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Abstract

Smoking during pregnancy is a risk factor for various adverse birth outcomes but lowers the risk of preeclampsia.
Cardiovascular adaptations might underlie these associations. We examined the association of maternal smoking with the
risk of hypertensive disorders of pregnancy (HDP) in a low-risk population-based cohort of 76,303 pregnant women. This
study was a part of the Japan Environment and Children’s Study. Smoking status was assessed using questionnaires
completed by participants. Information about HDP was assessed using questionnaires completed by doctors. Compared with
that for women who did not smoke, women who continued smoking >10 cigarettes per day during pregnancy had a
significantly higher risk of developing HDP (odds ratio: 1.58, 95% confidence interval: 1.11-2.25). In multivariate analyses
with adjustment for possible confounding factors, the association still remained (odds ratio: 1.51, 95% confidence interval:
1.04-2.19). When we regarded the number of cigarettes as a continuous variable, there was a linear association between the
number of cigarettes and risk of HDP, with an odds ratio of 1.02 per cigarette per day (95% confidence interval: 1.00-1.04).
Smoking a greater number of cigarettes was associated with a higher risk of HDP after adjustment for possible confounding
factors. Cigarette smoking cessation may avoid the complications of HDP. Our findings suggest that, in addition to the risk
of small-for-gestational-age children, an increased risk of HDP should be considered in the management of pregnant women
who smoke cigarettes.
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Hypertensive disorders of pregnancy (HDP), which are

observed in ~5-10% of pregnant women, are associated
with poor maternal and neonatal prognoses owing to pre-
mature delivery, stillbirth, impaired fetal growth, and
maternal death [1]. HDP has specific risk factors, including
a first pregnancy; higher body mass index (BMI), or age;
and pre-existing dyslipidemia, diabetes mellitus, or renal
diseases [2, 3]. Several guidelines, including those of the
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International Society for the Study of Hypertension in
Pregnancy (ISSHP) and Japan Society for the Study of
Hypertension in Pregnancy (JSSHP), define HDP as
hypertension (blood pressure > 140/90 mmHg) with or
without proteinuria (2300 mg/24h) between 20 weeks
gestation and 12 weeks postpartum [4, 5]. HDP is also
classified into several subtypes: chronic hypertension,
gestational hypertension, and preeclampsia, de novo or
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superimposed on chronic hypertension. Although the cause
of preeclampsia is unknown, current hypotheses postulate a
placental pathogenesis. Abnormal placentation leading to
preeclampsia is marked by the failure of trophoblasts to
induce physiologic dilatation and remodeling of spiral
arteries, resulting in reduced placental blood flow [6].

Smoking during pregnancy is one of the most important
risk factors for various adverse birth outcomes, including
low birth weight and preterm birth [7], but may also be
associated with a lower risk of preeclampsia [8, 9]. How-
ever, data from the Generation R study indicated that there
is no significant association between smoking and pre-
eclampsia, whereas there is a significant association
between smoking and high blood pressure [10]. Although
Mattsson et al. [11] reported a possible weak positive
association between heavy intrauterine smoking exposure
and the risk of subsequent late-onset preeclampsia, the
relationship was not significant after adjustment for
confounders.

The above-mentioned studies were conducted in the
United States and Europe. Chang et al. [12] reported that
there may be differences in the relationship between
cigarette use during pregnancy and HDP according to
maternal race/ethnicity. Hayashi et al. [13] showed that
smokers during pregnancy had a higher risk of HDP using
data from the Japan Perinatal Registry Network Database;
however, the authors only adjusted for maternal age at
delivery. Furthermore, HDP was not subclassified (i.e.,
preeclampsia, gestational hypertension) in these two stu-
dies. Consequently, there is little information regarding the
relationship between maternal smoking and HDP in Japan.

