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Abstract 

Introduction: Maternal smoking during pregnancy is becoming less common. However, it is 

still a significant predictor of adverse outcomes. Smoking during pregnancy has been 

associated with impaired fetal development and growth. The purpose of this systematic litera-

ture study was to describe the placental molecular targets that have been identified as poten-

tially affected by maternal smoking, with emphasis on alterations in placental gene expres-

sion. 

Objective: To decribe the impact of maternal smoking on mRNA expression in placental 

tissue. 

Design: Systematic literature survey 

Methods: We searched for studies in PubMed. To be included in the survey the studies had to 

be written in English and asses mRNA expression in isolated placental cells, animal, or hu-

man placental tissue in conjunction with exposure to some or all elements of tobacco smoke. 

Out of 54 studies found, 14 met the eligibility criteria. One reviewer assessed the eligibility 

and quality of the studies. 

Results: Eight studies investigated human placental tissue, two investigated rodent placental 

tissue, and five studies investigated isolated placental cells. Two studies profiled the global 

gene expression, while the other studies examined the expression of the CYP genes, or genes 

involved in angiogenic regulation, cellular proliferation, or amino acid metabolism and 

transport in relation to cigarette smoking. 

Discussion: We conclude that even though the influence of cigarette smoking on gene expres-

sion in placenta has only been investigated in a few studies, they all found transcriptional al-

terations in relation to smoke exposure. Future investigations are necessary for the examina-

tion of how these changes may impact fetal development and growth. 
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tor-1α; LAT, linker for activation of T-cells family members; MDRP1a, multidrug resistance 

protein 1a; NOS, Newcastle-Ottawa scale; PlGF, placental growth factor; RT-qPCR, real time 

quantitative reverse transcription PCR; sENG, soluble endoglin; sFlt-1, soluble fms-like tyro-

sine ki-nase-1; sFRP1, secreted frizzled-related protein; SIDS, sudden infant death syndrome; 

SYRCLE’s RoB tool, SYRCLE’s tool for assessing risk of bias; TC, trophoblast cell; Tie2, 

tyrosine kinase receptor-2; VEGF, vascular endothelial growth factor. 
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1. Introduction. 

Smoking during pregnancy has been associated with impaired fetal development and growth 

[1]. Specifically, maternal smoking has been shown to decrease birth weight, reduce fetal 

head, abdominal circumference, and femur length [2]. Along with the most morbid outcomes, 

a 20-30% increased probability for stillbirth, a 40% elevation of the risk of infant mortality 

and a 2-fold increase in the incidence of sudden infant death syndrome (SIDS) have been 

associated with prenatal smoking [3]. Maternal smoking in pregnancy has also been 

associated with the development of postnatal morbidities such as asthma, obesity, and cardio-

vascular disorders. [4-6]. In addition to debilitative effects on the fetus, smoking during preg-

nancy has also been found to adversely affect the mother during childbirth predisposing to 

conditions such as placenta previa, placenta accreta, and placental abruptions, as well as in-

creasing the risk for infections and ectopic pregnancies [7-10]. Although rarely life-threaten-

ing to the mother, these adverse conditions, are imminently more so for the fetus [7-10]. 

   According to the Centers for Disease Control and Prevention, maternal smoking is becom-

ing less common; however, it is still a significant predictor of adverse outcomes such as 

prematurity, low birth weight and by extension, fetal mortality [11,12]. 

   Although the association between maternal smoking and the mentioned adverse outcomes 

has been made clear, a consensus regarding how maternal smoking elicits them has not yet 

been achieved. 

   The placenta, which is the primary link between the mother and fetus has many functions; 

transport and metabolism of nutrients, exchange of blood gasses, endocrine signaling, and 

protection against xenobiotics [13]. The exchange of blood gasses is mainly bottlenecked by 

the rate of blood flow through the umbilical arteries and placental perfusion capacity, as op-

posed to the transport of nutrients, which relies heavily on the viability of cytotrophoblasts 

and syncytiotrophoblasts [14,15]. As a major endocrine organ which lacks innervation, it is 

left to interconnect with fetal and maternal tissue with the help of blood-borne paracrine and 

autocrine factors [14]. As portrayed, placental functions are heavily dependent on adequate 

vascularization, and perfusion, and as such has a well-developed barrier function hindering 

the passage of potentially harmful substances from the mother to the fetus [14]. 

   Smoking during pregnancy has been found to adversely affect several placental functions, 

including the ones mentioned above. Even though numerous efforts have been made to ex-

plain the pathologic process by which smoking-induced placental alterations occur, the mech-

anisms behind it are still mostly unknown. It has also been speculated that theses smoking-
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induced placental alterations may be implicated in the morbid fetal outcomes which were 

cited earlier [16]. 

