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A B S T R A C T   

Maternal tobacco and cannabis use during pregnancy are associated with adverse perinatal outcomes. We hy-
pothesized that maternal tobacco and cannabis use are associated with placental adaptations, which subse-
quently lead to adverse perinatal outcomes. In a population-based prospective cohort study of 8008 pregnant 
women, we assessed maternal tobacco and cannabis use by questionnaires. Placental growth factor (PlGF) and 
soluble fms-like tyrosine kinase-1 (sFlt-1) were measured in the first and second trimester and at delivery from 
blood samples. Placental weight and pregnancy complications were obtained from medical records. We observed 
that tobacco use before and during first-trimester only was not associated with any angiogenic factors. As 
compared to no tobacco use, continued use during pregnancy was associated with higher PlGF, lower sFlt-1 
concentrations, and lower sFlt-1/PlGF ratio in second trimester (all p-values <0.05). Also, compared to no 
cannabis use, use before and during pregnancy was associated with higher PlGF concentrations and lower sFlt-1/ 
PlGF ratio in first and second trimester (all p-values <0.05). First trimester only cannabis use was associated with 
higher sFlt-1 concentrations and higher sFlt-1/PlGF ratio at delivery (all p-values <0.05). Compared to non-use, 
tobacco use before pregnancy was associated with a higher placental weight, whereas continued tobacco use 
during pregnancy was associated with a lower placental weight. Continued tobacco or cannabis use was related 
to higher placental weight to birth weight ratio and higher risk of pregnancy complications (all p-values <0.05). 
These results suggest that maternal tobacco and cannabis use lead to placental vascular maladaptation predis-
posing to adverse pregnancy outcomes.   

1. Introduction 

Tobacco and cannabis use during pregnancy are a major public 
health problem [1,2]. Pregnancy tobacco and cannabis use are associ-
ated with adverse perinatal outcomes including placenta abruption, 
abortion, fetal growth restriction, preterm, small for gestational age and 
low birth weight [2–8]. Paradoxically, previous studies reported that 
maternal tobacco use during pregnancy is associated with a lower risk of 
preeclampsia [9]. In contrast, co-use of cannabis and tobacco during 

pregnancy seems to be associated with a higher risk of preeclampsia 
[10]. 

Early placental vascularization and development may be involved in 
the relation of tobacco and cannabis use with pregnancy outcomes [6, 
11–14]. Maternal smoking during pregnancy may impair the placental 
development altering its proliferation, differentiation and structure [15, 
16]. Early vascular placentation development is regulated by both sol-
uble fms-like tyrosine kinase-1 (sFlt-1) as an anti-angiogenic and 
placental growth factor (PlGF) as a pro-angiogenic factor [17–19]. The 
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imbalance between these anti- and pro-angiogenic factors seems to be 
associated with pregnancy complications, including preeclampsia, fetal 
growth restriction and preterm [13,19,20]. Cannabis exposure may 
affect early placentation process by compromising the trophoblastic 
migration through the endocannabinoid system [11,21,22]. The effects 
of pregnancy cannabis exposure on placental development and angio-
genic factors are not well known. Additionally, a recent study showed 
that preconception tobacco and cannabis use are associated with a 
higher risk of preterm and low birth weight in offspring, but little is 
known about the influence on placental development [23]. Based on 
previous studies, we hypothesized that maternal tobacco and cannabis 
use are associated with impaired placental development characterized 
by changes in placental angiogenic markers and placental structure [6, 
10–13,15,19–21,24–27]. 

We examined the associations of maternal tobacco and cannabis use 
before and during pregnancy with angiogenic factors in a population- 
based cohort. Angiogenic factors included PIGF and sFIt-1. We also 
examined the associations of maternal tobacco and cannabis use with 
placental weight, placental weight to birth weight ratio (PW/BW ratio) 
and the risks of pregnancy complications including gestational hyper-
tensive disorders, preterm and small for gestational age [28]. 

2. Methods 

2.1. Study design 

This study was embedded in the Generation R Study, a population- 
based on prospective cohort study conducted in Rotterdam, the 
Netherlands [29]. The study was approved by the Medical Ethics Com-
mittee of the Erasmus MC, Rotterdam. Written informed consent was 
obtained from all participants. Pregnant women living in the study area 
with an expected date of delivery between April 2002 and January 2006 
were recruited. In total 8879 pregnant women (response rate 61%) were 
enrolled. Of these, 8329 mothers had information on preconception and 
prenatal tobacco and cannabis use. We only included singleton live 
births (8121). Angiogenic factors concentrations at any time point or 
placental weight were available for 8008 mothers (Supplementary 
Fig. S1). 