The Japanese Ministry of the Environment launched the
Japan Environment and Children’s Study (JECS), a large-
scale epidemiological investigation, in January 2011 [14].
The study plan involves inviting ~ 100,000 pregnant
women and their partners to participate over a period of
3 years, collecting biological samples, and subsequently
collecting data on their children until they reach 13 years of
age. Using JECS data, Suzuki et al. reported an association
between maternal smoking and birth weight [7]. In the
present study, we analyzed JECS data to elucidate a pos-
sible link between smoking habits and HDP risk.

Methods
Study design

This study was part of the JECS, an ongoing nationwide
birth cohort study. The JECS was approved by the Ministry
of the Environment’s Institutional Review Board on Epi-
demiological Studies on 6 April 2010 (no. 100406001).

Written informed consent was obtained from all participants.
JECS recruitment was performed between January 2011 and
March 2014. Participants were recruited through 15 regional
centers located in Hokkaido, Miyagi, Fukushima, Chiba,
Kanagawa, Koshin, Toyama, Aichi, Kyoto, Osaka, Hyogo,
Tottori, Kochi, Fukuoka, and South Kyushu, and Okinawa.
The JECS national center has released several data sets,
allowing research groups to examine their own research
theme. The present analysis is based on the all-birth
fixed data set, “jecs-ag-20160424” and “allbirth_revic-
e001_ver001”, which was released in June 2016 and
October 2016, respectively. These data sets include infor-
mation on 104,102 fetuses and their parents.

Data collection

This data set included data obtained using the MT1 ques-
tionnaire, which was completed on enrollment. For the
second and third trimester, data were gathered using the
MT2 questionnaire. Mean (standard deviation) gestational
age at the time of the completion of the MT1 and MT2
questionnaires was 16.4 (8.0) and 27.9 (6.5) weeks gesta-
tion, respectively. We obtained during-pregnancy informa-
tion, as well as the weight before pregnancy, from these two
self-reported questionnaires (MT1 and MT2). As far as
possible, incomplete questionnaires were filled by face-to-
face or telephone interviews.

This data set also included data obtained using the DrOm
questionnaire, which was designed to gather data on the
outcomes of the pregnancy and offspring, such as the
maternal age and weight at delivery, complications during
pregnancy (HDP, gestational diabetes mellitus (GDM),
preterm birth, etc.), anomalies of the offspring, birth weight,
and length of gestation. The DrOm questionnaire was
obtained from medical records after the delivery by coop-
erating health care providers or research coordinators from
each unit center; the medical records were transcribed
by instructed physicians, midwives/nurses, and/or research
coordinators.

Table 1 provides the baseline characteristics. We
obtained data at enrollment, particularly parity, BMI (kg/
m?), smoking, and drinking status of participants and their
partners, K6 score, and complications before pregnancy
(i.e., hypertension, renal disease, dyslipidemia, and diabetes
mellitus) from the MT1 questionnaire; and socioeconomic
status, such as family income and educational level of
participants and their partners from the MT2 questionnaire.
The K6 has been widely used as a screening scale for
psychological distress in the general population [15]. The
Japanese version of the K6 was recently developed using
the standard back-translation method [16]. The details of the
K6 have been described previously [17].
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Table 1 (continued)

P value

Smoking during pregnancy (n = 76,303)

Continued smoking
(n=3414)

Quit during pregnancy

Quit before pregnancy
(n=9899)

No smoking

(n=17,992)

(n=44,998)

<0.01

76.72 87.35

47.80

35.80

Continued smoking
Family income (JPY) (%)

15.11 <0.01

9.11

44.70

5.17
36.44
34.42

3.75
30.34

<200 x 10*
200-399 x 10*

<0.01

45.72

<0.01

25.78
8.47
4.92
7.23
3.40

29.54
10.49
6.16
5.34
3.25

34.33

400-599 x 10*

<0.01

14.46
9.50
3.07
2.95

18.52
13.06

600-799 x 10*

>800 x 10*
K6 score > 13 (%)

<0.01

<0.01

2.66
2.82

0.04

Prevalence of HDP (%)

