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glucose homeostasis and endocrine pancreatic development in the rat
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Recent reports indicate that 7% of pregnant mothers in North America use cannabis. This is concerning given that
in utero exposure to Δ9-tetrahydrocannabinol (Δ9-THC), the main psychoactive component in cannabis, causes
fetal growth restriction and may alter replication and survival of pancreatic β-cells in the oﬀspring. Accordingly,
we hypothesized that maternal exposure to Δ9-THC during pregnancy would impair postnatal glucometabolic
health of oﬀspring. To test this hypothesis, pregnant Wistar rats were treated with daily intraperitoneal injections of either 3 mg/kg Δ9-THC or vehicle from gestational day 6 to birth. Oﬀspring were subsequently challenged with glucose and insulin at 5 months of age to assess glucose tolerance and peripheral muscle insulin
sensitivity. Female oﬀspring exposed to Δ9-THC in utero were glucose intolerant, associated with blunted insulin
response in muscle and increased serum insulin concentration 15 min after glucose challenge. Additionally,
pancreata from male and female oﬀspring were harvested at postnatal day 21 and 5 months of age for assessment
of endocrine pancreas morphometry by immunostaining. This analysis revealed that gestational exposure to Δ9THC reduced the density of islets in female, but not male, oﬀspring at postnatal day 21 and 5 months, culminating in reduced β-cell mass at 5 months. These results demonstrate that fetal exposure to Δ9-THC causes
female-speciﬁc impairments in glucose homeostasis, raising concern regarding the metabolic health of oﬀspring,
particularly females, exposed to cannabis in utero.

1. Introduction
Recent reports indicate that 7% of pregnant mothers in North
America, and 19 % of those aged 18–24, use cannabis [1]. Much of this
use may be motivated by the belief that cannabis eases nausea, vomiting, and lost appetite during pregnancy [2], in conjunction with
media portrayals of cannabis as a natural alternative to pharmaceuticals
[3,4]. A recent integrative review also concluded that women who used
cannabis during pregnancy did so given the perception that there were
no signiﬁcant risks to the mother or fetus [5]. However, little is known
regarding the eﬀects of cannabis and its constituent compounds on

postnatal outcomes.
We and others have recently demonstrated in rodents that Δ9-tetrahydrocannabinol (Δ9-THC), the main psychoactive component of
cannabis, leads to fetal growth restriction, in part, due to placental insuﬃciency [6,7]. This is pertinent because since 1995, selective
breeding has increased Δ9-THC content in cannabis from 4% to 12 %
[8]. Given the strong association between impaired fetal growth and
the development of type 2 diabetes [9], this raises concern regarding
the metabolic health of oﬀspring exposed to Δ9-THC in utero. In addition, Δ9-THC may directly inﬂuence development of the fetal pancreas,
through its interaction with the cannabinoid 1 receptor (CB1R)
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[10–12].
CB1R is expressed by both insulin-producing β-cells and glucagonproducing α-cells [13], and contributes to islet formation and organization during fetal development [10]. Moreover, CB1R activation suppresses mitogenic signaling in β-cells, while also promoting apoptosis
[11,12]. In a healthy fetus, these eﬀects of CB1R are modulated by
temporally-controlled endogenous endocannabinoid levels in fetal
tissue and circulation [10,14,15]. However, studies indicate that Δ9THC readily traverses the placental barrier and 10–28 % of maternal
concentrations are detected in the fetal plasma, with 2−5X higher
concentrations in fetal tissues [16–18]. This would allow maternal Δ9THC to potentially dysregulate physiologic control of CB1R and its
downstream processes within the developing fetal pancreas. Given that
the long-term eﬀects of Δ9-THC on metabolic organs outside of the
brain remain elusive, we investigated the impact of in utero exposure to
Δ9-THC on the development of the endocrine pancreas, including its
impact on whole-body glucose metabolism in the oﬀspring.

under the curve (AUC) for each animal. Blood was collected from the
tail vein at 15 and 30 min after glucose bolus for quantiﬁcation of
serum insulin by ELISA (Crystal Chem, Elk Grove Village, IL, USA).