2.2. Preconception and pregnancy tobacco and cannabis use 

Assessments of tobacco and cannabis use were performed in the first 
trimester (median 12.9 weeks, 25th-75th percentiles 12.1–14.5), the 
second trimester (median 20.4 weeks, 25th-75th percentiles 20.4–20.9), 
and the third trimester (median 30.2 weeks, 25th-75th percentiles 
29.9–30.8) [29,30]. Maternal information on tobacco smoking was 
collected by postal questionnaires every trimester [4]. In first trimester, 
mothers were asked whether they smoked two months before and/or 
during pregnancy. In second and third trimester, mothers were asked 
whether they smoked in the last 2 months. Mothers further reported the 
frequency of cigarettes smoked (no, < 5 per day, 5–9 per day, and ≥10 
per day). Similarly, maternal information on cannabis use was collected 
using a combination of self-reports and urinalysis. In early pregnancy, 
mothers indicated whether they used cannabis before or/and during 
pregnancy, and whether they continued still using cannabis [31]. 
Mothers also reported the frequency of use (daily, weekly or monthly). 
Urine samples were collected in three trimesters, and the first available 
samples were used for urinalysis of the cannabis metabolite, 
11-nor-Δ9-THC-9-COOH, which were analyzed using DRI® Cannabi-
noid Assay (Microgenics) [31]. The agreement between the self-reported 
of cannabis use and the metabolite in urinalysis using Yule’s Y was 0.77 
[31]. The information on maternal tobacco and cannabis use was cate-
gorized into seven non-overlapping groups: non-use, tobacco before 
pregnancy, tobacco in first trimester, continued tobacco during preg-
nancy, cannabis before pregnancy, cannabis in first trimester, and 
continued cannabis use during pregnancy. The tobacco groups did not 

include cannabis use, whereas the group of cannabis users mostly 
include women who used both cannabis and tobacco. The reason for this 
approach is that most women who use cannabis also use tobacco. 

2.3. Placental angiogenic factors 

Maternal non-fasting venous blood samples were drawn in the first 
(median 13.2 weeks, 95% range 9.5–17.5) and second trimester (median 
20.4 weeks, 95% range 18.5–23.5). Cord blood samples were drawn 
immediately after delivery (median 40.1 weeks, 95% range 35.4–42.3). 
As described previously, blood samples were transported to the regional 
laboratory for processing and stored at − 80 ◦C. PlGF and sFlt-1 con-
centrations were measured in EDTA plasma samples by the Department 
of Clinical Chemistry of the Erasmus University Medical Center using a 
two-step chemi-luminiscent microparticle immunoassay (CMIA) on the 
Architect System (Abbot Diagnostic B.V., Hoofddorp, the Netherlands) 
[32]. The between-run coefficients of variation for plasma sFIt-1 were 
2.8% at 5.5 ng/mL and 2.3% at 34.0 ng/mL; and for plasma PIGF were 
4.7% at 24 pg/mL and 3.8% at 113 pg/mL [13]. 

2.4. Placental weight and pregnancy complications 

Information on placental weight, birth weight and pregnancy com-
plications was obtained from medical records and hospital registries. 
Each placenta was weighed with membrane and umbilical cord attached 
within one hour after delivery. PW/BW ratio was calculated using the 
formula: [(placental weight in grams/ birth weight in grams) x 100%] 
[33]. Pregnancy complications included gestational hypertension, pre-
eclampsia, preterm birth, and small-size for gestational age (SGA). 
Gestational hypertensive disorders, such as preeclampsia and gesta-
tional hypertension, were defined according to the International Society 
for the Study of Hypertension in Pregnancy (ISSHP) criteria [34]. Pre-
term was defined as a birth < 37 weeks of gestation. SGA was defined as 
a gestational age-adjusted birth weight under 10th percentile in the 
study cohort. 

2.5. Covariates 

Potential covariates were selected based on previous studies and 
presented as a directed acyclic graphic (Supplemental Fig. S2) [1,2,8,30, 
35–37]. Information on marital status, parity, age, education, ethnicity, 
anthropometrics pre-pregnancy measurements and alcohol use were 
obtained from self-reported questionnaires. Education and ethnicity 
were categorized according to the classification of Netherlands Statistics 
[38,39]. Maternal alcohol use was categorized in never drank, drank in 
the first trimester and continued drinking during pregnancy. Maternal 
stress and anxiety were assessed at the first trimester with the Pregnancy 
Outcome Questionnaire (POQ), a validated self-reported measure of 
13-items [40]. Maternal folate concentrations were measured in blood 
samples in the first trimester (mean, 13.5 weeks; standard deviation, 
2.0) by using an immunoelectrochemoluminence assay on the Architect 
System (Abbott Diagnostics B.V.) The between-run coefficients of vari-
ation for plasma folate were 8.9% at 5.6 nmol/l, 2.5% at 16.6 nmol/l 
and 1.5% at 33.6 nmol/l, with an analytical range of 1.8–45.3 nmol/l 
[32]. 

