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Maternal Delta-9-Tetrahydrocannabinol Exposure
Induces Abnormalities of the Developing Heart in Mice
Gregory I. Robinson,1 Fang Ye,1 Xiangru Lu,1 Steven R. Laviolette,2 and Qingping Feng1,3,*

Abstract
Introduction: Cannabis is increasingly being consumed by pregnant women for recreational purposes as well as
for its antiemetic and anxiolytic effects despite limited studies on its safety during pregnancy. Importantly, phy-
tocannabinoids found in cannabis can pass through the placenta and enter the fetal circulation. Recent reports
suggest gestational cannabis use is associated with negative fetal outcomes, including fetal growth restriction
and perinatal intensive care, however, the effects of delta-9-tetrahydrocannabinol (THC) on fetal heart develop-
ment remains to be elucidated.
Materials and Methods: We aimed to determine the outcomes of maternal THC exposure on fetal heart devel-
opment in mice by administering 0, 5, or 10 mg/kg/day of THC orally to C57BL/6 dams starting at embryonic day
(E)3.5. Offspring were collected at E12.5 for molecular analysis, at E17.5 to analyze cardiac morphology or at
postnatal day (PND)21 to assess heart function.
Results: Maternal THC exposure in E17.5 fetuses resulted in an array of cardiac abnormalities with an incidence of
44% and 55% in the 5 and 10 mg/kg treatment groups, respectively. Maternal THC exposure in offspring resulted
in ventricular septal defect, higher semilunar valve volume relative to orifice ratio, and higher myocardial wall
thickness. Notably, cell proliferation within the ventricular myocardium was increased, and expression of multiple
cardiac transcription factors was downregulated in THC-exposed E12.5 fetuses. Furthermore, heart function was
compromised with lower left ventricular ejection fraction, fractional shortening, and cardiac output in PND21
pups exposed to THC compared to controls.
Discussion: The results show that maternal THC exposure during gestation induces myocardial hyperplasia
and semilunar valve thickening in the fetal heart and postnatal cardiac dysfunction. Our study suggests that ma-
ternal cannabis consumption may induce abnormalities in the developing heart and cardiac dysfunction in post-
natal life.

Keywords: tetrahydrocannabinol; cannabis; fetal heart development; congenital heart defects; teratogen

Introduction
Congenital heart defects (CHDs) are the most com-
mon structural birth defect, occurring in *1–2% of
all births.1,2 Currently, an estimated 12 million people
are living with congenital heart disease globally and
the prevalence is rising.3 Research into the etiology of
CHDs to mitigate congenital heart disease has never
been more critical.

Genetics are believed to only count for 15% of
CHDs, whereas environmental, nongenetic factors are

associated with most CHDs and could be prevented.4

Due to the recent and ongoing cannabis legalization
in many countries, a growing number of pregnant
women are consuming cannabis or cannabis extracts
for their anxiolytic and antiemetic effects.5 Some studies
have found that babies maternally exposed to cannabis
are associated with an overall higher rate of CHDs,6,7

smaller birth weight,8–10 and a higher rate of morbidity.11

Delta-9-tetrahydrocannabinol (THC), the primary
cannabinoid found within cannabis, has been shown
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to cross the placenta and enter fetal circulation.12 Due
to critical cardiogenic events occurring at the first sev-
eral weeks of pregnancy, many women could consume
cannabis and affect fetal development without even
knowing that they are pregnant13 or erroneously be-
lieve cannabis use to combat morning sickness is safe.14

Early studies have shown THC prevented ovula-
tion,15,16 induced fetal resorptions,17 reduced fetal
bodyweight, and caused cleft palate and skeletal anom-
alies.17,18 More recent studies have reported altered
development of multiple organs, including placental
defects resulting in fetal growth restriction,19,20 sex-
specific pancreatic defects causing glucose insensitivi-
ty,21 cognitive impairments with altered behavior,22–25

and ocular defects.26,27 Although many reports have
shown that THC exposure can impair the development
of the pancreas, brain, eye, and placenta, and THC an-
alogs can impair cardiogenesis in chick embryos,28 the
effects of maternal THC exposure on mammalian heart
development are not fully elucidated.

Due to the overall lack of adequate research on the
effects of cannabis products on fetal heart develop-
ment, this study was performed to confidently deter-
mine if maternal THC exposure, at relevant doses,
results in abnormalities of the fetal heart. Since recent
epidemiological studies show that cannabis use in preg-
nancies is associated with a higher rate of CHDs,6,7 we
hypothesized that maternal THC exposure impairs
heart development and causes abnormalities of the
fetal heart in mice. To test this hypothesis, two doses
of THC at 5 and 10 mg/kg/day oral administration
were used to demonstrate a dose-dependent effect.
THC treatment started at embryonic day 3.5 (E3.5)
until fetal harvest or parturition. These oral doses of
THC were selected as they produce, in rodents, plasma
THC levels similar to cannabis smokers in humans
using cigarettes containing 3–6% THC.29–31

Materials and Methods
Animals
This study used C57BL/6J mice (Charles River Labora-
tories, Laval, Canada) in accordance with the Guide to
Care and Use of Animals of the Canadian Council of
Animal Care and was approved by the Animal Care
Committee at Western University, Canada. An 8–10
weeks old female mouse was paired with a male
mouse at 5:00 PM. Vaginal plugs present the next
morning at 9:00 AM indicated successful breeding,
the embryo was deemed to be E0.5. Once plugged, fe-
male mice were separated from male mice. Fetuses

from pregnant mice were collected at timepoints E12.5
and E17.5 via caesarian section or pups were collected
at postnatal day 21 (PND21) after parturition (Supple-
mentary Fig. S1).

