fetal lung (Chhabra et al. 35•). The study on buccal epithelium 

by Breton et  al. was not comparable to these studies (the authors 
assessed repetitive elements and a set of CpGs comprised in the 
GoldenGate Cancer methylation panel I), and therefore it was not 
included in the diagram
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effects with a higher number of cigarettes smoked per day 
[12, 13••, 44]. These duration and dose-dependent associa-
tions of MSDP seem to be maintained in children [24••], 
adolescents, and adults [20, 26]. The list of CpGs and genes 
with dose–response across age ranges is shown in Fig. 3.

Studies examining the effect of exposure to second-hand 
smoke (SHS), which involves lower doses and different 
exposure routes compared to the exposure through maternal 
smoking in pregnancy, are inconclusive. Recently, a study 
reported that exposure to SHS among non-smoking pregnant 
women was associated with cord blood DNAm changes in 
several CpGs, some of them overlapping MSDP-sensitive 
CpGs [45•]. In contrast, other studies did not find any asso-
ciation in child [24••] or adult blood [46]. Similarly, there 
is low evidence for an association between paternal smok-
ing during pregnancy (PSDP) and cord blood [13••, 44, 
47] or placenta DNAm [31, 33•]. The exception is a recent 
meta-analysis showing associations between PSDP and dif-
ferential DNAm in offspring’s blood [48•]. However, the 
study could not determine whether the observed associations 
were due to SHS exposure during the post-conception period 
(pregnancy or postnatally) or altered sperm DNAm patterns 
acquired preconceptionally and transmitted to the offspring.

Regarding preconception exposure, Rousseaux et al. found 
that placentas of women who quit smoking at least 3 months 
prior to their pregnancy presented altered DNAm patterns in 
particular regions of the genome, despite an absence of direct 
exposure of placentas to tobacco smoke [33•]. If misclassifi-
cation of the exposure can be ruled out, this suggests the pos-
sibility of an acquired epigenetic predisposition, previously 
described in adipose tissue of former smokers (Tsai et al. 
49). In contrast, another study did not find any association 

of maternal and paternal smoking before pregnancy (MSBP 
and PSBP) or of grandmother’s smoking during pregnancy 
(GMSDP) with cord blood DNAm [47].

Maternal Smoking During Pregnancy 
and Multi‑omics

Biological interpretation of DNAm changes requires annotation 
of CpGs to genes. Usually, this is done by linking the CpG to 
the closest gene, but this does not consider long-range chromatin 
interactions. To address this, some studies base their annotation 
on cis expression quantitative trait methylation (cis eQTMs), 
defined as correlations between DNAm and expression levels of 
nearby genes. For instance, Everson et al. found that the DNAm 
at 61.3% of the MSDP-sensitive CpGs were associated with the 
expression of nearby genes [30••]. The majority (65%) of the 
eQTMs showed inverse associations (i.e., higher DNAm – lower 
gene expression). Pathways identified using the eQTM genes 
differed slightly from those identified using the closest gene 
annotation. Others have applied similar strategies to identify 
MSDP responsive genes and pathways in blood [10••]. How-
ever, these studies are limited by the small number of individuals 
in the eQTM analyses, thus having a reduced statistical power. 
To overcome this, Ruiz-Arenas et al. created a catalog of blood 
cis eQTMs in children, defined as CpG-gene pairs within a 1 Mb 
window centered at the transcription start site (TSS) (accepted 
in eLife; https:// elife scien ces. org/ artic les/ 65310). Among the 
13 M CpG-gene tests, 39,749 statistically significant eQTMs, 
representing 21,966 unique CpGs and 8886 unique genes, were 
found after multiple-testing correction. Most of the associations 
took place in a distance between the CpG and gene < 250 kb, and 

Fig. 3  Venn diagram showing the overlap between CpGs (A) and 
genes (B) associated with any/sustained maternal smoking dur-
ing pregnancy showing a dose–response pattern. Studies have been 
grouped by periods (including from each period the top CpGs/genes 
found in each of the studies): at birth (Markunas et  al. [12]; Rich-

mond et  al. [13••]; Monasso et  al. [44]), childhood (Vives-Usano 
et  al. [24••]), adolescence (Rauschert et  al. [20]), and adulthood 
(Wiklund et al. [26]). Adulthood CpGs in Wiklund et al. also report 
dose–response patterns at 16 years

https://elifesciences.org/articles/65310
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58% showed inverse relationships. Notably, only around half of 
the eQTM genes could be captured by annotating the CpG to 
the closest gene. The study also describes low overlap between 
eQTMs identified in children and adults. However, the authors 
could not rule out whether this resulted from real biological dif-
ferences or differences in the study designs. The whole cata-
log including the 13 M CpG-gene pairs is publicly available at 
https:// helix omics. isglo bal. org/.

Multi-omics studies of MSDP are scarce. An exception 
are the studies by Bauer et al. [22••] and by Vives-Usano 
et al. 2020 [24••] (Table S1). Vives-Usano et al. analyzed the 
association of MSDP with multi-omics biomarkers, including 
blood DNAm, blood gene and miRNA expression, plasma pro-
teins, and serum and urinary metabolites, assessed in children 
of the Human Early Life Exposome (HELIX) study. MSDP 
was related to DNAm changes at 18 loci, five of which showed 
an association with the expression of nearby genes. However, 
no evidence of association was found between MSDP and child 
blood gene expression, suggesting that the effect of MSDP was 
more persistent and stronger on DNAm than on gene expres-
sion. In line with this, in adults, it has been observed that gene 
expression levels are recovered to normal levels after smoking 
cessation faster than DNAm levels are [49]. Regarding other 
omics, only two child urinary metabolites (alanine and lactate) 
were associated with MSDP, with low biological plausibility. 
Metabolites, miRNAs, and transcripts that were previously 
found altered in current smokers were not among the top sta-
tistically significant markers in HELIX [50–53]. The authors 
also investigated the association of childhood SHS with child 
molecular signatures. In contrast to what was observed for 
MSDP, childhood SHS was related to reduced levels of several 
metabolites (phosphatidylcholines and sphingomyelins) and 
to increased plasma PAI1 (a protein that inhibits fibrinolysis), 
both previously described to be altered in current smokers.