   We aimed at summarizing the current knowledge on alterations in gene expression in pla-

cental tissue evoked by exposure to cigarette smoking.  
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2. Material and Methods. 

2.1. Inclusion criteria. 

Studies investigating effects of cigarette smoking on mRNA expression in isolated placental 

cells, animal or human placental tissue with ethical approval and written in English were 

included in this literature survey. 

2.2. Study procedure. 

The search was conducted in PubMed the 30th of June 2018. The following terms were used: 

(1) smoking, (2) placenta, (3) mRNA, and (4) messenger RNA in all fields. No manual search 

was performed. No restriction based on time of publication was applied. 

2.3. Selection of eligible articles. 

One reviewer (FR) assessed the eligibility and quality of the articles found. The search identi-

fied 54 publications as presented in Table 1. Their titles and abstracts were vetted for identifi-

cation of studies fulfilling the inclusion criteria. After this procedure, 26 of the 54 publica-

tions were chosen and read in full text. Out of them, 14 were selected for the full review and 

included in this thesis. The remaining 12 were excluded as they did not meet the inclusion 

criteria (Figure 1). 

Table 1. Search results. 

Date of search: 30th of June 2018 

ID Search terms Hits Time 

#1 smoking 255304 05:45:16 

#2 placenta 90201 05:45:40 

#3 mRNA 614729 05:46:01 

#4 messenger RNA 410021 05:46:33 

#5 (mRNA) OR messenger RNA 614729 05:47:00 

#6 (((mRNA) OR messenger RNA)) AND smoking 2113 05:47:20 

#7 (((((mRNA) OR messenger RNA)) AND smoking)) AND placenta 52 05:48:11 

#8 ((((((mRNA) OR messenger RNA)) AND smoking)) AND placenta) 

Sort by: Best Match 

54 05:48:25 
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Figure 1. Flowchart for study eligibility. 

2.4. Quality assessment. 

Quality assessment was performed using two risk of bias (RoB) tools: SYRCLE’s RoB tool 

and The Newcastle-Ottawa scale (NOS). Both were used according to the instructions pro-

vided by respective manufacturers [17-20]. 

   SYRCLE’s RoB tool is designed to help assign RoB in animal intervention studies and con-

sist of 10 items relating to selection bias, performance bias, detection bias, attrition bias, re-

porting bias and other biases. Scoring is reported as low, high or unclear RoB [17]. SYR-

CLE’s RoB tool was used to assess the RoB in both animal and in vitro studies due the rela-

tive similarities in how these two types of studies are conducted and reported [21]. 

     NOS was used to assess RoB in human studies. NOS uses a “star system” whereby studies 

are judged on three domains; selection of the study groups, the comparability of the groups, 

and the finding of either the exposure or outcome of interest for case-control or cohort studies. 

A maximal score of 4 points for selection, 2 points for comparability, and 3 points for out-

comes can be allotted [18-20]. The Agency for Healthcare Research and Quality (AHQR) acts 

to improve the safety and quality of America's health care system. In order to clarify the 

results generated by the usage of NOS, threshold conversion was applied by which 

cumulative scores were converted to AHQR standards of good (≥3 stars in selection domain, 

Studies identified through database 

searching 

(n = 54) 

Additional studies identified through 

other sources 

(n = 0) 

Studies included for vetting of ti-

tles and abstracts 

(n = 54) 

Studies excluded af-

ter vetting titles and 

abstracts 

(n = 27) 

Full-text articles assessed for el-

igibility (n = 26) 

Full-text articles excluded 

due to: 

Lack of ethical approval 

(n=2). 

Lack of statistical data 

(n=2). 

Lack of gene expression 

investigation 

(n = 8).  Studies included for full review 

in this thesis 

(n =14) 

Study not available in Eng-

lish and therefore excluded 

(n =1) 
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plus ≥1 star in comparability domain, plus ≥2 stars in outcome/exposure domain), fair (≥2 

stars in selection domain, plus ≥1 star in comparability domain, plus ≥1 star in 

outcome/exposure domain), and poor (<2 stars in selection domain, plus <1 star in 

comparability domain, plus <2 stars in outcome/exposure domain) [22]. 

2.5. Ethics. 

In order to minimize the risk of including studies with ethical insufficiencies, only studies 

which reported to have been ethically approved by a board or committee were included in this 

systematic literature survey. 
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3. Results. 

3.1. Characteristics of the included studies. 

The main characteristics concerning the methodology of the included studies are summarized 

in table 2. The results of them are presented in the text below. 

Table 2. Main characteristics of the included studies sorted by targets studied.  

Article Targets studied Placental tissue model Methods Quality 

Bruchova, 

2010 [23] 

Gene expression pro-

files determined with 

18,216 gene probes. 

Quantitative 

verification of selected 

genes using RT-qPCR: 

CYP1B1, COX412, 

PLA2G5, EDNRA, and 

PROCR. 