Dams and pups were anesthetized using an intra-
muscular ketamine solution injection (ketamine
25 mg/mL, xylazine 2.5 mg/mL, and atropine 30 lg/mL),
required samples were collected after mice were unre-
sponsive, and were then sacrificed by cervical dislo-
cation. Fetus and heart weights were measured after
drying on paper towels. Torsos from E17.5 fetuses
were fixed and processed for histology. Whole E12.5
fetuses were fixed and processed for histology. E12.5
ventricles were flash frozen in liquid nitrogen.

THC treatment in pregnant dams
In brief, THC in ethanol (CAS No. 1972-08-3; Cayman
Chemicals) was dissolved in cremophor and saline
(1:1:18). Ethanol was evaporated using nitrogen gas
to remove all ethanol from the final THC solution.
Immediately before feeding, the THC solution was di-
luted to a final concentration of 1:36 cremophor and
saline. Starting at E3.5, dams were administered an
oral daily dose of THC or vehicle control. Pregnant
dams were fed THC at doses of 0, 5, or 10 mg/kg/day
via drench nozzle until collection or parturition (Sup-
plementary Fig. S1). The doses of THC were selected
because they produce plasma THC levels in rodents
similar to cannabis smokers (cigarettes containing
3–6% THC) in humans.29–31

Histology
Fetuses collected at E17.5 or E12.5 were fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned
into 5 lm thick transverse serial sections from the begin-
ning of the aortic arch to the end of the apex of the
heart.32,33 Sections were stained with Mayer’s hematox-
ylin (Thermo Fisher Scientific, Waltham, MA) and
counterstained with eosin (Thermo Fisher Scientific).
Hematoxylin and eosin (H&E) stained slides were
used to analyze heart morphology using an inverted
light microscope (Zeiss Observer D1, Germany).
Images were taken using Zen 2.0 software (Zeiss)
and were analyzed either in Zen, QuPath, or AMIRA.

Immunohistochemistry
Slides with E12.5 fetal heart sections were microwaved
(BP-111; Microwave Research & Applications, Carol
Stream, IL) in citric acid buffer (0.01 M, pH 6) for

2 ROBINSON ET AL.

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

C
O

L
O

R
A

D
O

 P
A

C
K

A
G

E
 B

ou
ld

er
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

0/
31

/2
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



12 min at 94�C for antigen retrieval.32,33 Following
blocking with 1% goat serum, sections were immunos-
tained using an anti-phospho-histone H3 on serine-10
(pHH3, 1:500 in TBST, Ab47297; Abcam, Toronto,
Canada) antibody to quantify cell proliferation since
pHH3 is a specific marker for cell mitosis.34 Sections
were subsequently incubated in biotinylated goat
anti-rabbit IgG (1:300 in TBST, BA-1000-1.5; Vector
Laboratories, Burlington, Canada) and incubated in
ABC reagent (1:100 in PBS; Vector Laboratories) fol-
lowed by 3-3¢ di-aminobenzidine tetrahydrochloride
(Sigma-Aldrich, Toronto, Canada) and H2O2 for visu-
alization of the signal. Sections were counterstained
with Mayer’s hematoxylin.

AMIRA 3 dimensional reconstructions
AMIRA software (Thermo Fisher) was used to recon-
struct 3 dimensional (3D) models of semilunar valves
of E17.5 hearts using H&E-stained serial sections.
AMIRA calculated absolute volumes of labeled compo-
nents and these values were utilized to create ratios of
various parameters for normalization. Representative
images of reconstructions were smoothed utilizing the
unconstrained smoothing function within AMIRA to
create a smooth anatomical representation of the 3D
structure without altering the quantitative data.35

QuPath analysis
QuPath v0.2.0 was used for quantitative analysis of
cell number and stained area for the ventricular myo-
cardium and semilunar valves.36 Images of the heart
and semilunar valves were taken and imported into
QuPath. The percentage of area that was stained was
determined by exporting selected regions to ImageJ
within QuPath. The total cell number was determined
using the cell detection function on the region of inter-
est with parameters optimized to accurately identify
cell nuclei. Any red blood cells erroneously identified
as nuclei were deleted. The cell density of semilunar
valves and compact myocardium was determined by
dividing the number of identified nuclei by the total
area. The cell size of ventricular myocardial walls was
determined by dividing the stained area by the number
of identified nuclei.