Bauer et al. examined the association between DNAm in 
maternal and offspring’s blood samples through whole‐genome 
bisulfite sequencing (WGBS), which covers a greater fraction of 
the genome than array-based methods [22••]. The authors dis-
covered a set of 8409 DMRs associated with MSDP in children, 
1404 of which were independent of underlying genetic variants. 
Child and maternal DMRs were quite distinctive. By analyzing 
additional data on chromatin histone marks and RNAseq, the 
authors identified DNAm patterns at enhancers and repressive 
elements that correlated with transcriptional changes, showing 
stronger effects later in life than at birth. Two DMRs were vali-
dated in a larger sample: a DMR in the TMEM241 gene and a 
DMR in a JNK2 enhancer (in the GFPT2 gene). Interestingly, 
DNAm levels at this enhancer were determined by the combined 
effect of MSDP and a cis mQTL. Finally, loss of DNAm at the 
JNK2 enhancer was associated with an increased risk for wheez-
ing, and this was confirmed in a JNK2 knock-out mouse that 
had reduced airway inflammation and airway hyperreactivity.

From Smoking to Health Outcomes: the Role 
of DNA Methylation

It has been suggested that DNAm can mediate the effect of 
environmental exposures on health outcomes [7]. To explore 
this, several studies have conducted mediation analyses, 
which consist of calculating the percentage of the total effect 
of the exposure that acts through a given mediator factor 
(indirect effect), and the percentage of the total effect of the 
exposure unexplained by this same mediator (direct effect) 
(Fig. 4) [54•].

Maternal Smoking During Pregnancy, DNA 
Methylation, and Reproductive Outcomes

Several mediation analyses have been conducted to deter-
mine whether the effect of MSDP on birth weight is medi-
ated through DNAm in cord blood [17, 19, 55, 56•, 57, 58], 
neonate blood [59], or placenta [31, 32] (Table S2).

In cord blood, DNAm at several CpGs of the GFI1 gene, 
which is involved in hematopoiesis control, were found to 
mediate around 18% of the effect of MSDP on birth weight 
[55]. These results were replicated in cord blood [56•] and 
neonate blood [59]. Another study described that DNAm at 
8 CpGs (close to AHRR, CYP1A1, and GFI1 genes) medi-
ated up to 67.8% of the effect of MSDP on birth weight [58]. 
Lastly, two other studies suggested that the effect of MSDP 
on the risk of being born with low birth weight or being 
small for the gestational age could be mediated by DNAm 
at IGF2, an essential gene for fetal growth [17, 19].

Even though blood tissue is easily accessible, there is a 
concern that it might not be the key tissue for mediating the 
effect between MSDP and birth weight [55]. In contrast, the 
placenta is a more plausible tissue in terms of its biology for 
mediating the effects of MSDP on reproductive outcomes [29]. 
Indeed, the top CpG in the placenta, cg27402634 (LEKR1-
LINC00086), was found to explain up to 36% of the effect of 
MSDP on birth weight, and the CpG cg25585967 (TRIO) up 
to 5% [31]. Another study found seven CpGs likely mediating 
the effect of MSDP on birth weight, five of which presented an 
interaction effect between MSDP and DNAm [32].

Maternal Smoking During Pregnancy, DNA 
Methylation, and Other Outcomes

Regarding neuropsychological traits, the proportion of the 
effect of MSDP mediated through blood DNAm is substan-
tial: 48.4% for cord blood DNAm at GFI1 gene on atten-
tion deficit and hyperactivity disorder symptoms [60], and 
around 30% for adult blood DNAm at the GNG12 gene 
on schizophrenia-related outcomes [26]. Another study 

https://helixomics.isglobal.org/
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described that placental DNAm at the NR3C1 gene could 
mediate 25% of the effects of MSDP on basal cortisol levels 
of newborns [61]. Finally, another study found that the odds 
ratio (OR) for the indirect effect of MSDP on asthma medi-
ated through blood DNAm at the cg05575921 CpG (AHRR) 
was 1.18, being the OR of the total effect 1.48 [62].

Limitations of Mediation Analyses and Causal 
Inference

Findings from a mediation analysis must be interpreted with 
caution because they have several limitations. First, they give 
biased results when the mediator (i.e., DNAm) captures 
the exposure (i.e., MSDP) with less error than the method 
used to assess the exposure itself [56•], and when there is 
mediator-outcome confounding, exposure-mediator interac-
tion or poorly specified models [32, 54•]. Second, they only 
prove a statistical relationship between the factors (expo-
sure-mediator-outcome), but not a causal link. For causal 
inference, triangulation, which consists in obtaining more 
reliable answers to research questions by integrating results 
from different study designs, is essential [63]. Thus, EWAS 
findings from observational studies should be complemented 
with Mendelian randomization (MR) analyses, clinical trials, 
and validation in animal models, when possible.

Mendelian randomization is a statistical method that uses 
genetic variants that influence DNA methylation (mQTLs) 
as instrumental variables to evaluate the causal link 
between an exposure (i.e., DNAm) and an outcome [64•]. 

For instance, Morales et al. found suggestive evidence that 
decreased placental DNAm levels at the CpG cg27402634 
(LEKR1-LINC00086) lead to reduced birth weight [31]. 
Similarly, Wiklund et al. suggested that MSDP is associated 
with an increased risk of schizophrenia by a decrease of pla-
cental DNAm levels at the CpG cg25189904 (GNG12) [26]. 
MR analyses of DNAm or other molecular traits require 
public databases of molecular quantitative trait loci (QTLs) 
to identify the instrumental variables. While databases of 
expression QTL are publicly available for diverse tissues at 
websites such as the one by the Genotype-Tissue Expres-
sion (Gtex) project (https:// gtexp ortal. org/ home/), there are 
fewer, ancestry dependent, and generally smaller, public 
databases for mQTLs [65•, 66, 67].