JPY: Japanese yen

SD: Standard deviation

BMI: Body mass index

HDP: Hypertensive disorders of pregnancy

Participants and analyzed subjects

Of 104,102 records in the jecs-ag-20160424 data set, we
excluded women who were entered into the JECS twice or
more (n=5687), or had missing information regarding
smoking status (n = 5850) and baseline characteristics (such
as the information in Table 1) (n = 12,104). Since our main
interest was in low-risk pregnancies, we subsequently
excluded women with multiple pregnancy (n=1590) or
miscarriage or stillbirth (n = 121). Finally, we also excluded
women with specified comorbidities (n=2447), such as
diagnosed hypertension (n=363), renal diseases (n=
1581), diabetes mellitus (n = 163), and dyslipidemia (n =
403), with some overlap between conditions in single par-
ticipants. The records of the remaining 76,303 women were
analyzed (Fig. 1).

Smoking during pregnancy

Information on smoking was obtained by self-administered
MT1 questionnaires. Smoking at enrollment was assessed in
the questionnaire by asking each woman whether she
smoked before and during pregnancy (categories: no
smoking, quit before pregnancy, quit during pregnancy, and
continued smoking). Women who smoked were asked to
complete a questionnaire regarding the average number of
cigarettes smoked per day. We classified the number of
cigarettes into three categories (<5 cigarettes/day, 6—10
cigarettes/day, and > 10 cigarettes/day).

HDP

Information on HDP was obtained from the DrOm ques-
tionnaire. This questionnaire only revealed whether the
participant was diagnosed with HDP or not; HDP was not
classified (i.e., gestational hypertension, preeclampsia,
superimposed preeclampsia or eclampsia). In this study, we
analyzed the incidence of HDP without a previous history
of hypertension before pregnancy.

HDP was defined as hypertension (blood pressure > 140/
90 mmHg) with or without proteinuria (=300 mg/24 h)
emerging after 20 weeks gestation but resolving up to
12 weeks postpartum [5].

Statistical analysis

Baseline characteristics were evaluated based on percen-
tage, mean, and standard deviation. These characteristics
were compared between groups using a chi-squared test for
categorical variables or Kruskal-Wallis for continuous
variables. We performed crude analyses using univariate
logistic regression analyses. We also performed multivariate
logistic regression analyses with adjustment for other risk
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Number of records in the data set jecs-ag-20160426 =
104,102

v

Excluded second and third entries of the same participant into the JECS (5,687)

Records of the first entry into the JECS = 98,415

| >

— »

Excluded due to missing information on smoking habits (5,850)

Number of records with smoking information = 92,565

I >
I >

Excluded due to incomplete enrolment questionnaires (MT1,MT2)(12,104)

Number of records with baseline characteristics = 80,461

v

Excluded due to multiple pregnancy (1,590), miscarriage or stillbirth (121), and
specified comorbidities (2,447) [hypertension (363), renal disease (1,581),

dyslipidemia (403), and diabetes (163)]

\ 4

Number of pregnant women included in the study = 76,303 |

|

No smoking Quit before pregnancy

44,998

Quit during pregnancy
17,992 9,899

Continued smoking
3,414

Fig. 1 The study included primary data from 76,303 pregnant women in the Japanese Environment and Children’s Study (JECS)

factors for HDP, such as age, parity, BMI before pregnancy,
family income, maternal educational level, drinking status,
and K6 score (model 1). Model 2 adjusted for a history of
HDP and GDM in addition to the factors in model 1 (model
2). Model 3 further adjusted for the partner’s smoking
habits and educational level. When evaluating the effect of
the number of cigarettes smoked on the risk of HDP, the
composite of never-smokers and participants who quit
smoking before or after becoming pregnant was set as the
reference in the crude and multivariate analyses. SAS
software (version 9.4, SAS Institute Inc., Cary, NC) was
used for statistical analysis.