Real-time polymerase chain reaction analysis
Ventricular tissues were isolated from E12.5 control
and THC-exposed fetuses and flash frozen in liquid ni-
trogen. Samples were stored in �80�C until RNA iso-
lation and reverse transcription was done. Total RNA

was extracted using the TRIzol reagent method and
200 ng of RNA was reverse transcribed using Maloney
murine leukemia virus reverse transcriptase (Invitro-
gen, Burlington, Canada) and random primers. Ever-
green qPCR MasterMix (Applied Biological Systems,
Vancouver, Canada) was used for quantitative poly-
merase chain reaction (qPCR) on cDNA. Primers
were designed using Primer3 software v4.1.0 (Supple-
mentary Table S1). An Eppendorf RealPlex machine
(Hamburg, Germany) was used to amplify cDNA for
35 cycles. mRNA levels were extrapolated using Ct

method by normalizing to the housekeeper, 28S-
Ribosomal RNA.37

Echocardiography
At PND21, pup heart function was measured using a
Vevo 2100 ultrasound imaging system with an MS700
transducer (30–70 MHz; VisualSonics, Toronto, Can-
ada). Mice were anaesthetized using 2–4% isoflurane
and then were fastened to the heating dock in the su-
pine position. The ultrasound probe was positioned
to obtain a parasternal short-axis view. The end dia-
stolic left ventricular internal diameter and end systolic
left ventricular internal diameter were measured, and
ejection fraction and fractional shortening were cal-
culated. Cine-loop videos of heart contractions were
recorded.38,39

Statistical analysis
Data are presented as means – standard error of the
mean and analyzed using GraphPad Prism (La Jolla,
CA). An unpaired Student’s t-test was used for com-
parisons between two groups and a one-way analysis
of variance (ANOVA) followed by Bonferroni’s post
hoc test was used for analysis for three and more
groups. A chi-square test was used to analyze the inci-
dence of cardiac abnormalities. p-Values < 0.05 were
considered statistically significant.

Results
Maternal THC exposure causes growth restriction
The percentage of successful pregnancies was deter-
mined by dividing the number of pregnant mice, as
determined by caesarian section and parturition,
by the number of vaginal plugs identified, indicating
copulation. Percentage of successful pregnancies was
significantly lower in both THC groups ( p < 0.01,
Fig. 1A).

At the time of collection, the number of fetuses, and
the weight of each fetus and placenta were recorded.
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The number of pups per litter in both THC groups was
not significantly different than those of the control
(Fig. 1B). Fetal body weight at E17.5 in both THC
groups were significantly lower than those of the con-
trol ( p < 0.001, Fig. 1C); however, placental weight
did not differ (Fig. 1D). Fetal body weight to placental
weight ratio was significantly lower in both THC

groups compared to those of the controls ( p < 0.01,
Fig. 1E), indicating fetal growth restriction.

Maternal THC exposure induces
cardiac abnormalities
Hearts from E17.5 fetuses exposed to 0, 5, or 10 mg/
kg/day of THC gestationally were analyzed histologically

FIG. 1. Effects of maternal THC exposure on pregnancy, fetal growth, and fetal myocardial wall thickness
at E17.5. (A) The percentage of successful pregnancies. (B) Average number of pups per litter. (C–E) Fetal
weight, placental weight, and fetal to placental weight ratio. (F–H) Images of the four-chambered view of
the heart. (I–K) RV and (L–N) LV myocardial sections of E17.5 fetuses. Black lines indicate measurements
made for thickness. (O) LV, Se, and RV compact myocardium thickness measurements. Data are mean – SEM
and analyzed with a one-way ANOVA followed by a Bonferroni’s post hoc test. *p < 0.05, **p < 0.01, and
***p < 0.001 versus control. ANOVA, analysis of variance; E, embryonic day; LA, left atrium; LV, left ventricle;
RA, right atrium; RV, right ventricle; Se, septum; SEM, standard error of the mean; THC, delta-9-
tetrahydrocannabinol.
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for morphological abnormalities. Fetuses that had
parameters that were two standard deviations away
from the mean of the control were classified as having
cardiac abnormalities. The incidence of heart abnor-
malities in E17.5 fetuses exposed to 0, 5, and 10 mg/
kg/day of THC were 0%, 44%, and 55%, respectively
(Table 1).

In the low dose of THC, significantly higher rates of
pulmonary valve thickening (17%, p < 0.05), right ven-
tricle (RV) thickening (19%, p < 0.01), and left ventricle
(LV) thickening (14%, p < 0.05) were seen (Table 1).
Other defects and abnormalities observed but not sig-
nificantly different compared to the control included
aortic narrowing, aortic valve thickening, and septal
thickening (Table 1).

In the high dose of THC, multiple heart abnormali-
ties had significantly higher incidence rates compared
to those of the controls (Table 1). These included pul-
monary valve thickening (26%, p < 0.01), LV thicken-
ing (26%, p < 0.01), RV thickening (29%, p < 0.001),
and septal thickening (23%, p < 0.01). Other defects
seen included pulmonary artery narrowing and aortic
valve thickening (Table 1).

Interestingly, one heart had a VSD (Table 1 and Sup-
plementary Fig. S2), which came from a litter exposed
gestationally to 5 mg/kg/day of THC. No other fetuses
in the 5 mg/kg/day THC group or any fetuses in the
control or 10 mg/kg/day THC groups had a VSD.

Effects of maternal THC exposure on myocardial
wall development
Measurement of the thickness of the ventricular com-
pact myocardium in each of the LV, RV, and septum
in the 4-chamber view in E17.5 fetuses was performed
in duplicate in the LV and RV at the side and bottom of
the chamber and singularly for the septum in the mid-
dle of the myocardial wall (Fig. 1F–N). Compared to
the controls, the compact myocardium in the high
dose of THC group was significantly thicker in the
LV, RV, and septum ( p < 0.05 and p < 0.01, Fig. 1O).