2. Research design and methods

Proteins were extracted from the muscle of rats subjected to intraportal insulin challenge as described previously [23]. Proteins (50
μg) were separated on an 8% SDS-PAGE, transferred to nitro-cellulose
membranes, blocked for 60 min at room temperature in Tris-buﬀered
saline containing 0.05 % Tween 20 (TTBS) and 5% non-fat dry milk or
5% BSA, then probed overnight at 48 °C with 1:1000 anti-phospho Akt
(Ser 473) [pAkt (Ser 473)] mouse antibody or 1:1 000 anti-Akt2 rabbit
antibody (Cell Signalling Technology, New England Biolabs, Beverly,
MA, USA). Proteins were detected by enhanced chemiluminescence
(Pierce, IL, USA) with horseradish peroxidase-labelled secondary antibodies (Sigma, St. Louis, MO, USA). The optical density of the bands
was quantiﬁed with a Bio Imaging Gel System (Chemi Genius II, Syngene) with Gene Tools software. Each membrane was probed with an
antibody against pAkt [Ser 473], then incubated in stripping buﬀer
(Pierce, IL, USA) and re-probed with an antibody against Akt2 to normalize the results. Results are expressed as a ratio of these optical
density values.

2.3. Intraportal insulin challenge
To evaluate insulin sensitivity in muscle, phosphorylation of Akt
was assessed in 11 female animals (6 vehicle and 5 Δ9-THC), each from
a distinct dam, aged 5 m [25]. Rats were anaesthetized with isoﬂurane,
the abdominal wall dissected, and the portal vein exposed and ligated
distally. Saline was infused over 10 s and a portion of soleus muscle
harvested. Insulin, 2 U/kg Humulin (Lilly, Indianapolis, IN, USA), was
then infused over 10 s and a portion of soleus muscle was further
harvested after 1 min. Tissue samples were snap frozen in liquid nitrogen and kept at -80 °C.
2.4. Protein extraction and western blot

2.1. Animals
All procedures were performed in accordance with the guidelines of
the Canadian Council of Animal Care. Female Wistar rats were purchased from Charles River (La Salle) and throughout the experimental
procedure were maintained at 22 °C on a 12:12-h light-dark cycle with
access to food and water ad libitum. Dams were randomly assigned to
receive daily intraperitoneal (i.p.) injections of either 3 mg/kg Δ9-THC
(Sigma-Aldrich, Saint Louis) or vehicle (18:1 saline:cremophor) from
gestational day (GD) 6 to GD22. This dosage of Δ9-THC i.p. yields
maternal blood concentrations of Δ9-THC (8.6–12.4 ng/mL) comparable to those seen after moderate recreational cannabis smoking in
human adults (13−63 ng/mL), as well as in aborted fetal tissue
(4−287 ng/mL) after maternal cannabis use [19–21]. Administration of
Δ9-THC was delayed until GD6 since administration of the drug earlier
in pregnancy can induce spontaneous abortions [22]. We previously
demonstrated that 3 mg/kg Δ9-THC given from GD6 to GD22 does not
cause fetal demise, alterations in litter size, gestational length, or maternal weight gain [7]. Dams were allowed to deliver normally, and at
birth (postnatal day 1; PND1), pups were weighed, and litters randomly
culled to 8 oﬀspring. Measurements at PND1 represent mixed males and
females. Oﬀspring were killed at either PND21 or 5 months of age (5 m)
by i.p. pentobarbital overdose (100 mg/kg). 5 m was chosen as the age
for sacriﬁce, as this is beyond the point (130 days-of-age) when rats
have been demonstrated to exhibit sexual dimorphism in glucose intolerance and β-cell mass [23]. All oﬀspring were fasted for ∼14 h
prior to sacriﬁce, then weighed, the pancreas dissected, ﬁxed in 10 %
formalin, and embedded in paraﬃn. Prior to sacriﬁce at 5 m, glycaemia
was measured with a OneTouch Ultra2 hand-held glucometer (LifeScan,
Zug, Switzerland) from blood obtained by tail vein snip. Blood was also
drawn by cardiac puncture for quantiﬁcation of serum insulin by ELISA
(ALPCO, Salem, NH, USA), as well as serum estrogen (Biovision Milpitas, CA, USA), and free testosterone (R&D Systems, Minneapolis, MN,
USA). Fasting glucose (FG) and insulin (FI) levels were used to calculate
HOMA1-IR by the formula HOMA1-IR = FG x FI/22.5 as a measure of
peripheral insulin resistance [24].