Results

The baseline characteristics of the pregnant women are
shown in Table 1. The numbers of women in the no
smoking, quit before pregnancy, quit during pregnancy, and
continued smoking groups were 44,998 (59.0%), 17,992
(23.6%), 9899 (13.0%), and 3414 (4.5%), respectively.
Among all pregnant women in this study, those who con-
tinued smoking were less educated and had a smaller
income. The prevalence of pregnant women with HDP in
these groups was as follows: no smoking, 2.8%; quit before
pregnancy 3.0%; quit during pregnancy, 3.3%; and con-
tinued smoking, 3.4% (p = 0.04).

The results of the univariate analyses for covariates are
shown in Table 2. Compared with that for never-smokers,
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pregnant women who quit during pregnancy and those who
continued smoking had a higher risk of developing HDP
(OR: 1.16, 95% CI: 1.02-1.31; and OR: 1.21, 95% CI:
1.00-1.47, respectively). In the multivariate analysis with
adjustment for baseline characteristics including age, parity,
BMI before pregnancy, family income, maternal educa-
tional level, drinking status, K6 score, history of HDP and
GDM, and partner’s smoking habits and drinking status, the
association between smoking status and HDP was dimin-
ished (OR: 1.08, 95% CI: 0.94-1.24; OR: 1.17, 95 % CI:
0.95-1.45, respectively).

Next, we compared the HDP risk between women who
continued smoking, classified by the number of cigarettes
smoked daily (categories: <5 cigarettes/day, 6-10 cigar-
ettes/day, > 10 cigarettes/day), and the other groups (no
smoking, quit before pregnancy, and quit during pregnancy)
(Table 3). In the univariate analysis, women who continued
smoking <10 cigarettes per day had a significantly higher
risk of developing HDP (OR: 1.58, 95% CI: 1.11-2.25)
than did women who did not continue to smoke. In the
multivariate analyses with adjustment for maternal con-
founding factors (model 1), previous history of GDM and
HDP (model 2), and partner’s factors (model 3), the asso-
ciation still remained (model 1, OR: 1.55, 95% CI:
1.08-2.23; model 2, OR: 1.54, 95% CI: 1.07-2.23; and
model 3, OR: 1.51, 95% CI: 1.04-2.19). When we regarded
the number of cigarettes as a continuous variable, there was
a significant linear association between the number of
cigarettes and risk of HDP, with an OR of 1.02 per cigarette



Higher prevalence of hypertensive disorders of pregnancy in women who smoke: the Japan environment and... 563

Table 2 Results of the univariate analyses for covariates (total = 76,303)

COR 95% CI P value aOR 95% CI P value
Smoking during No smoking Reference Reference
pregnancy Quit before pregnancy 1.049 0.946-1.162 036  1.044 0.937-1.163 0.44
Quit during pregnancy 1.160 1.024-1.313  0.02  1.083 0.944-1.243 0.25
Continued smoking 1.213 1.000-1.472 0.05 1.174 0.950-1.451 0.14
Parity Primipara 2.011 1.846-2.191 <0.01 2917 2.654-3.207 <0.01
Multipara Reference Reference
BMI (kg/m?) <185 0.691 0.598-0.798 <0.01 0.713 0.617-0.825 <0.01
18.5-25 Reference Reference
225 3.146 2.851-3.473 <0.01 2977 2.687-3.298 <0.01
Age (years) <20 Reference Reference
20-24 0.793 0.446-1.411 043 1.026 0.571-1.845 0.93
25-29 0.796 0.455-1.393 042 1.249 0.703-2.220 045
30-34 0.850 0.487-1.484 057 1.546 0.869-2.750  0.14
35-39 1.217 0.697-2.125 049  2.326 1.305-4.147 <0.01
240 1.889 1.068-3.342  0.03  3.341 1.851-6.031 <0.01
Smoking of partners  No smoking Reference Reference
Quit before pregnancy 0.971 0.862-1.093 0.62  1.004 0.889-1.135 0.95
Quit during pregnancy 0.769 0.564-1.047 0.10 0.752 0.548-1.032  0.08
Continued smoking 1.021 0.923-1.129 0.68  1.046 0.936-1.168  0.43
Family income ( x 10* <200 Reference Reference
1PY) 200-399 0.842 0.701-1.011  0.07  0.864 0.715-1.045  0.13
400-599 0.812 0.675-0.976  0.03  0.819 0.674-0.996  0.05
600-799 0.869 0.713-1.059 0.16  0.852 0.689-1.052  0.14
=800 0.808 0.653-1.000 0.05 0.779 0.621-0.978  0.03
Maternal educational ~ Junior high school 1.090 0.886-1.340 0.42  1.225 0.973-1.544 0.08
level High school 1.150 1.051-1259  0.02 1.132 1.024-1252 0.02
College Reference Reference
Partner’s educational  Junior high school 1.007 0.847-1.196 094  0.963 0.797-1.165 0.70
level High school 1.150 1.053-1.256 <0.01  1.099 0.998-1211  0.06
College Reference Reference
Alcohol consumption No drinking Reference Reference
Quit before or during pregnancy 0.948 0.866-1.037 0.24  0.893 0.813-0.980 0.02
Continued drinking 0.882 0.756-1.028 0.11  0.872 0.745-1.021 0.09
K6 score <13 Reference Reference
213 1.116 0.892-1.396  0.34  1.042 0.828-1.311 0.73
History of gestational diabetes 1.406 0.897-2.203 0.14 0.716 0.444-1.155 0.17
History of HDP 7.831 6.613-9.272 <0.01 10.210 8.496-12.269 <0.01