Epigenetic Scores to Predict Past Exposure 
to Tobacco Smoke During Pregnancy

DNAm patterns can predict past exposures to MSDP, which 
can overcome missing, incomplete, or inaccurate data on 
MSDP. The first epigenetic score of MDSP for cord blood, 
which included 28 CpGs, was developed by Reese et al. 
using an iterative logistic lasso cross-validation procedure 
[68]. The area under the curve (AUC) value, which is calcu-
lated according to the specificity and sensitivity of the score, 
was 0.90 for the testing cohort. A subsequent score for adult 
blood derived using the coefficients of 19 CpGs associated 
with MSPD in child blood from the PACE meta-analysis 
[8••], had moderate accuracy (AUC = 0.72) [69]. Recently, 

Fig. 4  Mediation analysis: the total effect of any/sustained maternal 
during pregnancy on adverse reproductive and childhood health out-
comes is divided in a direct effect and indirect effect through DNA 
methylation changes. The CpGs/genes for which a mediation effect 
has been found for different health outcomes and tissues are listed on 
the right (Murphy et al. [17]; Stroud et al. [61]; Bouwland-Both et al. 

[19]; Küpers et  al. [55]; Morales et  al. 31; Valeri et  al. [56•]; Witt 
et al. [57]; Cardenas et al.[32]; Hannon et al. [59]; Neophytou et al. 
[62]; Wiklund et al. [26]; Miyake et al. [60]; Xu et al. [58]). BW, birth 
weight; LBW, low birth weight, SGA, small for gestational age; SQ, 
squizofrenia; ADHD, attention deficit and hyperactivity disorder; 
ASTH, asthma
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Rauschert et al. developed an epigenetic score for adolescent 
and adult blood containing 204 CpGs which were selected 
using the elastic net regression method [70••]. The score 
had AUC values > 0.80 for the testing cohorts and in these 
cohorts it outperformed the previous ones.

Finally, Blostein et al. developed an epigenetic smoking 
score for children and adolescents based on saliva DNAm 
(https:// www. medrx iv. org/ conte nt/ 10. 1101/ 2021. 11. 30. 
21267 020v1. full). Even using weights of 6,074 CpGs from 
cord blood [8••], the AUCs were 0.78 at the age of 9 and 
0.77 at the age of 15. Moreover, the authors found that the 
score was quite portable across ancestry groups.

Conclusions

The existing literature supports a significant and consistent 
impact of MSDP on the offspring’s epigenome at biologi-
cally relevant genes across important tissues such as cord 
blood and placenta. This information has been successfully 
used to predict past exposure to MSDP through epigenetic 
scores. Despite this evidence, there are still some gaps to be 
addressed, some of which have already been highlighted by 
a previous review [71]. First, while it is clear that the dura-
tion of MSDP affects DNAm levels, the evidence for mater-
nal or paternal smoking during the preconception period is 
less consistent. Moreover, although MSPD dose–response 
patterns have been described in several CpGs, the effect of 
low doses such as for SHS is difficult to address. Similarly, 
more studies are needed to confirm the implications of the 
observed persistent effects in the epigenome, addressing 
the existence of cell memory mechanisms and the potential 
association with increased vulnerability to similar exposures 
later in life or future generations. Second, there is a need 
to investigate whether the effects of MSDP are consistent 
between sexes and ancestry groups, and the effect modifica-
tion of genetic variants or environmental factors should be 
considered more systematically. Third, translation of DNAm 
changes in certain CpGs into biological pathways requires 
additional deeper multi-omics data, especially transcrip-
tomic data. Biological interpretation is, in addition, compli-
cated due to limitations in tissue accessibility and cell-type 
specificity. Studies from abortions on fetal organs might 
offer more direct knowledge on otherwise inaccessible tar-
get organs. In turn, cell-type specificity can be addressed 
by conducting cell sorting, single-cell DNAm studies, or 
otherwise, by applying cell deconvolution methods. Finally, 
proving causal links between DNAm and health outcomes 
requires triangulation of findings from different study 
designs: observational, MR, and animal models. Overall, 
despite most of the findings reviewed here are robust and 
consistent, further investigations are guaranteed to provide 

a more comprehensive understanding of MSDP impact on 
the offspring epigenome by combining data obtained using 
newer technical approaches and multiple study designs.

Abbreviations ALSPAC:  Avon Longitudinal Study of Parents and 
Children; AUC :  Area under the curve; CpG:  Cytosine nucleotide 
followed by a guanine nucleotide; DMR:  Differentially methylated 
region; DNAm:  DNA methylation; EPIC:  Infinium HumanMethyla-
tionEPIC BeadChip—Illumina; eQTL:  Expression quantitative trait 
locus; EWAS:  Epigenome-wide association study; FDR:  False discov-
ery rate; GMSDP:  Grandmother smoking during pregnancy; HELIX:  
Human Early Life Exposome; mQTL:  Methylation quantitative trait 
locus; MR:  Mendelian randomization; MSBF:  Maternal smoking 
before pregnancy; MSDP:   Maternal smoking during pregnancy; 
PACE:  Pregnancy And Childhood Epigenetics; PBMCs:  Peripheral 
blood mononuclear cells; PMD:  Partially methylated domains; PSBF:  
Paternal smoking before pregnancy; PSDP:  Paternal smoking during 
pregnancy; QTL:  Quantitative trait locus; SHS:  Second-hand smoke; 
TF:   Transcription factors; TSS:   Transcription start site; WGBS:  
Whole-genome bisulfite sequencing; 27 K:  Infinium HumanMethyla-
tion27 BeadChip – Illumina; 450 K:  Infinium HumanMethylation450 
BeadChip—Illumina

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40572- 022- 00361-9.