Using E17.5 fetuses with diagnosed myocardial wall
thickening, the total area of the compact myocardium
in the LV, RV, and septum was measured using QuPath
analysis and found significantly larger when exposed to
the high dose of THC compared to those of the controls
(five fetuses per treatment group, p < 0.05, Fig. 2A–C).
Further, THC-exposed fetuses diagnosed with myocar-
dial wall thickening had a significantly higher number
of nuclei within each compartment ( p < 0.05, Fig. 2D),
whereas cardiomyocyte cell size did not differ between
THC exposure and controls (Fig. 2E).

To determine if the resulting larger cell number in
E17.5 fetal hearts was due to proliferation, E12.5 fetuses
exposed to either 0 or 10 mg/kg/day of THC starting at
E3.5 were collected, and corresponding heart sections
were stained for pHH3 (Fig. 2F–I). The number of
pHH3 positive cells normalized to area was signifi-
cantly higher in the THC group compared to that of
the controls for the LV, RV, and septum ( p < 0.05,
Fig. 2J). The percentage of cell proliferation was also
significantly higher in the THC group compared to
that of the controls for the LV, RV, and septum
( p < 0.05, Fig. 2K).

Effects of maternal THC exposure on semilunar
valve development
The aortic valves were assessed using histological
sections to determine the effect of maternal THC expo-
sure on the development of the aortic valve (Fig. 3A–
C). Fetuses exposed gestationally to 10 mg/kg/day of
THC had higher total aortic valve to orifice area ratios
( p < 0.05, Fig. 3P). Notably, aortic orifice area was
dose-dependently lower in the low-dose ( p < 0.05)
and high-dose ( p < 0.001) THC groups compared to
those of the controls (Fig. 3Q). Interestingly, only
the ratio of right coronary cusp (RCC) area to ori-
fice area was found to be significantly larger in the
high dose of THC compared to that of the controls
( p < 0.001, Fig. 3R).

Table 1. Rate of Cardiac Abnormalities
in Delta-9-Tetrahydrocannabinol-Exposed Fetuses at E17.5

Control
35 fetuses
(4 litters)

THC 5 mg/kg
36 fetuses
(4 litters)

THC 10 mg/kg
31 fetuses
(4 litters)

n % n % n %

Normal 35 100 20*** 56*** 14*** 45***
Abnormal 0 0 16*** 44*** 17*** 55***
VSD 0 0 1 3 0 0
PV thickening 0 0 6* 17* 8** 26**
PA narrowing 0 0 0 0 2 6
AoV thickening 0 0 0 0 2 6
Ao narrowing 0 0 1 3 0 0
LV thickening 0 0 5* 14* 8** 26**
Se thickening 0 0 3 8 7** 23**
RV thickening 0 0 7** 19** 9*** 29***

Data were analyzed using a chi-square test.
*p < 0.05, **p < 0.0.01, ***p < 0.0.001 compared to the control.

Although the overall incidence of abnormalities was higher in THC
10 mg/kg group, there was no statistical difference between 5 and
10 mg/kg THC dose groups ( p = n.s.).

Ao, aorta; AoV, aortic valve; LV, left ventricle; PA, pulmonary artery;
PV, pulmonary valve; RV, right ventricle; Se, septal; THC, delta-9-
tetrahydrocannabinol; VSD, ventricular septal defect.
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Subsequently, 3D reconstructions analysis showed
that the aortic valve to orifice ratio was significantly
higher in the high dose of THC group compared to
that of the controls ( p < 0.001, Fig. 3J–L, V). Each of
the left coronary cusp (LCC, p < 0.001), noncoronary
cusp (NCC, p < 0.01), and RCC ( p < 0.01) volume to
orifice ratio was also found to be significantly higher
in the high dose of THC group compared to those of
the controls (Fig. 3W).

Pulmonary valves were also assessed to determine
the effect of maternal THC exposure on the develop-
ment of the pulmonary valve (Fig. 3D–I). Fetuses ex-
posed gestationally to both 5 and 10 mg/kg/day of
THC showed a dose-dependent smaller pulmonary
trunk diameters compared to those of the control

( p < 0.01 and p < 0.001, respectively, Fig. 3S). Total
pulmonary leaflet thickness, sum of the left cusp (LC)
and right cusp (RC) thickness, relative to the orifice
diameter was found to be significantly bigger in both
the low dose ( p < 0.01) and high dose THC groups
( p < 0.001, Fig. 3T) compared to that of the controls.