2.6. Statistical analysis 

First, we assessed the subject characteristics and performed a non- 
response analyses by comparing respondents and non-respondents by 
using chi-squared for categorical and Student’s t-test or Mann-Whitney 
U tests for continuous variables. Second, we used linear regression 
models to examine the associations of maternal tobacco and cannabis 
use with angiogenic factors, placental weight and PW/BW ratio. PIGF, 
sFIt-1, and sFIt-1/PIGF ratio were natural log-transformed to account for 
right skewness in the distributions, and were back-transformed by using 
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the formula (e coefficient estimator - 1)* 100 [41]. Third, we used logistic 
regression model to examine the association of maternal tobacco and 
cannabis use with pregnancy complications. The confounder-adjusted 
analytical model was adjusted for maternal age, education, ethnicity, 
parity, marital status, alcohol use, maternal distress, pre-pregnancy 
body mass index (BMI), folate concentrations, fetal sex and gestational 
age at assessment outcome. We also assessed statistical interaction term 
between maternal tobacco and cannabis use with fetal sex for all our 
analysis to examine potential differential associations (p-values <0.05) 
[35]. A sensitivity analyses, we analyzed the associations for boys and 
girls separately. We did not apply multiple testing due to some outcomes 
of interest are correlated, and that could potentially lead to false nega-
tive findings [42]. The proportion of missing data in the covariates 
ranged from 0% to 10.1%, with the exception of maternal distress 

(15%), pre-pregnancy BMI (15.5%), and folate concentration (28.7%). 
To avoid the bias of complete case analyses, we used multiple imputa-
tion approach using the multivariate imputation by chained equations to 
estimate missing information of the covariates in 25 datasets, using the 
mice package [43]. All statistical analyses were performed with R sta-
tistical software version 3.6.3 (R Foundation for Statistical Computing). 

3. Results 

3.1. Subject characteristics and non-response analysis 

Table 1 shows the study population characteristics. Of all mothers, 
27.1% and 3.1% used tobacco and cannabis during pregnancy, respec-
tively. Median maternal PlGF concentrations increased from first 

Table 1 
Subject characteristics (N = 8008).  

Maternal characteristics  

Age, years, mean (SD) 29.7 (5.3) 
Marital status, no partner (%) 14.8 
Ethnicity  

Dutch (%) 48.7 
Non-Dutch Non-Western (%) 39.8 
Non-Dutch Western (%) 11.6 

Educational level  
None/Primary (%) 12.0 
Secondary (%) 47.1 
Higher (%) 40.9 

Parity, nulliparous (%) 56.0 
Pre-pregnancy body mass index, Kg/m2, median (95% range) 22.7 (17.9–34.9) 
Distress score, mean (SD) 0.88 (0.38) 
Folate concentrations, nmol/L, median (95% range) 15.1 (5.4, 37.5) 
Maternal alcohol use  

Never drank in pregnancy (%) 49.9 
Drank first trimester (%) 13.6 
Continued drinking (%) 36.5 

Maternal tobacco use  
Never smoked in pregnancy (%) 57.4 
Smoked before pregnancy only (%) 15.4 
Smoked first trimester (%) 8.5 
Continued smoking in pregnancy (%) 18.6 

Maternal cannabis use  
No use (%) 94.0 
Cannabis before pregnancy (%) 2.9 
Cannabis first trimester (%) 1.9 
Cannabis during pregnancy (%) 1.2  

Angiogenic factors  

First trimester (n = 5727)  
Gestational age blood sampling, weeks, mean (SD) 13.5 (2.0) 
Maternal PlGF, pg/mL, median (95% range) 43.0 (14.6–192.4) 
Maternal sFIt-1, ng/mL, median (95% range) 5.1 (1.9–14.4) 

Second trimester (n = 6921)  
Gestational age blood sampling, weeks, mean (SD) 20.6 (1.1) 
Maternal PlGF, pg/mL, median (95% range) 200.9 (73.6–623.9) 
Maternal sFIt-1, ng/mL, median (95% range) 5.0 (1.6–17.4) 

Cord blood (n = 3874)  
Gestational age blood sampling, weeks, median (95% range) 40.1 (35.6–42.3) 
Fetal PlGF, pg/mL, median (95% range) 8.8 (4.3–22.9)) 
Fetal sFIt-1, ng/mL, median (95% range) 0.5 (0.1–5.9)  