Funding The study has received funding from the H2020-EU.3.1.2.—
Preventing Disease Programme under grant agreement no 874583 (ATH-
LETE project). Marta Cosin-Tomas is funded by a Beatriu de Pinós 
Postdoctoral Contract awarded by Generalitat de Catalunya-AGAUR and 
European Commission- Horizon 2020 (2019 BP 00107). Ariadna Cille-
ros-Portet is funded by a grant from the Health Department of the Basque 
Government to Nora Fernandez-Jimenez (GVSAN-2019111085). Sofía 
Aguilar-Lacasaña is funded by a FI-AGAUR Predoctoral contract 
awarded by the Agència de Gestió d'Ajuts Universitaris i de Recerca 
(2022 FI_B 00797), Generalitat de Catalunya – Fons Social Europeu. We 
received support from the Spanish Ministry of Science and Innovation 
and State Research Agency through the “Centro de Excelencia Severo 
Ochoa 2019–2023” Program (CEX2018-000806-S), and support from 
the Generalitat de Catalunya through the CERCA Program. 

Declarations 

Conflict of Interest The authors declare no competing interests.

Human and Animal Rights and Informed Consent This article does not 
contain any studies with human or animal subjects performed by any 
of the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

https://www.medrxiv.org/content/10.1101/2021.11.30.21267020v1.full
https://www.medrxiv.org/content/10.1101/2021.11.30.21267020v1.full
https://doi.org/10.1007/s40572-022-00361-9
http://creativecommons.org/licenses/by/4.0/


510 Current Environmental Health Reports (2022) 9:502–512

1 3

References

Papers of particular interest, published recently, have 
been highlighted as:  
• Of importance  
•• Of major importance

 1. Lange S, Probst C, Rehm J, Popova S. National, regional, and 
global prevalence of smoking during pregnancy in the general 
population: a systematic review and meta-analysis. Lancet Glob 
Heal [Internet]. 2018 Jul;6(7):e769–e776. Available from: http:// 
www. ncbi. nlm. nih. gov/ pubmed/ 29859 815.

 2. Abraham M, Alramadhan S, Iniguez C, Duijts L, Jaddoe VWV, 
Dekker HTD, et al. A systematic review of maternal smoking 
during pregnancy and fetal measurements with meta-analysis. 
PLoS ONE. 2017;12(2):e0170946.

 3. Rayfield S, Plugge E. Systematic review and meta-analysis of the 
association between maternal smoking in pregnancy and child-
hood overweight and obesity. J Epidemiol Community Health. 
2017;71(2):162–73.

 4. McEvoy CT, Spindel ER. Pulmonary effects of maternal smok-
ing on the fetus and child: effects on lung development, respira-
tory morbidities, and life long lung health. Paediatric Respira-
tory Rev. 2017;21:27–33.

 5. Rice F, Langley K, Woodford C, Davey Smith G, Thapar A. 
Identifying the contribution of prenatal risk factors to offspring 
development and psychopathology:What designs to use and a 
critique of literature on maternal smoking and stress in preg-
nancy. Dev Psychopathol. 2018;30(3):1107–28.

 6. Soleimani F, Dobaradaran S, De-la-Torre GE, Schmidt TC, 
Saeedi R. Content of toxic components of cigarette, cigarette 
smoke vs cigarette butts: a comprehensive systematic review. 
Sci Total Environ [Internet]. 2022;813:152667. https:// doi. org/ 
10. 1016/j. scito tenv. 2021. 152667.

 7. Cavalli G, Heard E. Advances in epigenetics link genetics to 
the environment and disease. Nature, Nature Publishing Group. 
2019;571(7766):489–99.

 8.•• Joubert BR, Felix JF, Yousefi P, Bakulski KM, Just AC, Breton 
C, et al. DNA methylation in newborns and maternal smoking in 
pregnancy: genome-wide consortium meta-analysis. Am J Hum 
Genet [Internet]. 2016 Apr;98(4):680–96. Available from: http:// 
www. ncbi. nlm. nih. gov/ pubmed/ 27040 690. This is the largest 
study to date concerning the impact of MSDP on cord blood 
DNAm. It was conducted within the PACE consortium and 
includes data from 13 cohorts.

 9. Denison MS, Nagy SR. Activation of the aryl hydrocarbon 
receptor by structurally diverse exogenous and endogenous 
chemicals. Annu Rev Pharmacol Toxicol. 2003.

 10. •• Sikdar S, Joehanes R, Joubert BR, Xu CJ, Vives-Usano M, 
Rezwan FI, et al. Comparison of smoking-related DNA meth-
ylation between newborns from prenatal exposure and adults 
from personal smoking. Epigenomics. 2019;11(13):1487–500 
By comparing the largest meta-analyses to date, this study 
identifies numerous blood DNAm signatures specific to 
MSDP exposure in newborns along with many shared 
between newborns and adults own-smoking. Thus, it pro-
vides insights into specific health impacts of prenatal expo-
sure on offspring.

 11. Joubert BR, Håberg SE, Nilsen RM, Wang X, Vollset SE, Mur-
phy SK, et al. Research | children ’ s health 450K epigenome-
wide scan identifies differential DNA methyla   in newborns 
related to maternal smoking during pregnancy. Environ Health 
Perspect. 2012;120(10):1425–32.

 12. Markunas CA, Xu Z, Harlid S, Wade PA, Lie RT, Taylor JA, 
et al. Identification of DNA methylation changes in newborns 
related to maternal smoking during pregnancy. Environ Health 
Perspect [Internet]. 2014 Jun;122(10):1147–53. Available from: 
http:// www. ncbi. nlm. nih. gov/ pubmed/ 24906 187.

 13.•• Richmond RC, Simpkin AJ, Woodward G, Gaunt TR, Lyttleton 
O, McArdle WL, et al. Prenatal exposure to maternal smok-
ing and offspring DNA methylation across the lifecourse: find-
ings from the Avon Longitudinal Study of Parents and Children 
(ALSPAC). Hum Mol Genet. 2015;24(8):2201–17. This study is 
one of the few investigating the associations between prenatal 
exposure to MSDP and offspring DNAm at multiple time 
points in approximately 800 mother-offspring pairs from the 
Avon Longitudinal Study of Parents and Children.