Not only were both the LC and RC thickness to or-
ifice diameter ratios significantly higher in high dose of
the THC group ( p < 0.01 for LC, p < 0.05 for RC), but
the RC thickness to orifice diameter ratio was also sig-
nificantly higher in the low dose of THC group com-
pared to those of the controls ( p < 0.01, Fig. 3U). 3D
reconstructions of the pulmonary valve (Fig. 3M–O)
displayed a similar trend with total leaflet volume to or-
ifice ratio being significantly higher in the high-dose

FIG. 2. Effects of maternal THC exposure on cell size and proliferation of the fetal heart. (A, B) Sections
of E17.5 hearts were stained with H&E and total compact area and nuclear density was measured. (C)
Compact myocardium area within LV, Se, and RV. (D) Nuclear density within the LV, Se, and RV. (E) Cell size
in compact myocardium within LV, Se, and RV. (F, G) Sections of E12.5 hearts stained with pHH3, phospho-
histone H3 to identify proliferating cells. (H, I) Closeup of LV stained with pHH3. ( J) Number of positively
stained pHH3 cells normalized to area of the compact myocardium for LV, Se, and RV. (K) Percentage of
positively stained pHH3 cells out of total nuclei for LV, Se, and RV, respectively. Data are mean – SEM and were
analyzed by unpaired Student’s t-test for each parameter. *p < 0.05 versus control. H&E, hematoxylin and eosin.
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THC group ( p < 0.01, Fig. 3X), and both the LC and RC
leaflet volume to orifice ratio being significantly larger
in the high-dose THC group ( p < 0.05, Fig. 3Y) com-
pared to that of the controls, whereas no significant dif-
ferences were found in the anterior cusp of pulmonary
valve (Fig. 3Y).

To determine cell proliferation in the leaflet thick-
ness in the PV and aortic valves, using QuPath, cell nu-
clei density was calculated on closeups of the aortic
(Fig. 4A, B) and pulmonary valves (Fig. 4C, D). The
aortic valve cell nuclei density was significantly higher
in the LCC ( p < 0.01), NCC ( p < 0.05), and RCC
( p < 0.001) in the high dose of THC group compared
to those of the controls (Fig. 4E). For the pulmonary
valve, cell nuclei density was significantly higher in
the LC and the RC than those of the controls ( p <
0.001, Fig. 4F).

Maternal THC lowers expression of crucial
cardiac genes in E12.5 hearts
Total RNAs were isolated from E12.5 hearts and
mRNA levels of important developmental transcrip-

tional regulators, and signaling molecules implicated
in cell proliferation and differentiation were quantified
using qPCR analysis. Cell proliferation inhibitors p21
and p27 were significantly downregulated ( p < 0.01
and p < 0.05, respectively, Fig. 5A, B) while CDK4 was
significantly upregulated ( p < 0.01, Fig. 5C) in the
THC group compared to those of the controls. Further-
more, important valve development genes, NFATc1
and NFATc2, were downregulated in the THC group
compared to those of the controls ( p < 0.05 and
p < 0.01, respectively, Fig. 5E, F). However, expression
of Cyclin D1, NFATc3, NFATc4 (Fig. 5D, G, H),
Nkx2.5, and Gata4 (Supplementary Fig. S3A, B) were
not significantly altered.

Postnatal survival, bodyweight, heart weight,
and cardiac function
The animal survival from birth to PND21 was moni-
tored by checking the number of pups alive every day
following parturition. No differences were seen be-
tween the control and 10 mg/kg/day of THC group
(Fig. 6A). PND21 pup bodyweight was significantly

FIG. 4. Effects of maternal THC exposure on semilunar valve cell density in E17.5 hearts. H&E-stained
sections of AoVs (A, B) and PVs (C, D). Nuclei were counted based upon hematoxylin staining and
normalized to leaflet area in AoVs (E) and PVs (F) using QuPath. Data are mean – SEM and were analyzed
by unpaired Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001 versus control. Three litters per group.
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lower in pups exposed to 10 mg/kg/day of THC com-
pared to those of the controls ( p < 0.001, Fig. 6B).
Heart weight was significantly lower in PND21 pups
exposed to maternal THC compared to the control
( p < 0.01, Fig. 6C). Heart weight to body weight ratio
was calculated and pups exposed to maternal THC
had significantly higher heart weight to body weight ra-
tios compared to those of the controls ( p < 0.01,
Fig. 6D).

Cardiac function was assessed using echocardiogra-
phy on pups at PND21 (Table 2). Both LV fractional
shortening and ejection fraction were significantly
lower in the THC group compared to the control
group ( p < 0.01). Heart rate ( p < 0.05), stroke volume
( p < 0.01), and cardiac output ( p < 0.001) were also

found to be significantly lower in the THC group com-
pared to the control group. LV volume in systole or di-
astole, and LV mass were not significantly different
between the groups (Table 2).

Discussion
This study established a model of oral THC use during
pregnancy to evaluate the effects of maternal THC ex-
posure on fetal heart development, postnatal cardiac
function, and the potential mechanisms inducing
such phenotypes. The two doses of THC were chosen
because they produce plasma THC concentrations
commonly seen in humans after consuming cannabis
containing 3–6% THC.29–31 The results demonstrated
that maternal THC exposure induced fetal heart

FIG. 5. Effects of maternal THC exposure on the expression of transcription and growth factors in E12.5
fetal hearts. mRNA levels were analyzed by qPCR for the expression of p21 (A), p27 (B), CDK4 (C), Cyclin D1
(D), NFATc1 (E), NFATc2 (F), NFATc3 (G), and NFATc4 (H). Data are mean – SEM. *p < 0.05, **p < 0.01 versus
control by unpaired Student’s t-test. CDK4, cyclin-dependent kinase 4.
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abnormalities in mice with an apparent dose-
dependent relationship. Two main phenotypes were
fetal myocardial hyperplasia and semilunar valve
thickening. In addition, we also observed one case of
VSD in a fetus of maternal THC exposure. Further-
more, postnatal heart function was compromised in
PND21 pups.