Birth characteristics  

Birth weight, grams, mean (SD) 3411.3 (560.2) 
Placenta weight, grams, mean (SD) (n = 5885) 633.8 (145.7) 
Placenta weight to birth weight ratio (%), mean (SD) 18.7 (3.6) 
Fetal sex, female, yes (%) 49.5 
Pregnancy complications (%) 19.3 

Values are presented as means (SD), medians (95% range), or percentages (%). 
Abbreviations: SD: standard deviation, PlGF: placental growth factor, sFlt-1: soluble fms-like tyrosine 
kinase-1. 
There were no missing data on these covariates as they were imputed using multiple imputation 
methods. 
Pregnancy complication including preeclampsia, gestational hypertension, preterm birth and small 
for gestational age. 
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(median 43.0 pg/mL, 95% range 14.6–192.4) to second trimester (me-
dian 200.9 pg/mL, 95% range 73.6–623.9), whereas maternal sFlt-1 
concentrations were stable in the first and second trimester. Supple-
mentary Table S1 shows the characteristics for all tobacco and cannabis 
use groups. Of the mothers that used cannabis, about 90% co-use to-
bacco. Non-response analysis showed that respondents were more often 
of Dutch origin compared to non-respondents (Supplementary 
Table S2). 

3.2. Placental angiogenic factors 

Table 2 shows that tobacco use before and during first trimester was 
not associated with angiogenic factors. As compared to no tobacco nor 
cannabis use, continued tobacco use during pregnancy was associated 
with higher PlGF (difference 29.7%, 95% CI 25.9–35.0), lower sFlt-1 
concentrations (difference − 11.3%, 95% CI − 15.6 to − 7.7), and lower 
sFlt-1/PlGF ratio (difference − 32.3%, 95% CI − 35.6 to − 28.8) in 
second-trimester. Maternal cannabis use before and during first 
trimester was associated with first trimester higher PlGF concentrations 
(differences 22.1%, 95% CI 13.9–31.0% and 16.2%, 95% CI 7.3–25.9, 
respectively) and lower sFlt-1/PlGF ratios (differences − 13.1%, 95% CI 
− 21.3 to − 3.9 and − 17.3%, 95% CI 26.7 to − 6.8, respectively) 
(Table 2). Maternal cannabis use before, during first trimester, and 
continued was associated with second trimester higher PlGF concen-
trations (differences 12.8%, 95% CI 5.1–22.1; 22.1%, 95% CI 11.6–33.6; 
and 32.3%, 95% CI 18.5–47.7, respectively) and lower sFlt-1/PlGF ratio 
(differences − 11.3%, 95% CI − 20.6 to − 1.0, − 20.6%, 95% CI − 30.2 to 

− 10.4, and − 30.2%, 95% CI − 40.6 to − 18.1, respectively) (Table 2). 
Compared to non-use, maternal cannabis use during first trimester was 
also associated with higher sFlt-1 concentrations (difference 27.1%, 
95% CI 3.1–56.8) and higher sFlt-1/PlGF ratio (difference 31.0%, 95% 
CI 5.1–61.6) in cord blood (Table 2). 

3.3. Placenta weight and pregnancy complications 

Compared to no tobacco nor cannabis use, tobacco use before 
pregnancy was associated with higher placental weight (difference 11 g, 
95% CI 0–22), and continued tobacco use during pregnancy was asso-
ciated with lower placental weight (difference − 11 g, 95% CI − 22 to 
− 1) (Table 3). Cannabis use before and during pregnancy was not 
associated with placental weight (Table 3). Continued tobacco or 
cannabis use during pregnancy was associated with higher PW/BW ratio 
(difference 0.31%, 95% CI 0.04–0.59% and 1.05%, 95% CI 0.23–1.86, 
respectively) compared to non-use. Maternal continued tobacco or 
cannabis use during pregnancy was associated with a higher risk of any 
pregnancy complication (Odd Ratios 1.53, 95% CI 1.29–1.80 and 1.91, 
95% CI 1.18–3.08, respectively) (Table 4). The associations of tobacco 
or cannabis use during pregnancy with each pregnancy outcome sepa-
rately are presented in Supplementary Table S3. 

3.4. Sensitivity analysis: sex-specific associations 

Sex-specific analyses showed that among only girls, maternal 
continued tobacco or cannabis use during pregnancy was also associated 

Table 2 
Maternal tobacco and cannabis use and angiogenic factors during pregnancy.   