 14. Miyake K, Kawaguchi A, Miura R, Kobayashi S, Tran NQV, 
Kobayashi S, et  al. Association between DNA methylation 
in cord blood and maternal smoking: the Hokkaido Study on 
Environment and Children’s Health. Sci Rep [Internet]. 2018 
Dec;8(1):5654. Available from: http:// www. ncbi. nlm. nih. gov/ 
pubmed/ 29618 728.

 15. Zhang B, Hong X, Ji H, Tang WY, Kimmel M, Ji Y, et al. Mater-
nal smoking during pregnancy and cord blood DNA methyla-
tion: new insight on sex differences and effect modification by 
maternal folate levels. Epigenetics. 2018;13(5):505–18.

 16. Mulder RH, Neumann A, Cecil CAM, Walton E, Houtepen LC, 
Simpkin AJ, et al. Epigenome-wide change and variation in 
DNA methylation in childhood: trajectories from birth to late 
adolescence. Hum Mol Genet. 2021;30(1):119–34.

 17. Murphy SK, Adigun A, Huang Z, Overcash F, Wang F, Jirtle 
RL, et al. Gender-specific methylation differences in relation 
to prenatal exposure to cigarette smoke. Gene [Internet]. 2012 
Feb;494(1):36–43. Available from: http:// www. ncbi. nlm. nih. 
gov/ pubmed/ 22202 639.

 18. Novakovic B, Ryan J, Pereira N, Boughton B, Craig JM, Saffery 
R. Postnatal stability, tissue, and time specific effects of AHR-
Rmethylation change in response to maternal smoking in preg-
nancy. Epigenetics [Internet]. 2014 Mar;9(3):377–86. Available 
from: http:// www. tandf online. com/ doi/ abs/ 10. 4161/ epi. 27248.

 19. Bouwland-Both MI, van Mil NH, Tolhoek CP, Stolk L, Eilers 
PHC, Verbiest MMPJ, et al. Prenatal parental tobacco smoking, 
gene specific DNA methylation, and newborns size: the Genera-
tion R study. Clin Epigenetics. 2015;7(1):83.

 20. Rauschert S, Melton PE, Burdge G, Craig J, Godfrey KM, Hol-
brook JD, et al. Maternal smoking during pregnancy induces 
persistent epigenetic changes into adolescence, independent of 
postnatal smoke exposure and is associated with cardiometabolic 
risk. Front Genet. 2019;(10):770.

 21. Klebaner D, Huang Y, Hui Q, Taylor JY, Goldberg J, Vaccarino 
V, et al. X chromosome-wide analysis identifies DNA meth-
ylation sites influenced by cigarette smoking. Clin Epigenetics. 
2016;8:20.

 22.•• Bauer T, Trump S, Ishaque N, Thürmann L, Gu L, Bauer M, 
et  al. Environment-induced epigenetic reprogramming in 
genomic regulatory elements in smoking mothers and their 
children. Mol Syst Biol [Internet]. 2016 Mar;12(3):861. Avail-
able from: http:// www. ncbi. nlm. nih. gov/ pubmed/ 27013 061. The 
authors of this manuscript performed a multi-omics analysis 
of the impact of MSDP on offspring, and validated the main 
findings in an in vitro and an animal model. They also pro-
vided a biological mechanism to explain the link of DNAm 
at one DMR with impaired lung function in early childhood.

 23. Breton CV, Siegmund KD, Joubert BR, Wang X, Qui W, Carey 
V, et al. Prenatal tobacco smoke exposure is associated with 
childhood DNA CpG methylation. Ting AH, editor. PLoS One. 
2014;9(6):e99716. https:// doi. org/ 10. 1371/ journ al. pone. 00997 
16.

http://www.ncbi.nlm.nih.gov/pubmed/29859815
http://www.ncbi.nlm.nih.gov/pubmed/29859815
https://doi.org/10.1016/j.scitotenv.2021.152667
https://doi.org/10.1016/j.scitotenv.2021.152667
http://www.ncbi.nlm.nih.gov/pubmed/27040690
http://www.ncbi.nlm.nih.gov/pubmed/27040690
http://www.ncbi.nlm.nih.gov/pubmed/24906187
http://www.ncbi.nlm.nih.gov/pubmed/29618728
http://www.ncbi.nlm.nih.gov/pubmed/29618728
http://www.ncbi.nlm.nih.gov/pubmed/22202639
http://www.ncbi.nlm.nih.gov/pubmed/22202639
http://www.tandfonline.com/doi/abs/10.4161/epi.27248
http://www.ncbi.nlm.nih.gov/pubmed/27013061
https://doi.org/10.1371/journal.pone.0099716
https://doi.org/10.1371/journal.pone.0099716


511Current Environmental Health Reports (2022) 9:502–512 

1 3

 24.•• Vives-Usano M, Hernandez-Ferrer C, Maitre L, Ruiz-Arenas 
C, Andrusaityte S, Borràs E, et al. In utero and childhood 
exposure to tobacco smoke and multi-layer molecular sig-
natures in children. BMC Med. 2020;18(1):243. This study 
investigates the association of MSDP and childhood sec-
ond-hand smoke (SHS) exposure with molecular features 
in the offspring by covering 4 different molecular layers 
(blood DNAm, gene and miRNA transcription, plasma pro-
teins, and sera and urinary metabolites).

 25. Lee KWK, Richmond R, Hu P, French L, Shin J, Bourdon 
C, et al. Prenatal exposure to maternal cigarette smoking and 
DNA methylation: epigenome-wide association in a discov-
ery sample of adolescents and replication in an independent 
cohort at birth through 17 years of age. Environ Health Per-
spect. 2015;123(2):193–9.

 26. Wiklund P, Karhunen V, Richmond RC, Parmar P, Rodriguez 
A, De Silva M, et al. DNA methylation links prenatal smoking 
exposure to later life health outcomes in offspring. Clin Epige-
netics. 2019;11(1):97.