E17.5 fetuses exposed to maternal THC were found
to have significantly thicker LV, RV, and septal com-
pact myocardium compared to those of the controls.
Further histological analysis showed the number of nu-
clei found in the ventricular myocardium to be signif-
icantly higher in THC-exposed fetuses, but the average

cardiomyocyte cell size was unaffected. The data sug-
gest that the increase in thickness is due to hyperplasia
instead of cellular hypertrophy. Furthermore, cell mito-
sis and proliferation in E12.5 fetal hearts, measured by
pHH3 staining,34 were significantly increased, and gene
analysis at E12.5 supported hyperplasia as many cell
regulators were altered. Although cyclin D1, a nuclear
protein whose levels oscillate in a cell cycle-dependent
manner, was not affected, p21 and p27 were downregu-
lated, and CDK4 was upregulated. CDK4 and cyclin D1
form a complex to become activated and control G1/S
cell cycle progression; however, p21 and p27 inhibit
CDK-Cyclin complex activity.40

FIG. 6. Effects of maternal THC exposure on postnatal survival, bodyweight, and heart weight at PND21.
Mice were gestationally exposed to 0 or 10 mg/kg/day of THC starting at E3.5 until parturition. (A) Percent
survival of pups from birth to PND21. (B) Bodyweight of pups at PND21. (C) Heart weight of pups at
PND21. (D) Heart weight to bodyweight ratio of pups at PND21. Data were analyzed using (A) chi-square
test or (B–D) unpaired Student’s t-test. **p < 0.01, ***p < 0.001 versus control. PND21, postnatal day 21.
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Lowered p21 and p27 gene expression indicates an
increased CDK-Cyclin complex activity, and an in-
creased CDK4 expression would lead to increased com-
plexes and therefore increased cell proliferation. Due to
the previously discovered role of NFATc3/4 in embry-
onic ventricular development, NFATc3/4 transcript
levels were also measured via qPCR. It was hypothe-
sized that THC would bind to a receptor and induce
calcium influx in cardiomyocytes, which would in-
crease activation of the calcineurin/NFAT pathway.
Specifically, NFATc3/4 have been found to be crucial
in ventricular development and the regulation of cell
proliferation and mitochondrial morphology.41 How-
ever, neither NFATc3 nor NFATc4 was found to be
upregulated, suggesting that the NFAT pathway is
not significantly affected in the fetal heart by mater-
nal THC exposure. Alternatively, other potential mech-
anisms could increase cell proliferation in the fetal
heart. THC could induce Rho kinase through GPR55
agonism.42

Increased Rho kinase activity would lead to altered
Rho GTPase activity causing increased cardiomyo-
cyte proliferation.43 Whether these mechanisms are
involved in cardiomyocyte proliferation induced by
maternal THC exposure merits further investigation.

Although some cases of cardiac hypertrophy in in-
fants can spontaneously resolve within the first year
of life,44 neonatal cardiac hypertrophy is associated
with a higher prevalence of morbid cardiovascular
events.45 Cardiac hypertrophy increases the risk of

heart failure, stroke, coronary artery disease, and sud-
den cardiac death. Although we found no immediate
risk of mortality within 21 days following parturition
in the present study, heart function was impaired,
including reduced LV ejection fraction, fractional
shortening, and cardiac output after maternal THC ex-
posure. Offspring with compromised cardiac function
could be more susceptible to cardiovascular stressors.

THC exposure during gestation was found to de-
crease the size of both the aortic orifice size and pulmo-
nary trunk opening as well as increase the ratio of the
leaflet to orifice of each semilunar valve in E17.5
fetuses. Cellular analysis of each leaflet within the semi-
lunar valves found the cell density to be higher, sug-
gesting an increase in cell proliferation or decrease in
remodeling of the valves. The later phases of valve
development are characterized by transition of undif-
ferentiated mesenchyme into specialized valvular in-
terstitial cells, and remodeling and stratification of
the extracellular matrix that continues after birth.46

NFAT signaling has been shown to have multiple im-
portant roles in valvulogenesis.47 NFATc1 is crucial
for proper suppression of endocardial mesenchymal
transition (EndMT) and promotion of endocardial
cell proliferation in the developing valve while defining
the endocardial-neural crest mesenchyme boundary.

Downregulation of NFATc1 results in a shifted
boundary and overpopulated endocardial-derived
mesenchyme resulting from increased EndMT.48 Fur-
thermore, NFATc1 promotes RANKL-cathepsin K
signaling, which regulates extracellular matrix remod-
eling.49 Importantly, NFATc1 was found to be downre-
gulated in hearts collected from E12.5 fetuses exposed
to THC. In combination with an increased cellular den-
sity within the valves and decreased NFATc1 mRNA
expression, decreased NFAT signaling is likely the
cause of semilunar valve thickening in this model.