Human full-term placen-

tas from smokers (n=12) 

and non-smokers (n=64). 

Smoking was assessed 

using a questionnaire, 

and measurements of 

plasma cotinine levels in 

maternal venous and 

cord blood. 

mRNA: Microarray assay 

(HumanRef-8 v2 Expression 

BeadChips), complemented 

with RT-qPCR. 

Good1 

Huuskonen, 

2008 [24] 

CYP enzyme family 

expression. 

Human full-term placen-

tas. Controls: n=5. 

Tobacco-exposed: n=5. 

Reports on how tobacco 

exposure was confirmed 

could not be found. 

Microarray complemented 

with RT-qPCR. 

Fair1 

Yan, 2005, 

[25] 

CYP1A1 expression. Wistar rats. Controls: 

n=79. Tobacco exposed: 

n=76. 

RT-qPCR. Low2 

Fa, 2018 

[26] 

CYP1A1 and AHRR 

expression, and DNA 

methylation of their re-

spective promoter 

genes. 

Human first-trimester 

placentas (6-12 weeks). 

Smoking was assessed 

with the help of a ques-

tionnaire. 

Controls: n=22. Tobacco 

exposed: n=17 

mRNA: RT-qPCR. 

 

DNA methylation: Bisulfite 

conversion of DNA followed 

by PCR amplification. 

Fair1 

Whyatt, 

1995 [27] 

CYP1A1 expression. 

 

Human full-term placen-

tas from ex-smokers 

(n=36), current smokers 

(n=15), and non-smokers 

(n=104). 

Smoking was assessed 

using a questionnaire and 

measurement of plasma 

cotinine levels in mater-

nal venous blood. 

Slot-blot analysis Good1 

Chen, 2017 

[28] 

VEGF, Tie2, Flt1, 

Ang1 and Ang2 ex-

pression. 

SPF Sprague Dawley 

rats. Control: n=8. 

Tobacco-exposed: n=29. 

RT-qPCR Low2 

Romani, 

2011 [29] 

Effects of nicotine and 

cotinine on gene and 

protein expression of 

sFlt-1, sENG, PlGF, 

and VEGF. 

 

 

 

 

TCs collected from full-

term human placentas 

(n=24). 

 

mRNA: RT-qPCR. 

 

Protein: ELISA. 

Low2 
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Article Targets studied Placental tissue model Methods Quality 

Zhao, 2017 

[30] 

Effects of nicotine on 

VEGF, HIF-1α and 

sFlt1 gene and protein 

expression. 

TCs obtained from a hu-

man choriocarcinoma 

cell line (BeWo). 

mRNA: RT-qPCR. 

 

Protein: Western blotting 

complemented with ELISA. 

Low2 

Wang, 

2015 [31] 

SFRP1 gene and pro-

tein expression. 

Human full-term 

placentas. Smoking was 

assessed by self-report-

ing. 

 

mRNA: Controls: n=14. 

Tobacco exposed: n=7. 

 

protein: Controls: n=8. 

Tobacco exposed: n=9. 

mRNA: RT-qPCR. 

 

Protein: Immunoblot assay 

with densitometry. 

 

Fair1 

Kraus, 

2014 [32] 

Effects of 

adrenomedullin on TC 

invasiveness. 

 

 

Adrenomedullin gene 

(ADM) and protein ex-

pression 

TCs: Immortalized first-

trimester human cyto-

trophoblast cell line 

(HTR-8/SVneo). 

 

Human full-term placen-

tas from smokers (n=11) 

and non-smokers (n=11). 

Smoking was assessed 

by self-reporting. 

Cellular invasiveness: Im-

munohistochemistry. 

 

 

 

ADM expression: RT-qPCR 

 

Adrenomedullin expression: 

Immunohistochemical-

staining. 

Low2 

 

 

 

 

Fair1 

Fu, 2012 

[33] 

Effects on GM-CSF 

expression in TCs 

treated with CSE. 

TCs: Immortalized 

normal human tropho-

blast cell line (B6Tert-1). 

RT-qPCR Low2 

Day, 2015 

[34] 

 

Expression of amino 

acid exchange 

transporters (LAT-

1/2/3, GOT-1/2). 

Human full-term placen-

tas from pre-pregnancy 

smokers (n=26) versus 

never-smokers (n=76). 

Human full-term placen-

tas from current smokers 

(n=14) versus non-smok-

ers (n=81). 

 

Smoking was assessed 

using a questionnaire. 

RT-qPCR Good1 

Stasenko 

2010 [35] 

Cadmium concentra-

tions. Effects of cad-

mium on leptin expres-

sion. 

Human full-term placen-

tas from smokers (n=99) 

and non-smokers 

(n=109), as assessed by 

self-reporting of smoking 

habits. 