Maternal (< 18 weeks)  Maternal (18–25  Fetal (Delivery) 

Tobacco and 
cannabis use 

PlGF 
(pg/mL) 
(n = 4836) 

sFIt-1 (ng/ 
mL) 
(n = 4830) 

sFIt-1/PlGF 
ratio 
(n = 4808) 

PlGF (pg/ 
mL) 
(n = 6921) 

sFIt-1 
(ng/mL) 
(n = 6919) 

sFIt-1/PlGF 
ratio 
(n = 6919) 

PlGF (pg/ 
mL) 
(n = 3239) 

sFIt-1 (ng/ 
mL) 
(n = 3803) 

sFIt-1/PlGF 
ratio 
(n = 3180)  

Difference 
(95% CI) 

Difference 
(95% CI) 

Difference 
(95% CI) 

Difference 
(95% CI) 

Difference 
(95% CI) 

Difference 
(95% CI) 

Difference 
(95% CI) 

Difference 
(95% CI) 

Difference 
(95% CI) 

No Reference Reference Reference Reference Reference Reference Reference Reference Reference 
Before pregnancy 

only          
Any 4.1 

(0.0, 7.3)* 
2.0 
(− 2.0, 6.2) 

-2.0 
(− 5.8, 3.1) 

2.0 
(− 1.0, 6.2) 

-2.0 
(− 5.8, 2.0) 

-4.9 
(− 9.5, 0.0) 

3.1 
(− 1.0, 7.3) 

1.0 
(− 7.7, 10.5) 

-2.0 
(− 10.4, 6.2) 

Tobacco 0.0 
(− 3.0, 4.1) 

1.0 
(− 3.0, 5.1) 

1.0 
(− 3.9, 6.2) 

1.0 
(− 3.0, 4.1) 

-3.0 
(− 6.8, 2.0) 

-3.0 
(− 8.6, 2.0) 

3.1 
(− 1.0, 8.3) 

0.0 
(− 8.6, 9.4) 

-3.0 
(− 11.3, 6.2) 

Cannabis 22.1 
(13.9, 31.0) 
* * 

6.2 
(− 2.0, 15.0) 

-13.1 
(− 21.3, − 3.9) 
* * 

12.8 
(5.1, 22.1)* 
* 

0.0 
(− 8.6, 9.4) 

-11.3 
(− 20.6, − 1.0)* 

4.1 
(− 5.8, 13.9) 

5.1 
(− 13.1, 
28.4) 

2.0 
(− 16.5, 23.4) 

First trimester only          
Any 4.1 

(0.0, 8.3) 
0.0 
(− 3.9, 5.1) 

-3.0 
(− 8.6, 3.1) 

6.2 
(2.0, 10.5) 

-3.0 
(− 7.7, 3.1) 

-8.6 
(− 13.9, − 2.0) 
* * 

4.1 
(− 1.0, 9.4) 

8.3 
(− 3.9, 20.9) 

6.2 
(− 4.9, 18.5) 

Tobacco 1.0 
(− 3.0, 6.2) 

2.0 
(− 3.9, 7.3) 

0.0 
(− 5.8, 7.3) 

3.1 
(− 2.0, 7.3) 

-2.0 
(− 7.7, 3.1) 

-4.9 
(− 11.3, 2.0) 

4.1 
(− 2.0, 9.4) 

3.1 
(− 9.5, 16.2) 

0.0 
(− 11.3, 12.8) 

Cannabis 16.2 
(7.3, 25.9)* 
* 

-3.9 
(− 13.1, 6.2) 

-17.3 
(− 26.7, − 6.8) 
* * 

22.1 
(11.6, 33.6) 
* * 

-3.0 
(− 13.1, 7.3) 

-20.6 
(− 30.2, − 10.4) 
* * 

5.1 
(− 4.9, 16.2) 

27.1 
(3.1, 56.8)* 

31.0 
(5.1, 61.6)* 

Continued          
Any – – – 29.7 

(25.9, 35.0) 
* * 

-11.3 
(− 14.8, − 7.7) 
* * 

-31.6 
(− 35.6, − 28.1) 
* * 

2.0 
(− 3.0, 6.2) 

6.2 
(− 3.0, 16.2) 

2.0 
(− 5.8, 11.6) 

Tobacco – – – 29.7 
(25.9, 35.0) 
* * 

-11.3 
(− 15.6, − 7.7) 
* * 

-32.3 
(− 35.6, − 28.8) 
* * 

2.0 
(− 3.0, 6.2) 

6.2 
(− 3.9, 16.2) 

2.0 
(− 6.8, 11.6) 

Cannabis – – – 32.3 
(18.5, 47.7) 
* * 

-7.7 
(− 18.9, 6.2) 

-30.2 
(− 40.6, − 18.1) 
* * 

0.0 
(− 13.1, 
15.0) 