2.5. Immunohistochemistry and endocrine pancreas morphometry
Sections of 5 μm were cut from paraﬃn-embedded pancreata of
oﬀspring harvested at PND21 and 5 m and mounted on SuperFrost Plus
glass slides (Fischer Scientiﬁc, Toronto). Two or three sections per animal, separated by at least 50 μm, were deparaﬃnized in xylene, rehydrated in descending ethanol series (100 %, 90 %, 70 %), then washed in tap water prior to application of rabbit anti-glucagon IgG
(Novus Biologicals, Centennial, CO, USA) and mouse anti-insulin IgG
(Sigma-Aldrich, Saint Louis, MO, USA) primary antibodies. ImmPRESS
Duet Double Staining Kit (Vector Laboratories, Burlingame) was used to
detect insulin- and glucagon-positive cells.
Analysis of pancreatic sections was performed as described previously [23]. Brieﬂy, a composite image of the whole section was obtained using Microsoft Image Composite Editor and microphotographs
taken with a 2.5x objective lens. Under 200x magniﬁcation, all individual islets were microphotographed and FIJI (http://ﬁji.sc) used to
quantify the area occupied by β- and α-cells. β- and α-cell fractional
area were calculated as the total insulin- and glucagon-positive area,
respectively, divided by total pancreatic tissue area. The density of islets was calculated by counting the total number of islets present on
each slide and dividing by total pancreatic tissue area. Mean islet size
and mean β-cell area per islet were calculated by dividing total islet
area (insulin- and glucagon-positive) or total β-cell area, respectively,
by the total number of islets present on each slide. β- and α-cell mass
were calculated as the product of pancreas weight and β- and α-cell
fractional area, respectively. The density of extra-islet clusters (less
than 500 μm2 or ∼5 endocrine cells) was also assessed as a marker of
endocrine cell neogenesis [26,27]. All calculations were averaged
across 2–3 slides per animal.

2.2. Intraperitoneal glucose tolerance test (IP-GTT)
Glucose homeostasis was investigated at 5 m using an intraperitoneal glucose tolerance test (IP-GTT). 5–6 oﬀspring per sex per
treatment were fasted overnight (∼14 h) then allowed to acclimate in a
dark, quiet room for 2 h. Baseline blood glucose levels were obtained as
above, and 2 g/kg glucose administered by i.p. injection. Glucose levels
were taken 5, 15, 30, 60, 90, and 120 min post injection. Total glucose
response to the challenge was calculated using the trapezoidal area
85
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To assess replication in β- and α-cells, 2–3 slides per animal, separated by at least 50 μm, were incubated with mouse anti-Ki67 (SigmaAldrich, Saint Louis, MO, USA), guinea pig anti-insulin (Abcam,
Toronto, ON, Canada), and rabbit anti-glucagon (Novus Biologicals,
Centennial, CO, USA) primary antibodies. Donkey anti-mouse 488, antiguinea pig 555, and anti-rabbit 647 ﬂuorescent secondary antibodies
(Thermoﬁsher, Toronto, ON, Canada) were then applied, and DAPI
(Thermoﬁsher, Toronto, ON, Canada) used to counterstain nuclei.
Apoptosis in β- and α-cells was examined similarly using ApopTag
Fluorescein In Situ Apoptosis Detection Kit (Sigma-Aldrich, Saint
Louis). At least 20 randomly-selected islets per section were microphotographed using a Nikon Eclipse Ts2R Epiﬂuorescence Microscope.
Manual tracing was used to outline insulin- and glucagon-positive
areas, and particle analysis and water shedding ﬁlters applied to ﬁnd
and count DAPI+ nuclei within these regions [28]. Ki67+ or TUNEL+
nuclei were counted manually within each region and used to determine the percentage of Ki67+ or TUNEL+ β- and α-cells. An average
of 1656 β-cells and 1201 α-cells were counted for every animal.