Cytotrophoblasts were 

collected from full-term 

human placentas (n=4). 

Cadmium levels: Atomic 

absorption spectroscopy. 

 

 

 

 

 

Leptin mRNA: RT-qPCR. 

 

Good1 

 

 

 

 

 

 

Low2 

Yang, 2006 

[36] 

Effects of cadmium on 

11β-HSD2 enzyme ac-

tivity, promoter activ-

ity, protein levels, and 

mRNA levels in iso-

lated human tropho-

blast cells. 

Primary human tropho-

blast cells isolated from 

full-term human placen-

tas obtained from un-

complicated pregnancies 

after elective cesarean 

section. 

Enzymatic activity: 

Radiometric conversion assay. 

Promoter activity: Reporter 

gene assay. 

Protein levels: Western blot. 

mRNA levels: RT-qPCR. 

 

 

 

Low2 
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1NOS, Newcastle-Ottawa scale. 2SYRCLE’s RoB tool, SYRCLE’s tool for assessing risk of bias. 

Abbreviations: 11β-HSD2, 11β-hydroxysteroid dehydrogenase 2; AHRR, aryl hydrocarbon receptor re-

pressor; Ang1, angiopoietin-1; Ang2, angiopoietin-2; CSE, cigarette smoke-extract; CYP, Cytochrome P450; 

Flt1, fms-like tyrosine kinase-1; GM-CSF, granulocyte-macrophage colony-stimulating factor; GOT, aspar-

tate aminotransferase; HIF-1α, hypoxia-inducible factor-1α; HUVEC, human umbilical vein endothelial cell, 

LAT, linker for activation of T-cells family members; PlGF, placental growth factor; RT-qPCR, real time 

quantitative reverse transcription PCR; sENG, soluble endoglin; sFlt-1, soluble fms-like tyrosine kinase-1; 

sFRP1, secreted frizzled-related protein; TC, trophoblast cell; Tie2, tyrosine kinase receptor-2; VEGF, vascu-

lar endothelial growth factor. 

 

3.2. Genome-wide profiling. 

A microarray analysis of 18,216 genes found that 10,590 genes were expressed at a detectable 

level in human placental tissues. Of them, 241 genes showed a significant differential expres-

sion in current smokers compared with non-smokers after adjustment for multiple testing us-

ing the Benjamini and Hochberg method [23]. Of the differentially expressed genes, 178 were 

significantly up-regulated, and 63 were significantly down-regulated in smoking women. The 

up-regulated genes included genes coding for xenobiotic-metabolizing enzymes (CYP1A1, 

CYP1B1, CYB5A and COX412), collagen (COL6A3, COL1A1, COL1A2, COL6A1, COL3A1, 

COL4A1, COL5A1 and COL6A2), extracellular matrix (EFEMP1, MXRA5, SPON1, EFEMP2 

and FRAS1), coagulation factors (F5, F13A1), endothelial components (EDG2, EDNRA, 

LIPG, LYVE1 and PECAM1), vascular factors (CTHRC1, AGTR1) and inflammatory factors 

(PLA2G5, AFAP1L2 and IL33). The down-regulated genes included genes related to adipo-

cytes (LEP, LPL), anion transport (SLCO4A1, SLC39A6, and SLC7A1), polyamine biosynthe-

sis (AMD1), pregnancy maintenance (PROCR) and genotoxic stress (NEK11). The microarray 

findings were confirmed by RT-qPCR analyses of five chosen genes [23]. 

   In another genome-wide study, regulation of the CYP1 family in placentas from smoking 

women was examined. No significant up or down-regulation of members of the aryl hydrocar-

bon receptor complex or nuclear receptors were observed in smoking women as compared to 

non-smoking women [24]. 

3.3. Cytochromes P450. 

Female rats not exposed to cigarette smoking showed no CYP1A1 expression in their placen-

tas. However, expression of that gene was detected in placentas of rats exposed to cigarette 

smoking. The expression increased by gestational age. Furthermore, the level of multidrug re-

sistance protein 1a (MDRP1a) expression was significantly increased at gestational day (GD) 

21, but not at GD 14, in rats exposed to cigarette smoking [25]. 

   In first trimester placentas of female fetuses of smoking women, a significant increase of the 

methylation of aryl hydrocarbon receptor repressor (AHRR) was observed compared to first 
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trimester placentas of female fetuses of non-smoking women. However, no association was 

found between AHRR DNA methylation and gene expression. The expression of CYP1A1 in 

placentas of exposed fetuses was significantly increased, even though no differences in DNA 

methylation of that gene were observed compared to placentas of un-exposed fetuses [26]. 