 27. Flom JD, Ferris JS, Liao Y, Tehranifar P, Richards CB, Cho YH, 
et al. Prenatal smoke exposure and genomic DNA methylation 
in a multiethnic birth cohort. 2011 Dec;20(12). Available from: 
http:// www. ncbi. nlm. nih. gov/ pubmed/ 21994 404.

 28. Colella M, Frérot A, Novais ARB, Baud O. Neonatal and long-
term consequences of fetal growth restriction. Curr Pediatr Rev. 
2018;14(4):212–8.

 29. Marsit CJ. Placental epigenetics in children’s environmental 
health. Semin Reprod Med. 2016;34(1):36–41.

 30. •• Everson TM, Vives-Usano M, Seyve E, Cardenas A, Lacasaña 
M, Craig JM, et al. Placental DNA methylation signatures of 
maternal smoking during pregnancy and potential impacts on 
fetal growth. Nat Commun. 2021;12(1):5095 This is the largest 
study to date concerning the impact of MSDP on placental 
DNAm. It was conducted within the PACE consortium and 
includes data from 7 cohorts.

 31. Morales E, Vilahur N, Salas LA, Motta V, Fernandez MF, Mur-
cia M, et al. Genome-wide DNA methylation study in human 
placenta identifies novel loci associated with maternal smoking 
during pregnancy. Int J Epidemiol. 2016;45(5):1644–55.

 32. Cardenas A, Lutz SM, Everson TM, Perron P, Bouchard L, Hiv-
ert MF. Mediation by placental DNA methylation of the asso-
ciation of prenatal maternal smoking and birth weight. Am J 
Epidemiol. 2019;188(11):1878–86.

 33. • Rousseaux S, Seyve E, Chuffart F, Bourova-Flin E, Benmerad 
M, Charles MA, et al. Immediate and durable effects of mater-
nal tobacco consumption alter placental DNA methylation in 
enhancer and imprinted gene-containing regions. BMC Med. 
2020;18(1):306. This is the first study investigating the impact 
of smoking before pregnancy on epigenetic alterations in the 
placenta of former smokers.

 34. •• Chatterton Z, Hartley BJ, Seok MH, Mendelev N, Chen S, 
Milekic M, et al. In utero exposure to maternal smoking is asso-
ciated with DNA methylation alterations and reduced neuronal 
content in the developing fetal brain. Epigenetics and Chromatin. 
2017;10:4 This manuscript is the first (and so far the only 
one) exploring the impact of MSDP on DNAm in fetal brain.

 35.• Chhabra D, Sharma S, Kho AT, Gaedigk R, Vyhlidal CA, 
Leeder JS, et al. Fetal lung and placental methylation is asso-
ciated with in utero nicotine exposure. Epigenetics [Internet]. 
2014;9(11):1473–84. Available from: http:// www. ncbi. nlm. 
nih. gov/ pubmed/ 25482 056. This manuscript is the first 
(and so far the only one) exploring the impact of MSDP on 
DNAm in fetal lung and matched-placentas.

 36. Zhang Y, Poobalasingam T, Yates LL, Walker SA, Taylor 
MS, Chessum L, et  al. Manipulation of dipeptidylpepti-
dase 10 in mouse and human in vivo and in vitro models 

indicates a protective role in asthma. DMM. Dis Model Mech. 
2018;1(1):dmm031369.

 37. Breton CV, Byun HM, Wenten M, Pan F, Yang A, Gilliland 
FD. Prenatal tobacco smoke exposure affects global and 
gene-specific DNA methylation. Am J Respir Crit Care Med. 
2009;180(5):462–7.

 38. Bauer M, Fink B, Thürmann L, Eszlinger M, Herberth G, 
Lehmann I. Tobacco smoking differently influences cell types of 
the innate and adaptive immune system—indications from CpG 
site methylation. Clin Epigenetics [Internet]. 2016 Dec;8(1):83. 
Available from: http:// www. ncbi. nlm. nih. gov/ pubmed/ 27493 699.

 39. • Salas LA, Zhang Z, Koestler DC, Butler RA, Hansen HM, 
Molinaro AM, et al. Enhanced cell deconvolution of peripheral 
blood using DNA methylation for high resolution immune profil-
ing. Nat Commun. 2022;13(1):761 This study provides a ref-
erence-based deconvolution method to estimate 12 leukocyte 
subtypes proportions using data from blood DNAm in adults.

 40.• Gervin K, Salas LA, Bakulski KM, Van Zelm MC, Koestler 
DC, Wiencke JK, et al. Systematic evaluation and validation 
of reference and library selection methods for deconvolu-
tion of cord blood DNA methylation data. Clin Epigenetics. 
2019;11(1):1–15. This study provides methods for decon-
volution of umbilical cord blood DNAm data to estimate 
cellular composition. It also establishes a framework for 
combining reference datasets in other tissues.

 41. • Middleton LYM, Dou J, Fisher J, Heiss JA, Nguyen VK, 
Just AC, et al. Saliva cell type DNA methylation reference 
panel for epidemiological studies in children. Epigenetics. 
2022;17(2):161–77. This study provides a primary saliva 
DNA methylation reference panel which allows the esti-
mation of cell proportions from whole saliva samples in 
children.

 42. • Yuan V, Hui D, Yin Y, Peñaherrera MS, Beristain AG, Rob-
inson WP. Cell-specific characterization of the placental meth-
ylome. BMC Genomics. 2021;22(1):6. This study presents 
the first placenta cell type DNAm reference panel allowing 
the estimation of cell type composition in this tissue.

 43. • You C, Wu S, Zheng SC, Zhu T, Jing H, Flagg K, et al. A 
cell-type deconvolution meta-analysis of whole blood EWAS 
reveals lineage-specific smoking-associated DNA methylation 
changes. Nat Commun. 2020;11(1):4779. This study is the 
largest applying a novel cell-type deconvolution algorithm 
to identify cell-type specific blood DNAm signals associated 
with smoking.

 44. Monasso GS, Jaddoe VWV, de Jongste JC, Duijts L, Felix 
JF. Timing- and dosespecific associations of prenatal smoke 
exposure with newborn DNA methylation. Nicotine Tob Res. 
2020;22(10):1917–22.