In humans, cardiac valve malformations including
narrowing or stenosis of the aortic and pulmonary
valves are the most common type of CHDs and are
present in approximately half of all cases of CHDs.50

Prognosis of the disease is a progressively worsening
condition that results in ventricular hypertrophy and
heart failure if there is no intervention.51 During fetal
heart development, the myocardium adapts to in-
creases in functional demands by cell proliferation.52,53

In the present study, semilunar valve thickening and
narrowing of aorta and pulmonary trunk in THC-
exposed fetuses may increase ventricular pressures
(preload and afterload) of the heart. The hemodynamic

Table 2. Effects of Gestational Delta-9-
Tetrahydrocannabinol Exposure on Postnatal
Cardiac Function at Postnatal Day 21

Control
9 pups

(2 litters)

THC 10 mg/kg
11 pups

(2 litters)

LV volume, systole (lL) 17.9 – 2.2 19.0 – 1.5
LV volume, diastole (lL) 39.8 – 3.3 34.5 – 2.2
LV mass AW corrected (mg) 32.4 – 2.5 28.7 – 2.4
LV mass AW (mg) 40.6 – 3.1 35.9 – 3.1
LV fractional shortening (%) 28.4 – 1.6 22.0 – 1.3**
LV ejection fraction (%) 56.0 – 2.7 45.8 – 2.3**
Heart rate (BPM) 414.8 – 9.5 383.5 – 6.3*
Stroke volume (lL) 22.0 – 1.7 15.5 – 1.1**
Cardiac output (lL) 9.0 – 0.6 5.9 – 0.4***

Echocardiography was performed using Vevo 2100 ultrasound imag-
ing system with an MS700 transducer (30–70 MHz) on PND21 pups ex-
posed to 0 or 10 mg/kg/day of THC gestationally starting at E3.5 until
parturition. All data are mean – SD and analyzed using an unpaired Stu-
dent’s t-test.

*p < 0.05, **p < 0.01, ***p < 0.001 compared to the control.
AW, anterior wall; BPM, beats per minute; LV, left ventricle; SD, stan-

dard deviation.
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stress may serve as a potential mechanism underlying a
higher cardiomyocyte proliferation in the fetal heart by
maternal THC exposure.

In conclusion, maternal THC exposure during preg-
nancy, with doses equivalent to 3–6% THC containing
cannabis smoking in humans, induces abnormalities of
the developing heart, including semilunar valve thick-
ening, myocardial hyperplasia, and postnatal cardiac
dysfunction in mice. With the rising popularity of the
high potency cannabis strains containing 17–28% of
THC,54 maternal exposure to these strains during gesta-
tion may produce further deleterious effects to the fetal
heart. Our study suggests that maternal cannabis con-
sumption may have a negative impact on fetal heart de-
velopment during pregnancy and should be avoided.
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30. Hložek T, Uttl L, Kadeřábek L, et al. Pharmacokinetic and behavioural
profile of THC, CBD, and THC + CBD combination after pulmonary, oral,
and subcutaneous administration in rats and confirmation of conversion
in vivo of CBD to THC. Eur Neuropsychopharmacol 2017;27(12):1223–
1237; doi: 10.1016/j.euroneuro.2017.10.037

31. Huestis MA, Henningfield JE, Cone EJ. Blood cannabinoids. I. Absorption
of THC and formation of 11-OH-THC and THCCOOH during and after
smoking marijuana. J Anal Toxicol 1992;16(5):276–282; doi: 10.1093/
jat/16.5.276

32. Moazzen H, Wu Y, Engineer A, et al. NOX2 is critical to endocardial to
mesenchymal transition and heart development. Oxid Med Cell Longev
2020;2020:1679045; doi: 10.1155/2020/1679045

33. Leung C, Engineer A, Kim MY, et al. Myocardium-specific deletion of rac1
causes ventricular noncompaction and outflow tract defects. J Cardiovasc
Dev Dis 2021;8(3):29; doi: 10.3390/jcdd8030029

34. Elmaci _I, Altinoz MA, Sari R, et al. Phosphorylated histone H3 (PHH3)
as a novel cell proliferation marker and prognosticator for meningeal
tumors: A short review. Appl Immunohistochem Mol Morphol 2018;26(9):
627–631; doi: 10.1097/PAI.0000000000000499

35. Engineer A, Lim YJ, Lu X, et al. Sapropterin reduces coronary artery mal-
formation in offspring of pregestational diabetes mice. Nitric Oxide 2020;
94:9–18; doi: 10.1016/j.niox.2019.10.002

36. Bankhead P, Loughrey MB, Fernández JA, et al. QuPath: Open source
software for digital pathology image analysis. Sci Rep 2017;7(1):16878;
doi: 10.1038/s41598-017-17204-5

37. Saiyin T, Engineer A, Greco ER, et al. Maternal voluntary exercise mitigates
oxidative stress and incidence of congenital heart defects in pre-
gestational diabetes. J Cell Mol Med 2019;23(8):5553–5565; doi: 10.1111/
jcmm.14439

38. Leung C, Liu Y, Lu X, et al. Rac1 signaling is required for anterior second
heart field cellular organization and cardiac outflow tract development.
J Am Heart Assoc 2016;5(1):e002508; doi: 10.1161/JAHA.115.002508

39. Zhang T, Lu X, Arnold P, et al. Mitogen-activated protein kinase
phosphatase-1 inhibits myocardial TNF-alpha expression and improves
cardiac function during endotoxemia. Cardiovasc Res 2012;93(3):471–
479; doi: 10.1093/cvr/cvr346