Placentas from both current smokers and mothers who had quit smoking ≥ 1 month before 

delivery showed a significant increase in CYP1A1 mRNA levels. In contrast, environmental 

tobacco smoke exposure resulted in only a marginal increase in CYP1A1 expression in pla-

cental tissue [27]. 

3.4. Angiogenic regulation. 

Rats exposed to smoking with normal-litter-size pregnancies (NP; 13±3 fetuses per gestation) 

but low birth weight (LBW) showed a tendency towards decreased placental mRNA levels of 

vascular endothelial growth factor (VEGF), angiopoietin-1 (Ang1) and tyrosine kinase recep-

tor-2 (Tie2). However, a significant decrease of these mRNA levels was observed in rats ex-

posed to smoking with small-litter-size pregnancies (SP; 2±1 fetuses per gestation) but normal 

birth weight (NBW). Concomitantly, a tendency for decreased placental mRNA levels of fms-

like tyrosine kinase-1 (Flt1) and angiopoietin-2 (Ang2) was observed in rat with SP and LBW 

of their offspring compared to rats with NP and NBW their offspring [28]. 

   Trophoblast cells (TCs) treated with nicotine and cotinine respectively showed a significant 

decrease in soluble fms-like tyrosine kinase-1 (sFlt1), placental growth factor (PlGF), and sol-

uble endoglin (sENG) secretion, while VEGF121 and 165 isoform expressions remained un-

changed [29]. 

  TCs cultured under hypoxic conditions demonstrated a significant increase in sFlt1 secre-

tion, which was inhibited when the TCs were treated with a low dose of nicotine. When TCs 

were treated by a low dose of nicotine under normoxic conditions, no significant changes of 

the secretion of sFlt1 were found. Furthermore, nicotine treatment induced a significant in-

crease of VEGF expression in TCs under hypoxic conditions. Comparatively, TCs in 

normoxic conditions did not respond to nicotine treatment. Decreasing sFlt1 by the usage of a 

neutralizing antibody was found to significantly improve VEGF concentrations in TCs under 

both hypoxic and normoxic conditions [30]. 

   Under normoxic conditions, TCs were found to express a negligible amount of hypoxia-in-

ducible factor-1α (HIF-1α), but the HIF-1α protein concentrations increased significantly un-

der hypoxic conditions. Treatment of TCs with HIF-1α small interfering RNA (siRNA), 

which is a posttranscriptional gene down-regulator of HIF-1α, significantly inhibited HIF-1α 
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protein expression under hypoxic, but not, normoxic conditions. Treatment of TCs with a low 

dose of nicotine significantly up-regulated HIF-1α expression under hypoxic conditions, but 

not under normoxic conditions. Further, pre-treatment with HIF-1α siRNA significantly in-

hibited nicotine-mediated VEGF expression [30]. 

3.5. Cellular proliferation. 

Placentas of smoking women showed a significant (>10-fold) up-regulation of both mRNA 

and protein levels of secreted frizzled-related protein 1 (sFRP1) [31]. 

   Gene expression of the angiogenic and anti-inflammatory peptide adrenomedullin (AM) 

was significantly increased (3.3-fold) in placentas of smokers compared to the placentas of 

nonsmokers. TCs treated with AM, or 1% cigarette-smoke extract (CSE) showed a significant 

increase in cellular invasiveness. When TCs were co-treated with an AM inhibitor and AM or 

CSE, cellular invasiveness was significantly attenuated. The intensity of AM-staining was 

significantly higher in placentas of smoking women [32]. 

   TCs cultured with 10% CSE in the medium showed a significantly increased GM-CSF ex-

pression (5.7-fold) and significantly increased GM-CSF protein level (4.3-fold) [33]. 

3.6. Amino acid metabolism and transport. 

Pre-pregnancy smoking was found to significantly increase the human placental mRNA ex-

pression of linker for activation of T-cells family (LAT) member 2, y+LAT2, and significantly 

decrease the placental mRNA expression of aspartate aminotransferase (GOT) 1 compared to 

placentas from women who never have smoked. Pre-pregnancy smoking was also found to 

significantly increase the placental mRNA expression of y+LAT1 in placentas of female but 

not male fetuses [34]. 

   Maternal smoking during pregnancy was found to significantly increase the placental 

mRNA expression of LAT3 and y+LAT2 in placentas of female but not male fetuses [34]. 

3.7. Cadmium. 

A doubling of the cadmium concentration was observed in placentas from smoking mothers 

when compared to non-smoking mothers (22.1 ng g-1 wet weight ± 6.79 and 10.3 ng g-1 ± 

4.26 wet weight, respectively, P<0.05). A dose-dependent decline in transcription of leptin 

mRNA in TCs co-cultured with 10 μM or 20 μM cadmium chloride (CdC12) (P<0.025) was 

also found [35]. 
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   TCs treated with 1.0 μM CdCl2 for different intervals (3, 6, 12, or 24 hours) showed a time-

dependent decrease in 11β-hydroxysteroid dehydrogenase 2 (11β-HSD2) activity. Significant 

reduction occurred already after three hours of treatment [36].  