Table 1
Fasting blood glucose, insulin, and sex steroid levels at 5 m in male and female
oﬀspring. T, p < 0.05 for eﬀect of gestational Δ9-THC exposure; S, p < 0.05 for
eﬀect of sex by two-way ANOVA. Values are mean ± SEM.

2.6. Statistical analysis

pooled.

A sample size of 5–7 animals per sex per age group per treatment
was chosen based on achieving a statistically signiﬁcant diﬀerence with
an expected standard deviation of 15 % or less, based on previous
studies [27]. Values depicted are mean ± SEM and considered signiﬁcant if p < 0.05. Analysis of the data was performed using Excel
v16.16 (Microsoft) and GraphPad Prism v7 (GraphPad Software, Inc).
Unless indicated otherwise, statistical analysis was by two-way ANOVA
followed by Holm-Sidak-corrected multiple comparisons between Δ9THC-exposed oﬀspring and their sex-matched controls [23].

3.2. Impaired glucose homeostasis

Female

Fasting Glucose
(mmol/L)
n=
Fasting Insulin (ng/
mL)
n=
Fasting Estrogen (pg/
mL)
n=
Fasting Testosterone
(ng/mL)
n=

Male

Two-way
ANOVA

Vehicle

Δ9-THC

Vehicle

Δ9-THC

6.038 ±
0.2419
13
1.335 ±
0.2164
8
57.34 ±
5
11
3.4 ± 5

5.49 ±
0.2157
10
1.473 ±
0.2115
10
57.75 ±
4
10
3.1 ±
0.7
7

6.064 ±
0.155
14
2.208 ±
0.4498
12
N/A

5.714 ±
0.1079
7
2.253 ±
0.5146
6
N/A

T

N/A

N/A

N/A

9

S

N/A

To determine the impact of in utero Δ9-THC exposure on glucose
metabolism in postnatal life, blood glucose levels were examined after
∼14 h of fasting in adulthood, and oﬀspring underwent an IP-GTT.
Exposure to Δ9-THC was associated with a decrease in fasting blood
glucose at 5 m (p = 0.0393 for eﬀect of Δ9-THC by two-way ANOVA),
though diﬀerences did not achieve statistical signiﬁcance for either
males or females when evaluated independently (Table1). Fasting insulin levels, however, were not aﬀected by gestational exposure to Δ9THC (Table 1), and HOMA1-IR scores were also not diﬀerent between
vehicle and Δ9-THC-exposed oﬀspring in males or females (data not
shown). Following glucose challenge, female oﬀspring exposed to Δ9THC exhibited elevated blood glucose at 5 min (18.37 ± 1.74 mmol/L
for Δ9-THC vs 11.48 ± 0.84 mmol/L for vehicle, adjusted p value =
0.0496), as well as an overall increased area under the curve for blood
glucose (Fig. 2A). This was associated with signiﬁcantly augmented
serum insulin concentration compared to vehicle oﬀspring 15 min after
glucose challenge (0.47 ± 0.05 ng/mL for Δ9-THC vs 0.29 ± 0.07 for
vehicle, adjusted p value = 0.0264), but which subsided to normal
levels by 30 min (Fig. 2 B). No similar alterations were present in males
(Fig. 2 C, D).
Given the alterations in glucose tolerance and serum insulin concentration in Δ9-THC-exposed female oﬀspring, peripheral insulin
sensitivity in the soleus muscle was examined after insulin challenge in