COR: crude odds ratio

aOR: adjusted odds ratio (adjusted for confounders listed in Table 2)
CI: confidence interval

HDP: hypertensive disorders of pregnancy

JPY: Japanese yen

Univariate analysis for covariates (total = 76,303)

per day (95% CI: 1.00-1.04). After repeating these analyses
with adjustment for miscarriage, abortions, and women with
diagnosed complications (hypertension, renal diseases,
diabetes mellitus, and dyslipidemia), we found similar

results (data not shown). The results of analyses evaluating
the association between the number of cigarettes and risk of
HDP stratified according to body mass index (Supplemen-
tary Table 1), parity, (Supplementary Table 2), high age at
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Reference Reference Reference

Reference

72,889

Did not smoke at entry®

<5

0.630-1.277

0.897

0.646-1.306

0919

0.666-1.339

0.945

0.658-1.308

0.928

1257
1413
730

0.899-1.599 1.164 0.866—-1.565 1.201 0.891-1.618 1.172 0.869-1.582
1.551 1.541 1.511

1.199
1.580

6-10
>10

1.042-2.189

1.066-2.230

1.078-2.231

1.111-2.246

14

Missing

“Participants who did not smoke at entry (no smoking, quit before pregnancy, quit during pregnancy)

Model 1: Adjusted for age, parity, body mass index before pregnancy, family income, educational level of mother, drinking status, and K6 score

Model 2: Adjusted for history of GDM and HDP in addition to Model 1

Model 3: Adjusted for partner’s educational level and smoking status in addition to Model 2

HDP hypertensive disorders of pregnancy, GDM gestational diabetes mellitus

delivery (Supplementary Table 3), and a history of HDP
(Supplementary Table 4) are shown in the Supplementary
File.

Discussion

Our nationwide prospective cohort study showed that
smoking >10 cigarettes per day is associated with a sig-
nificantly higher risk of developing HDP in Japan. This
finding in Japan differs from those in previous studies
conducted in Europe and the United States. Prior studies
have observed no significant relationship or a decreased risk
of both preeclampsia and gestational hypertension among
women who smoked during pregnancy compared with
those who did not smoke during pregnancy in Europe and
the United States [3, 18]. Furthermore, Lindqvist et al. [19]
reported that moderate smoking during pregnancy seemed
to protect against the development of preeclampsia in
Sweden. In contrast, the Generation R study indicated that
there was no significant association between smoking and
preeclampsia in the Netherlands [10].