  TCs treated with varying doses of CdCl2 (0.25 μM to 1.0 μM) showed a significant concen-

tration-dependent decrease in 11β-HSD2 activity with peak effect at 0.75 μM CdCl2 [36]. 
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4. Discussion. 

4.1. Cytochromes P450. 

Cigarette smoke contains over 7000 chemical compounds, of which numerous can potentially 

be transferred from the mother to the fetus through the placenta (e.g., polycyclic aromatic hy-

drocarbons [PAHs]) [37,38]. 

   Several PAHs have been classified as toxic and potentially carcinogenic. But they can be 

detoxified by the action of CYP enzymes [38,39]. However, with detoxification emanates a 

consequent formation of potentially genotoxic DNA adducts and free radicals, which also can 

be harmful to the fetus [39]. A few studies aimed to establish that placental upregulation of 

CYP transcripts, primarily CYP1A1, is a direct consequence of tobacco exposure. Upregula-

tion of CYP1A1 expression was confirmed in placental tissue in both rat and human studies; 

however, the mechanism governing this up-regulation could not be determined [25,26]. Up-

regulated CYP1A1 expression was associated with tobacco-induced FGR [26]; however, the 

mechanism by which the generation of harmful byproducts impedes fetal growth remains to 

be further evaluated. 

4.2. Vascular integrity. 

As stated earlier, adequate vascularization and perfusion is essential for the placenta to func-

tion optimally [14,15]. Several of the reviewed studies presented data indicating aberrant sig-

naling in reference to angiogenesis, thrombogenesis, and vasoconstriction in placentas ex-

posed to cigarette smoking, which probably leads to suboptimal placental function. 

   VEGF and its receptor Flt1 play a significant role in endothelial cell proliferation, migra-

tion, and tube formation in the placenta [40]. Ang1, Ang2 and their receptor Tie2 are essential 

for vascular remodeling and stabilization of newly formed blood vessels [41]. VEGF, Flt1, 

Ang1, Ang2, and Tie2 placental mRNA expression were decreased or tended to be decreased 

in rats exposed to cigarette smoking [28]. This supports the hypothesis that smoking may dis-

rupt placental vascularization and predispose for FGR. 

   EDNRA encodes for the receptor for endothelin-1, a vasoconstrictive peptide, and PLA2G5 

encodes for a calcium-dependent phospholipase [42]. Both transcripts were shown to be 

significantly up-regulated in placentas from smoking women [23]. PROCR, which encodes an 

endothelial protein C receptor (PROCR) was shown to be significantly down-regulated in 

placentas from smoking women when investigated by microarray assay; however, RT-qPCR 

analysis of PROCR failed to show statistically significant down-regulation [23]. 
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   Both the up-regulation of EDNRA and PLA2G5 and down-regulation of PROCR could po-

tentially predispose for placental abruption, placental insufficiency and/or FGR by increasing 

the production of thrombotic factors as well as increasing the rate for thrombi formation [23]. 

  Studies performed on TCs treated with nicotine showed ambiguous results. Nicotine was 

shown to potentiate the angiogenic effects of VEGF and PlGF in TCs by decreasing the secre-

tion of the competitive inhibitor sFlt-1, while simultaneously decreasing the secretion of PlGF 

[29]. TCs studied in hypoxic conditions showed significantly increased expression of HIF-1α, 

and co-treatment with nicotine further amplified the HIF-1α expression. Interestingly pre-

treatment with HIF-1α siRNA significantly inhibited nicotine-mediated VEGF expression, 

which points to a potential HIF-1α-mediated increase in VEGF expression by nicotine. 

   This imbalance of vasoactive factors has been proposed to be one of the mechanisms by 

which maternal smoking leads to FGR [30]. 

4.3. Cellular proliferation. 

In order to sufficiently supply the fetus with vital nutrients, adequate trophoblastic invasion 

and placental tissue remodeling must be achieved. Three studies specifically studied the ef-

fects of smoking on trophoblastic proliferation, out of which two focused on placental cellular 

proliferation induced by smoking as a potential defense mechanism [31-33]. 

   The WNT signaling pathway promotes embryonic and placental development by regulating 

cellular differentiation, proliferation and apoptosis [43]. In placentas of smoking women, pro-

tein and mRNA levels of the WNT signaling pathway antagonist sFRP1 were found to be 

significantly up-regulated. This up-regulation is suggested to contribute to abnormal placenta-

tion, and as a consequence, an increased risk of perinatal and neonatal morbidity [31]. 