10.5 
(− 17.3, 
46.2) 

7.3 
(− 19.8, 43.3) 

Values are regression coefficients and 95% confidence interval (95% CI) based on linear model, and reflect percentage difference in angiogenic factors concentrations 
per tobacco and cannabis users compared with the reference group. * p-value < 0.05, * * p-value < 0.01 
Adjusted model for maternal age, parity, marital status, maternal alcohol use, maternal education, maternal ethnicity, maternal distress, pre-pregnancy BMI, and folate 
concentration, fetal sex, and gestational age at assessment. 
Abbreviations: SD: standard deviation, PlGF: placental growth factor, sFlt-1: soluble fms-like tyrosine kinase-1. 
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with higher PlGF and sFlt-1 concentrations at delivery time (Supple-
mentary Table S4 and S5). 

4. Discussion 

In this population-based prospective birth cohort study, we observed 
that maternal tobacco use throughout pregnancy was associated with 
higher pro-angiogenic and lower anti-angiogenic factors in the second 
trimester. Maternal cannabis use before and during pregnancy was 
associated with higher pro-angiogenic and lower anti-angiogenic factors 

in the first and second trimester. Both maternal tobacco and cannabis 
use were associated with altered placental growth. Continued tobacco 
and cannabis use during pregnancy were associated with a risk of 
pregnancy complications. In sum, these findings suggest that maternal 
tobacco and cannabis use may impair placental development, and could 
subsequently alter placental function and maternal-fetal exchange 
capacity. 

4.1. Interpretation of main findings 

Suboptimal placental development may be caused by an imbalance 
in angiogenic growth factors and subsequently lead to pregnancy com-
plications [12,13,19,20,24,44]. We observed that continued tobacco use 
during pregnancy produced a pro-angiogenic state, with a lower 
sFlt-1/PlGF ratio, lower sFlt-1 and higher PlGF concentrations in the 
second trimester. This is in agreement with previous studies, which re-
ported that continued maternal smoking in pregnancy stimulates 
pro-angiogenic factors and decreases anti-angiogenic factors, particu-
larly in the first and second trimester [45,46]. Further, a nested 
case-control study in the United States (US) among 1323 normotensive 
nulliparous pregnant women reported that continued maternal tobacco 
use during pregnancy was associated with lower sFlt-1 and higher PlGF 
concentrations in the first and second trimester [45]. Another nested 
case-control study in the US among 993 high-risk pregnant women 
showed that smoking during pregnancy was associated a higher PlGF 
and lower soluble endoglin –an anti-angiogenic factor– in the second 
trimester, but no association with sFlt-1 was observed [46]. The sub-
clinical association of maternal smoking with a higher pro-angiogenic 
state may be attributable to alterations in trophoblastic invasion and 
differentiation, and explain the previously reported association with a 
lower risk of preeclampsia [14,47]. 

The current study also showed that cannabis use before and during 
pregnancy was related to a pro-angiogenic state with lower sFlt-1 and 
higher PlGF concentrations in both the first and second trimester, 
whereas cannabis use in early pregnancy showed an anti-angiogenic 
state in cord blood at delivery. To the best of our knowledge, no pre-
vious human studies have examined the associations of maternal 
cannabis use in pregnancy with angiogenic factors during pregnancy. 
However, previous animal studies have shown that exposure to Delta-9- 
tetrahidrocannabinol (Δ9-THC) during pregnancy alters the placental 
microvasculature impairing trophoblast cell migration, narrowing the 
vascular network and increasing the labyrinth area [21,22]. The 
impairment in the placental development could be potentially mediated 
by cannabinoid receptors, since chronic Δ9-THC exposure leads the 
down-regulation of cannabinoid receptors [21,22,25]. Δ9-THC may play 
a pivotal role in impairing placental angiogenesis [11,21,25]. In sum, 
maternal tobacco and cannabis use in pregnancy may disrupt the normal 
angiogenesis processes and thereby result in suboptimal placental 
development. 

We also observed that maternal tobacco use before pregnancy was 
associated with higher placental weight, while continued tobacco use 
during pregnancy was associated with lower placental weight. Maternal 
continued tobacco and cannabis use were also associated with a higher 
PW/BW ratio and a higher risk of pregnancy complications. Altered 
placental growth may be an important predictor of short- and long-term 
adverse outcomes for the mother and her offspring [26,28]. In line with 
our findings, previous studies have shown that pregnant women who 
stopped smoking had larger placentas, whereas pregnant women who 
continued smoking had lighter placentas, a higher PW/BW ratio and an 
increased risk of pregnancy complications [33,47]. A higher PW/BW 
ratio also suggests less efficient placental function and reduced nutrient 
supply to the fetus [26,28]. Consistent with our findings, previous 
observational studies at mid- and late-pregnancy have reported a higher 
umbilical and/or uterine artery resistance indices in maternal tobacco or 
cannabis users than non-users, which is a proxy measure for an 
abnormal placental villous vascular tree [36,47]. The subclinical 

Table 3 
Maternal tobacco and cannabis use with placenta weight and placental weight to 
birth weight ratio.  