 45. • Fuemmeler BF, Dozmorov MG, Do EK, Zhang J, Grenier C, 
Huang Z, et al. DNA methylation in babies born to nonsmok-
ing mothers exposed to secondhand smoke during pregnancy: 
an epigenome-wide association study. Environ Health Perspect. 
2021;129(5):57010.  This recent study characterizes the 
impact of second-hand smoke exposure among non-smoking 
women during pregnancy on cord blood DNAm.

 46. Hulls PM, de Vocht F, Bao Y, Relton CL, Martin RM, Richmond 
RC. DNA methylation signature of passive smoke exposure is 
less pronounced than active smoking: The Understanding Soci-
ety study. Environ Res. 2020;190:109971.

 47. Joubert BR, Håberg SE, Bell DA, Nilsen RM, Vollset SE, Midt-
tun Ø, et al. Maternal smoking and DNA methylation in new-
borns: in utero effect or epigenetic inheritance? Cancer Epide-
miol Biomarkers Prev. 2014;23(6):1007–17.

 48. • Mørkve Knudsen GT, Rezwan FI, Johannessen A, Skul-
stad SM, Bertelsen RJ, Real FG, et  al. Epigenome-wide 
association of father’s smoking with offspring DNA 

http://www.ncbi.nlm.nih.gov/pubmed/21994404
http://www.ncbi.nlm.nih.gov/pubmed/25482056
http://www.ncbi.nlm.nih.gov/pubmed/25482056
http://www.ncbi.nlm.nih.gov/pubmed/27493699


512 Current Environmental Health Reports (2022) 9:502–512

1 3

methylation: a hypothesis-generating study. Environ Epigenetics. 
2019;5(4):dvz023. This study is one of the few assessing the 
impact of paternal smoking (not maternal) on blood DNAm 
in the offspring.

 49. Tsai PC, Glastonbury CA, Eliot MN, Bollepalli S, Yet I, Castillo-
Fernandez JE, et al. Smoking induces coordinated DNA methyl-
ation and gene expression changes in adipose tissue with conse-
quences for metabolic health. Clin Epigenetics. 2018;10(1):126.

 50. Xu T, Holzapfel C, Dong X, Bader E, Yu Z, Prehn C, et al. 
Effects of smoking and smoking cessation on human serum 
metabolite profile: results from the KORA cohort study. BMC 
Med [Internet]. 2013;11(1):60. Available from http:// www. 
biome dcent ral. com/ 1741- 7015/ 11/ 60, http:// bmcme dicine. biome 
dcent ral. com/ artic les/ 10. 1186/ 1741- 7015- 11- 60.

 51. Huan T, Joehanes R, Schurmann C, Schramm K, Pilling LC, 
Peters MJ, et al. A whole-blood transcriptome meta-analysis 
identifies gene expression signatures of cigarette smoking. Hum 
Mol Genet [Internet]. 2016 Aug;25(21):ddw288. Available from: 
http:// www. ncbi. nlm. nih. gov/ pubmed/ 28158 590.

 52. Joehanes R, Just AC, Marioni RE, Pilling LC, Reynolds LM, 
Mandaviya PR, et al. Epigenetic signatures of cigarette smoking. 
Circ Cardiovasc Genet. 2016;9(5):436–47.

 53. Willinger CM, Rong J, Tanriverdi K, Courchesne PL, Huan T, 
Wasserman GA, et al. MicroRNA signature of cigarette smok-
ing and evidence for a putative causal role of microRNAs in 
smoking-related inflammation and target organ damageCLINI-
CAL PERSPECTIVE. Circ Cardiovasc Genet [Internet]. 2017 
Oct;10(5):e001678. Available from: http:// www. ncbi. nlm. nih. 
gov/ pubmed/ 29030 400.

 54.• Richiardi L, Bellocco R, Zugna D. Mediation analysis in epi-
demiology: methods, interpretation and bias. Int J Epidemiol 
[Internet]. 2013;42(5):1511–9. Available from: http:// www. ncbi. 
nlm. nih. gov/ entrez/ query. fcgi? cmd= Retri eve& db= PubMe d& 
dopt= Citat ion& list_ uids= 24019 424. This review discusses the 
impact of three main sources of potential bias in the tradi-
tional approach to mediation analyses: (i) mediator-outcome 
confounding; (ii) exposure-mediator interaction; and (iii) 
mediator-outcome confounding affected by the exposure.

 55. Küpers LK, Xu X, Jankipersadsing SA, Vaez A, la Bastide-van 
Gemert S, Scholtens S, et al. DNA methylation mediates the effect 
of maternal smoking during pregnancy on birthweight of the off-
spring. Int J Epidemiol [Internet]. 2015 Aug;44(4):1224–37. Avail-
able from: http:// www. ncbi. nlm. nih. gov/ pubmed/ 25862 628.

 56.• Valeri L, Reese SL, Zhao S, Page CM, Nystad W, Coull BA, 
et al. Misclassified exposure in epigenetic mediation analyses. 
Does DNA methylation mediate effects of smoking on birth-
weight? Epigenomics [Internet]. 2017;9(3):253–65. Available 
from: http:// www. futur emedi cine. com/ doi/ 10. 2217/ epi- 2016- 
0145. This study investigates the impact of exposure misclas-
sification in mediation analysis and provides recommenda-
tions for avoiding biased conclusions.

 57. Witt SH, Frank J, Gilles M, Lang M, Treutlein J, Streit F, 
et al. Impact on birth weight of maternal smoking throughout 
pregnancy mediated by DNA methylation. BMC Genomics. 
2018;19(1):290.

 58 Xu R, Hong X, Zhang B, Huang W, Hou W, Wang G, et al. 
DNA methylation mediates the effect of maternal smoking on 
offspring birthweight: a birth cohort study of multi-ethnic US 
mother–newborn pairs. Clin Epigenetics. 2021;13(1):47.