   The angiogenic and anti-inflammatory peptide AM was significantly up-regulated in TCs 

treated with CSE [32,44] and in placentas of smoking women [32]. It is suggested that AM 

could potentially improve placental function and vascularization, annulling the undesirable 

effects of tobacco exposure [32]. A mechanism by which CSE increases AM mediated cellu-

lar invasion was however not addressed in these studies. 

   Paralleled to the effects of AM, GM-CSF has been suggested as a critical regulator of em-

bryonic implantation and development, as well as placental development, through cell number 

ruling and improved blastocyst viability [45]. This is supported by the observed impaired fer-

tility, FGR and fetal loss in mice lacking the GM-CSF gene [46]. TCs cultured with CSE 

showed a significantly increased GM-CSF mRNA and protein expression suggesting a com-

pensatory mechanism by which TCs are tasked to restore damaged tissue [33]. 
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4.4. Amino acid exchange and metabolism. 

Placental amino acid transfer is vital for fetal growth, while gene expression of facilitated 

amino acid transporters LAT3 and TAT1 has been positively correlated with fetal growth [47]. 

   One of the included studies investigated the effects of smoking on amino acid exchange and 

metabolism [34]. Interestingly, genes for amino acid exchange transporters y+LAT1, LAT2 

and y+LAT2, and facilitated transporter LAT3 were variably up-regulated in placentas from 

past and current smokers when compared to non-smokers. Also, maternal smoking during 

pregnancy was found to significantly increase the placental mRNA expression of LAT3 in pla-

centas of female but not male fetuses [34]. It remains however to be explained how these 

changes are expressed on a post-transcriptional level. 

4.5. Cadmium. 

Cadmium is a major component of tobacco smoke and has been associated with small for ges-

tational age (SGA) infants even in the absence of maternal smoking during pregnancy [48]. 

However, the underlying mechanisms for how fetal growth restriction (FGR) is attained is un-

known [2]. Cadmium can act as a metalloestrogen and an endocrine disruptor in reproductive 

tissues. This can have a detrimental effect regarding the synthesis of both steroids, such as 

progesterone, and polypeptide hormones, such as human chorionic gonadotropin (hCG) and 

leptin, in the placenta [49,50]. 

   Several of the reported results accent that cadmium exposure due to tobacco smoking may 

contribute to FGR. Firstly, cadmium concentrations were double as high in placentas from 

smoking women as in placentas from non-smoking women [35]. Secondly, cadmium was ob-

served to significantly decrease leptin mRNA transcription in TCs, which may mitigate lep-

tin’s tropic, mitogenic, and angiogenic effects in placental tissue [35,51]. Thirdly, cadmium 

significantly decreased the activity of 11β-HSD2 in TCs. Glucocorticoids are known to inhibit 

growth and 11β-HSD2 protects the fetus from exposure to high levels of maternal glucocorti-

coids by converting maternal cortisol to its inactive metabolite cortisone.  Placental 11β-

HSD2 activity has been positively correlated with birth weight, while 11β-HSD2 deficiency 

resulting from mutations in the HSD11B2 gene has been associated with FGR [36,52]. 
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4.6. Offspring sex 

Only two of the studies included in this survey adjusted their findings for fetal sex [26,34]. 

As, stated earlier, Day et al., found fetal sex-specific changes in the expression of amino acid 

exchange and metabolism genes in placental tissue in relation to cigarette smoke exposure 

[34]. Placental gene expression is fetal sex-specific, which highlights the importance of ad-

dressing fetal sex when conducting studies on placental tissue [53].  

4.7. Reliability of data regarding tobacco exposure. 

In order to reliably evaluate tobacco exposure, a viable indicator should be used. All included 

human studies needed data on smoking habits to be able to correctly dichotomies obtained tis-

sues into two groups, those from smokers and those from non-smokers. Information on smok-

ing status was collected in these studies in three different ways: questionnaire together with 

measurements of plasma cotinine levels in maternal venous and cord blood [23,27], question-

naire only [26,34], or self-reporting [31,32,35]. One study did not report how tobacco expo-

sure was confirmed [24]. 

   Bruchova et al. mentioned that in the initial phase of their study ten women declared to have 

been exposed to tobacco smoke, but the questionnaire data seemed to be unreliable and there-

fore smoking status was further confirmed using the measurement of plasma cotinine levels in 

maternal venous and cord blood. This led to two non-smoking women being reclassified as 

smokers [23]. Conversely, Fa et al. refer to a study similar to their own of a maternal smok-

ing/non-smoking cohort, where the correspondence between smoking status among mothers 

and presence of cotinine in fetal organs supported high reliability of self-reported smoking 

habits [26,54]. From the studies at hand we suggest that a combination of different methods 

for collecting reliable data on maternal smoking should be employed as each method carries 

its own weaknesses. In the past, questionnaires have shown to be reliable in assessing smok-