The association between cigarette use during pregnancy
and HDP might differ according to maternal race/ethnicity.
Chang et al. [12] reported that non-Hispanic Asian/Pacific
Islander women who smoked during pregnancy had
increased risk of HDP, whereas a reduced risk of HDP
among pregnant smokers was evident for non-Hispanic white
and non-Hispanic American Indian women. A retrospective
case-cohort study in Japan showed that maternal smoking
during pregnancy was associated with HDP [13]. One
hypothesis is that genetic variations among race/ethnicity
might underlie the observed differences in the relationship
between smoking and HDP. Recently, novel and original
variations in single-nucleotide polymorphisms were identi-
fied in Japanese subjects [20]. As cigarette smoking and
hypertension are reported to be moderated by CYP2A6
genotypes [21, 22], a genotype analysis might reveal addi-
tional confounding factors and may clarify the mechanism
underlying the observed differences in the relationship
between smoking and HDP according to maternal race/eth-
nicity. However, the genetic factors underlying this associa-
tion remain unclear and further investigations are required.

Cigarette smoking is associated with both lower maternal
soluble fms-like tyrosine kinase 1 (sFlt-1) concentrations
during pregnancy and preeclampsia [23]. sFlt-1 is an
antagonist of vascular endothelial growth factor and pla-
cental growth factor, and high levels of sFlt-1 have been
observed in women with preeclampsia [24]. Chen et al. [25]
reported that the endothelial nitric oxide (NO) system might
be damaged in women with preeclampsia, although NO is
known as a vasodilating factor [26]. The authors isolated and
cultured human umbilical vein endothelial cells from normal
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and preeclamptic pregnancies. Compared with that for
control cells, NO production was markedly decreased in
preeclamptic cells. There are several hypotheses regarding
the association between smoking and preterm birth, which
could overlap the mechanisms for hypertension during
pregnancy. Llurba et al. [27] reported that although smoking
during pregnancy increases the placental growth factor/sFlt-
1 ratio at 24 weeks of gestation, intrauterine growth
restriction is significantly higher in smokers. Although
smoking during pregnancy might induce less preeclampsia
with the inhibition of a reasonable reaction against fetal
ischemia, as in non-pregnant settings, endothelial dysfunc-
tion, macrophage recruitment, and arterial inflammation
might increase the blood pressure in pregnant women. Fur-
thermore, a higher incidence of preterm birth among women
who smoke during pregnancy might terminate the pregnancy
before the onset of proteinuria. Further investigations on the
mechanisms of the association between cigarette smoking
and the risk of hypertension or HDP are required.

There are some limitations to the present study. First, we
could not classify HDP as gestational hypertension, pre-
eclampsia, and other specific conditions owing to the
questionnaires employed in this study. Therefore, we could
not assess the effect of cigarette smoking during pregnancy
on each type of HDP. Goel et al. [28] suggested that
postpartum hypertension may represent a group of women
with subclinical or unresolved preeclampsia. We could not
consider this possibility because of the utilized ques-
tionnaires. Second, for clinical settings, biochemical and
physiological data are important for understanding the
relationship between smoking exposure and maternal out-
comes. The JECS study is biobanking serum samples col-
lected during pregnancy. In short, the analysis of such data
will play a key role in understanding the causal associations.
Third, although we adjusted for the possible confounding
factors available from the questionnaires, unmeasured
confounding factors might also affect the risk of HDP.
Fourth, information about smoking during pregnancy was
collected by questionnaires. Under-reporting of maternal
smoking across the various smoking categories may be
present and lead to misclassification. Fifth, we could not
examine the genetic background of participants.

Conclusion

Smoking a greater number of cigarettes was associated with
a higher risk of HDP after adjustment for possible con-
founding factors. Cigarette smoking cessation may avoid
the complications of HDP. Our findings suggest that, in
addition to the risk of small-for-gestational-age newborns,
an increased risk of HDP should be considered in the
management of pregnant women who smoke cigarettes.
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