Tobacco and cannabis 
use  

Placenta weight (g) PW/BW ratio (%)  

N Difference (95% CI) Difference (95% 
CI) 

No  3459 Reference Reference 
Before pregnancy only     

Any  996 10.29 (0.32, 20.27)* 0.12 (− 0.13, 0.38) 
Tobacco  820 11.53 (0.83, 22.23)* 0.14 (− 0.13, 0.41) 
Cannabis  176 4.34 (− 16.95, 25.63) 0.07 (− 0.46, 0.61) 

First trimester only     
Any  520 1.80 (− 11.20, 14.80) -0.10 (− 0.43, 0.23) 
Tobacco  407 4.49 (− 9.86, 18.84) -0.17 (− 0.53, 0.19) 
Cannabis  113 -8.43 (− 34.82, 17.96) 0.18 (− 0.48, 0.85) 

Continued     
Any  910 -10.68 (− 21.19, − 0.16) 

* 
0.37 (0.10, 0.63)** 

Tobacco  836 -11.87 (− 22.68, − 1.06) 
* 

0.31 (0.04, 0.59)* 

Cannabis  74 0.90 (− 31.36, 33.15) 1.05 (0.23, 1.86)* 

Values are regression coefficients and 95% confidence interval (95% CI) based 
on regression analysis, and reflect the difference in placenta weight and 
placental weight to birth weight ratio [(placental weight/birth weight)* 100] 
per tobacco and cannabis users compared with the reference group. 
* p-value < 0.05, ** p-value < 0.01 
Adjusted model for maternal age, parity, marital status, maternal alcohol use, 
maternal education, maternal ethnicity, maternal distress, pre-pregnancy BMI, 
folate concentration, fetal sex and gestational age at delivery. 
Abbreviations: placental weight to birth weight ratio (PW/BW ratio). 

Table 4 
Maternal tobacco and cannabis use with pregnancy complications.  

Tobacco and cannabis use  Pregnancy complications  

N cases/total OR (95% CI) 

No 804/4630 Reference 
Before pregnancy only   

Any 233/1259 1.04 (0.88, 1.23) 
Tobacco 184/1040 1.02 (0.85, 1.22) 
Cannabis 49/219 1.15 (0.82, 1.61) 

First trimester only   
Any 149/696 1.12 (0.91, 1.38) 
Tobacco 108/546 1.06 (0.84, 1.33) 
Cannabis 41/150 1.37 (0.93, 2.01) 

Continued   
Any 313/1198 1.54 (1.31, 1.81)** 
Tobacco 286/1109 1.53 (1.29 1.80)** 
Cannabis 27/89 1.91 (1.18, 3.08)** 

Values are odds ratio (OR) and 95% confidence interval (95% CI) based on lo-
gistic regression analysis, and reflect odds of any pregnancy complication per 
tobacco and cannabis users compared with the reference group. 
* p-value < 0.05, ** p-value < 0.01 
Adjusted model for maternal age, parity, marital status, maternal alcohol use, 
maternal education, maternal ethnicity, maternal distress, pre-pregnancy BMI, 
folate concentration and fetal sex. 
Pregnancy complications including preeclampsia, gestational hypertension, 
preterm birth and small for gestational age. 
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association of maternal tobacco and cannabis use with higher umbilical 
and/or uterine artery resistance indices and the imbalance in angiogenic 
factors could be attributable to alterations in trophoblastic placental 
tissue [15,36,44,47]. Therefore, maternal tobacco and cannabis use 
during pregnancy may have the capacity to alter the placental 
morphometry and function. 

Alterations in placental development may lead to subsequent preg-
nancy complications. The association of maternal tobacco or cannabis 
use with higher risk of pregnancy complications has long been studied 
and well documented by observational studies [3–8,10]. In our study, no 
association was observed between maternal tobacco or cannabis use and 
preeclampsia, gestational hypertension or preterm birth. However, the 
direction of the odds of these associations seem to be in line with pre-
vious studies [3,4,6,8]. Consistent with previous findings, our study 
showed that continued tobacco or cannabis use during pregnancy was 
strongly associated with a higher risk of being small for gestational age 
[5–7]. Several studies have reported that the risk of preeclampsia was 
lower among women smokers than non-smokers [9]. The co-use of to-
bacco and cannabis is associated with higher risk of preeclampsia [10]. 
Thus, tobacco and cannabis might have differential effects on placental 
development and pregnancy complications. Further studies are needed 
to disentangle the underlying mechanism of these associations. 