ing habits; however, a reluctance towards disclosing smoking status can be expected in certain 

populations, including pregnant women whose smoking is often regarded as socially unac-

ceptable [55]. Measuring plasma cotinine levels provides a marker for recent cigarette smoke 

exposure. However, the cotinine concentration in body fluids of pregnant women has been 

shown to differ from that of the average adult population due to altered metabolism and distri-

bution of nicotine and cotinine in body fluids during pregnancy. Higher clearance rates of co-

tinine in pregnant compared with nonpregnant women has been suggested [56]. A strong case 

has been made for the collection of cord blood as cotinine levels obtained discriminate not 
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only smokers and non-smokers but also non-smokers which have been exposed to 

secondhand smoke [57]. 

4.8. Methods for evaluation of gene expression. 

Two studies investigated tobacco smoke-induced alterations in the global transcriptome from 

human placentas, and both of them used micro-array assays. An alternative to microarray as-

says is deep sequencing, which has the advantage of not being restricted to a preset number of 

genes, but the disadvantage of being quite expensive. Most studies included in this survey 

used RT-qPCR, which is a useful method because of its ability to produce quantitative results, 

however, it can only be utilized when examining a restricted number of genes. 

4.9. Therapy development. 

The studies included in this literature survey primarily focused on genomic alterations since 

that was the objective of the survey, and as such they provided little information regarding 

how observed findings could be useful in the future for the potential development of therapy.  

   Smoking cessation is still the mainstay of treatment. Studies investigating the use of nico-

tine replacement therapy have been conducted, however, without consistent results concern-

ing positive or negative impacts on fetal outcome [58]. Future studies may use findings from 

studies included in this survey in the development of new strategies for the treatment of FGR 

or poor fetal development. 

4.10. Future perspectives. 

Studies attempting to explain the effects of tobacco-smoke exposure on the developing fetus 

are met with the chief obstacle of limited knowledge on which components that principally 

mediate the adverse effects. The number of byproducts generated from tobacco-exposure is 

still left to be investigated. Human studies are further complicated by confounding factors, 

such as poor maternal psychological, social and physical status, which are associated with 

maternal smoking during pregnancy and by themselves can negatively impact fetal develop-

ment and health [59,60]. 

   Seven of the human studies included in this survey examined gene expressions in full term 

placentas, while only one examined gene expressions in first trimester placentas. Comparing 

previous studies performed on placental and fetal tissue, variable results can be observed de-

pending on fetal age [26,61]. This highlights the complexity of performing studies on placen-

tal tissue and marks the risk of drawing false conclusions. Alterations in gene expression at 
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term could potentially be misleading considering how fetal development from a zygote to a 

fully developed newborn is an extremely interchangeable process.  

   The included studies examined various components found in tobacco and potentially toxic 

byproducts. All studies presented data supporting an association between tobacco-exposure 

and transcriptional alterations. However, further investigations are necessary to pin down how 

these alterations are elicited. The mechanisms by which tobacco exposure decreases 11β-

HSD2 activity, increases CYP1A1 mRNA expression, dysregulates expression of angiogenic 

and vascular remodeling factors and increases AM and GM-CSF expression in placental tis-

sue remain to be determined. Also, the implications of these alterations are largely hypothet-

ical, and the potential impact they may have on fetal development is unknown. 

4.11 Study limitations. 

Several weaknesses should be addressed. Only one reviewer conducted the study, which con-

sequently increased the risk of bias in the selection and assessment of studies. Limitations 

associated with a systematic literature search include the possibility of missing published 

work. PubMed was the only database searched, and without the addition of manual searches, 

the risk of missing published work increased further. As positive results are more easily 

published, studies presenting negative results were more probable to be missed. The search 

terms and inclusion criteria were customized to generate a moderately wide range of studies 

to attain a reasonable amount of data for one reviewer to explore under a limited time period. 

Furthermore, there are other tools availabe to determine RoB of studies. Due to the relative 

dissmiliarites in the design of included studies we found the need to use two tools; SYRCLE`s 

RoB tool for animal intervention and in vitro studies, and NOS for human cohort studies. 
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5. Conclusions. 

The literature on gene expression alterations in placental tissue exposed to cigarette smoking 

is limited, even though the placenta is crucial for fetal development and growth and prenatal 

smoking is clearly associated with adverse pregnancy outcomes. However, available data 

shows that cigarette smoking during pregnancy elicits several important changes in gene ex-

pression in the placenta. These include essential pathways, such as metabolism of xenobiotics, 

angiogenesis, cellular proliferation, and amino acid transport and metabolism. More studies 

on this topic are needed for increasing our understanding of how cigarette smoking negatively 

affects the fetus. This knowledge may increase our possibility to treat fetuses at risk for FGR 

more efficiently in the future. 
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