40. Bakr MM, Guan S, Firth N, et al. Cyclin D1 and P27KIP1: The gatekeepers of
dysplasia. J Immunol Sci 2018;2(3):30–39; doi: 10.29245/2578-3009/
2018/3.1142

41. Bushdid PB, Osinska H, Waclaw RR, et al. NFATc3 and NFATc4 are required
for cardiac development and mitochondrial function. Circ Res 2003;
92(12):1305–1313; doi: 10.1161/01.RES.0000077045.84609.9F

42. Sharir H, Abood ME. Pharmacological characterization of GPR55, a puta-
tive cannabinoid receptor. Pharmacol Ther 2010;126(3):301–313; doi:
10.1016/j.pharmthera.2010.02.004

43. Zhao Z, Rivkees SA. Rho-associated kinases play an essential role in car-
diac morphogenesis and cardiomyocyte proliferation. Dev Dyn 2003;
226(1):24–32; doi: 10.1002/dvdy.10212

44. Way GL, Wolfe RR, Eshaghpour E, et al. The natural history of hypertrophic
cardiomyopathy in infants of diabetic mothers. J Pediatr 1979;95(6):1020–
1025; doi: 10.1016/s0022-3476(79)80302-9

45. Reller MD, Kaplan S. Hypertrophic cardiomyopathy in infants of diabetic
mothers: An update. Am J Perinatol 1988;5(4):353–358; doi: 10.1055/
s-2007-999722

46. MacGrogan D, Luxán G, Driessen-Mol A, et al. How to make a heart valve:
From embryonic development to bioengineering of living valve substi-
tutes. Cold Spring Harb Perspect Med 2014;4(11):a013912, p1–24; doi:
10.1101/cshperspect.a013912

47. Chang C-P, Neilson JR, Bayle JH, et al. A field of myocardial-endocardial
NFAT signaling underlies heart valve morphogenesis. Cell 2004;118(5):
649–663; doi: 10.1016/j.cell.2004.08.010

48. Wu B, Baldwin HS, Zhou B. Nfatc1 directs the endocardial progenitor cells to
make heart valve primordium. Trends Cardiovasc Med 2013;23(8):294–300;
doi: 10.1016/j.tcm.2013.04.003

49. Combs MD, Yutzey KE. VEGF and RANKL regulation of NFATc1 in heart
valve development. Circ Res 2009;105(6):565–574; doi: 10.1161/
CIRCRESAHA.109.196469

50. LaHaye S, Majumdar U, Yasuhara J, et al. Developmental origins for
semilunar valve stenosis identified in mice harboring congenital heart
disease-associated GATA4 mutation. Dis Model Mech 2019;12(6):
dmm036764, p1–13; doi: 10.1242/dmm.036764

51. Maganti K, Rigolin VH, Sarano ME, et al. Valvular heart disease: Diagnosis
and management. Mayo Clin Proc 2010;85(5):483–500; doi: 10.4065/
mcp.2009.0706

52. Sedmera D, Thompson RP. Myocyte proliferation in the developing heart.
Dev Dyn 2011;240(6):1322–1334; doi: 10.1002/dvdy.22650

53. deAlmeida A, McQuinn T, Sedmera D. Increased ventricular preload is
compensated by myocyte proliferation in normal and hypoplastic fetal
chick left ventricle. Circ Res 2007;100(9):1363–1370; doi: 10.1161/
01.RES.0000266606.88463.cb

54. Stuyt E. The problem with the current high potency THC marijuana from
the perspective of an addiction psychiatrist. Mo Med 2018;115(6):482–486.

Cite this article as: Robinson GI, Ye F, Lu X, Laviolette SR, Feng Q
(2022) Maternal Delta-9-Tetrahydrocannabinol Exposure Induces
Abnormalities of the Developing Heart in Mice, Cannabis and
Cannabinoid Research X:X, 1–13, DOI: 10.1089/can.2022.0180.

Abbreviations Used
3D¼ 3 dimensional
AC¼ anterior cusp

ANOVA¼ analysis of variance
Ao¼ aorta

AoV¼ aortic valve
CDK4¼ cyclin-dependent kinase 4

E¼ embryonic day
EndMT¼ endocardial mesenchymal transition

H&E¼ hematoxylin and eosin
LA¼ left atrium
LC¼ left cusp

LCC¼ left coronary cusp
LV¼ left ventricle

NCC¼ noncoronary cusp
NFAT¼ nuclear factor of activated T-cells

PA¼ pulmonary artery
pHH3¼ phospho-histone H3

PND¼ postnatal day
PND21¼ postnatal day 21

PV¼ pulmonary valve
qPCR¼ quantitative polymerase chain reaction

RA¼ right atrium
RC¼ right cusp

RCC¼ right coronary cusp
RV¼ right ventricle
Se¼ septum

SEM¼ standard error of the mean
THC¼ delta-9-tetrahydrocannabinol

THC EXPOSURE INDUCES FETAL HEART ABNORMALITIES 13

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

C
O

L
O

R
A

D
O

 P
A

C
K

A
G

E
 B

ou
ld

er
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

0/
31

/2
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 