4.2. Potential mechanisms 

Several mechanism may explain our findings (Fig. 1). First, the effect 
of carbon monoxide (CO) on placental growth factors may explain the 
protective role of tobacco on preeclampsia, increasing trophoblast 

invasion, spiral arteriole remodeling, and reducing the hypoxia-induced 
apoptosis of the syncitiotrophoblast layer [48]. However, a defect in 
spiral arteriole remodeling underpins others adverse pregnancy out-
comes [12]. Second, tobacco exposure downregulates the von Hippel 
Landau protein, a protein that suppresses angiogenesis, thus enhancing 
angiogenesis [16]. Conversely to other tobacco components, nicotine, a 
metabolite which induces vasoconstriction and reduced placental flow, 
may exert direct effects on the proliferation and differentiation of villous 
cytotrophoblast disrupting the placental cholinergic signaling pathways, 
nicotinic acetylcholine receptors, and subsequently other neurotrans-
mitter systems [49]. Thus, nicotine may alter the placenta and fetal 
development [15,49]. Third, tobacco smoking stimulates a higher 
expression of genes related to angiogenesis and apoptosis on villous 
tissues in early gestation in hypoxic conditions [50]. Fourth, Δ9-THC 
may affect early placentation, compromising the trophoblastic migra-
tion and invasion through the downregulation of cannabinoids receptors 
[11,21]. Consequently, chronic exposure to Δ9-THC disrupts the levels 
of the endocannabinoid anandamide and its degrading enzyme fatty 
acid amide hydrolase [11]. High anandamide concentrations in placenta 
may disturb the normal angiogenesis, the balance of trophoblast 
apoptosis and placenta hormone secretion, all of which lead alterations 
in placental and fetal development [6,11]. Finally, the exposure to to-
bacco and cannabis may lead the mitochondrial dysfunction and endo-
plasmic reticulum stress, increasing oxidative stress and negative effects 
in pregnant women and their offspring [51,52]. 

Most insights in the effects of Δ9-THC on the placental development 
are based on animals and human-in vitro studies. More human studies 
are needed to understand the potential pathways that explain the 

Fig. 1. Potential mechanisms Abbreviations: HIF, hypoxia inducible factor; VEGF, vascular endothelial growth factor; PlGF, placental growth factor; sFlt-1, soluble 
fms-like tyrosine kinase-1; Δ9-THC, Delta-9 tetrahydrocannabinol; CB1, cannabinoid receptor 1; CB2, cannabinoid receptor 2; RE stress, reticulum endo-
plasmic stress. 
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observed associations and potential interactions with other substances. 

4.3. Strengths and limitations 

The strengths of our study are the population-based prospective 
design, the large sample size, and the availability of different angiogenic 
biomarkers of placental development at different time points, as well as 
extensive information on potential confounders. Some limitations need 
to be discussed. First, the Generation R Study consists of a healthy 
population of pregnant women with relatively few pregnancy compli-
cations. Second, while blood samples were available for 94.5% of the 
mothers, cord blood samples were only available for 48.4% of the 
newborns. Third, the self-reported assessment of tobacco and cannabis is 
a valid method, but misclassification may be possible. Participants may 
have underreported their tobacco and/or cannabis use, which could 
potentially have led to an underestimation of the observed associations. 
Nonetheless, previous studies reported a high correlation between co-
tinine concentrations and reported smoking habits [53]. In addition, 
urinalysis showed that self-reports were in agreement with the cannabis 
metabolite concentrations [31]. Fourth, since histological, molecular 
and genetic changes in the placenta may be induced by substance use, 
assessment of placental tissue could be important to understand the 
underlying pathways. Unfortunately, placental samples were not 
collected in this study. Placental tissue studies could provide a broader 
understanding of underlying pathways. Finally, although we have 
adjusted for several sociodemographic and lifestyle factors, residual 
confounding might still be possible. 

5. Conclusion 

Our findings suggest that both maternal tobacco and cannabis use 
are associated with a pro-angiogenic state in early-pregnancy. Tobacco 
use before pregnancy was associated with larger placentas, whereas 
tobacco use throughout pregnancy with lower placental weight. 
Continued maternal tobacco and cannabis use were also associated with 
higher PW/BW ratio and higher risk of pregnancy complications. Future 
studies are needed to obtain more insight into the causal nature of these 
associations. 
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