 59 Hannon E, Schendel D, Ladd-Acosta C, Grove J, Hansen 
CS, Hougaard DM, et  al. Variable DNA methylation in 
neonates mediates the association between prenatal smok-
ing and birth weight. Philos Trans R Soc B Biol Sci. 
2019;374(1770):20180120.

 60. Miyake K, Miyashita C, Ikeda-Araki A, Miura R, Itoh S, 
Yamazaki K, et al. DNA methylation of GFI1 as a mediator of 
the association between prenatal smoking exposure and ADHD 
symptoms at 6 years: the Hokkaido Study on Environment and 
Children’s Health. Clin Epigenetics. 2021;13(1):74.

 61. Stroud LR, Papandonatos GD, Rodriguez D, McCallum M, 
Salisbury AL, Phipps MG, et al. Maternal smoking during preg-
nancy and infant stress response: test of a prenatal programming 
hypothesis. Psychoneuroendocrinology. 2014;48:29–40.

 62. Neophytou AM, Oh SS, Hu D, Huntsman S, Eng C, Rodríguez-
Santana JR, et al. In utero tobacco smoke exposure, DNA meth-
ylation, and asthma in Latino children. Environ Epidemiol. 
2019;3(3):e048.

 63. Lawlor DA, Tilling K, Smith GD. Triangulation in aetiological 
epidemiology. Int J Epidemiol. 2016;45(6):1866–86.

 64.• Relton CL, Davey Smith G. Two-step epigenetic Mendelian 
randomization: a strategy for establishing the causal role of 
epigenetic processes in pathways to disease. Int J Epidemiol 
[Internet]. 2012;41(1):161–76. Available from: http:// www. ncbi. 
nlm. nih. gov/ entrez/ query. fcgi? cmd= Retri eve& db= PubMe d& 
dopt= Citat ion& list_ uids= 22422 451. This article presents the 
rationale, origins, methodology, advantages, and limitations 
of two-step epigenetic Mendelian randomization to establish 
the causal role of epigenetic processes in pathways to disease.

 65. • Min JL, Hemani G, Hannon E, Dekkers KF, Castillo-Fernan-
dez J, Luijk R, et al. Genomic and phenotypic insights from 
an atlas of genetic effects on DNA methylation. Nat Genet. 
2021;53(9):1311–21 This is the largest study to date charac-
terizing DNAm quantitative trait locus (mQTL) to identify 
genetic variants associated with DNAm in blood.

 66. Hannon E, Spiers H, Viana J, Pidsley R, Burrage J, Therese 
M, et al. Methylation QTLs in the developing brain and their 
enrichment in schizophrenia risk loci. Nat Neurosci. 2016 
Jan;19(1):48–54.

 67. Delahaye F, Do C, Kong Y, Ashkar R, Salas M, Tycko B, et al. 
Genetic variants influence on the placenta regulatory landscape. 
PLoS Genet. 2018;14(11):e1007785.

 68. Reese SE, Zhao S, Wu MC, Joubert BR, Parr CL, Håberg SE, 
et al. DNA Methylation score as a biomarker in newborns for 
sustained maternal smoking during pregnancy. Environ Health 
Perspect [Internet]. 2016 Jun;125(4). Available from: http:// ehp. 
niehs. nih. gov/ EHP333.

 69. Richmond RC, Suderman M, Langdon R, Relton CL, Smith GD. 
DNA methylation as a marker for prenatal smoke exposure in 
adults. Int J Epidemiol. 2018;47(4):1120–30.

 70. •• Rauschert S, Melton PE, Heiskala A, Karhunen V, Burdge G, 
Craig JM, et al. Machine learning-based dna methylation score 
for fetal exposure to maternal smoking:Development and valida-
tion in samples collected from adolescents and adults. Environ 
Health Perspect. 2020;128(9):97003. This is the best epigenetic 
score of maternal smoking during pregnancy for adult blood 
to date.

 71. Nakamura A, François O, Lepeule J. Epigenetic alterations of 
maternal tobacco smoking during pregnancy: a narrative review. 
Int J Environ Res Public Health. 2021;18(10):5083.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

http://www.biomedcentral.com/1741-7015/11/60
http://www.biomedcentral.com/1741-7015/11/60
http://bmcmedicine.biomedcentral.com/articles/10.1186/1741-7015-11-60
http://bmcmedicine.biomedcentral.com/articles/10.1186/1741-7015-11-60
http://www.ncbi.nlm.nih.gov/pubmed/28158590
http://www.ncbi.nlm.nih.gov/pubmed/29030400
http://www.ncbi.nlm.nih.gov/pubmed/29030400
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=24019424
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=24019424
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=24019424
http://www.ncbi.nlm.nih.gov/pubmed/25862628
http://www.futuremedicine.com/doi/10.2217/epi-2016-0145
http://www.futuremedicine.com/doi/10.2217/epi-2016-0145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=22422451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=22422451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=22422451
http://ehp.niehs.nih.gov/EHP333
http://ehp.niehs.nih.gov/EHP333

	Prenatal Maternal Smoke, DNA Methylation, and Multi-omics of Tissues and Child Health
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Maternal Smoking During Pregnancy and Blood DNA Methylation
	Associations with Cord Blood DNA Methylation at Birth
	Persistence of Associations on Blood DNA Methylation in Childhood, Adolescence, and Adulthood

	Maternal Smoking During Pregnancy and DNA Methylation in Other Tissues
	Associations with Placenta DNA Methylation
	Associations with DNA Methylation in Other Tissues
	Cell-Type Specificity

	Dose and Duration of Maternal Smoking During Pregnancy
	Maternal Smoking During Pregnancy and Multi-omics
	From Smoking to Health Outcomes: the Role of DNA Methylation
	Maternal Smoking During Pregnancy, DNA Methylation, and Reproductive Outcomes
	Maternal Smoking During Pregnancy, DNA Methylation, and Other Outcomes
	Limitations of Mediation Analyses and Causal Inference

	Epigenetic Scores to Predict Past Exposure to Tobacco Smoke During Pregnancy
	Conclusions
	References