3. Results
3.1. Fetal growth restriction and postnatal catch-up growth
Oﬀspring bodyweight and pancreatic weight were measured at
birth, at weaning on PND21, and in young adulthood at 5 m.
Gestational exposure to Δ9-THC signiﬁcantly reduced both birthweights (Fig. 1A; 6.62 ± 0.11 g for Δ9-THC and 7.02 ± 0.11 g for vehicle, p = 0.0135) and pancreatic weights (Fig. 1 D; 12.18 ± 1.54 mg
for Δ9-THC vs 17.33 ± 1.62 mg for vehicle, p = 0.029) in male and
female oﬀspring. By PND21, Δ9-THC-exposed oﬀspring recovered in
terms of both bodyweight and pancreatic weight (Fig. 1 B, E), and
thereafter maintained comparable weights to that of their sex-matched
controls (Fig. 1 C, F). Male did not diﬀer from female oﬀspring in
bodyweight or pancreatic weight at PND21, therefore results are

Fig. 1. Gestational exposure to Δ9-THC reduces birthweight and pancreatic weight
which is followed by catch-up growth.
Bodyweight (A, B, C) and pancreatic weight (D,
E, F) at PND1, PND21, and 5 m. *, p < 0.05 for
vehicle vs Δ9-THC assessed by Student’s t test.
Values are mean ± SEM. n = mean of 4-5 litters per treatment (PND1), 16-23 individuals
per treatment (PND21), 7-8 individuals per
treatment per sex (5 m).

86

Reproductive Toxicology 94 (2020) 84–91

R. Gillies, et al.

Fig. 2. Gestational exposure to Δ9-THC causes
glucose intolerance exclusively in female oﬀspring at 5 months of age associated with increased serum insulin 15 min after glucose
challenge. Blood glucose levels and integrated
area under the curve for blood glucose tracked
for 120 min following 2 g/kg glucose challenge
in female and male oﬀspring aged 5 months (A,
C). Serum insulin concentrations 15 and 30
min after glucose challenge (B, D). *, p < 0.05
for vehicle vs Δ9-THC assessed by repeated
measures two-way ANOVA and Holm-Sidakcorrected post-hoc tests, or Student’s t test
(AUC). Values are mean ± SEM. n = 4-6 per
treatment per sex.

Fig. 3. Gestational exposure to Δ9-THC impairs insulin response in muscle in female oﬀspring aged 5 months. Ratio of phosphorylated
Akt [Ser 473] relative to total Akt2 protein
levels. **, p < 0.01; ns, not signiﬁcant for vehicle vs Δ9-THC assessed by two-way ANOVA
and Holm-Sidak-corrected post-hoc tests.
Values are mean ± SEM. n = 5-6 per treatment, where each n value represents one oﬀspring per dam.

3.3. Altered endocrine pancreatic development

these animals via phosphorylated Akt [Ser 473], a hallmark of insulin
receptor activation and sensitivity [25]. Female Δ9-THC-exposed oﬀspring exhibited a signiﬁcantly reduced ratio of pAkt [Ser 473] relative
to total Akt2 protein expression after insulin challenge (Fig. 3;
0.58 ± 0.22 for Δ9-THC vs 2.56 ± 0.64 for vehicle, adjusted p value =
0.0031).
Given the importance of estrogen and testosterone for glucose tolerance and preservation of β-cells [29–31], we also quantiﬁed fasting
estrogen and testosterone levels at 5 m. However, analysis revealed that
estrogen and testosterone were unaltered in female oﬀspring (Table 1),
and both levels obtained were similar to those previously reported in
young adult Wistar rats [23].

In female oﬀspring, gestational Δ9-THC exposure reduced the total
density of islets at both PND21 (2.23 ± 0.17 islets/mm2 for Δ9-THC vs
2.78 ± 0.19 islets/mm2 for vehicle, adjusted p value = 0.0247) and 5
m (1.32 ± 0.10 islets/mm2 for Δ9-THC vs 1.94 ± 0.22 islets/mm2 for
vehicle, adjusted p value = 0.0002), attributable to a speciﬁc decrease
in the density of small islets (Fig. 4A, G). By 5 m, this decrease in total
islet density culminated in a reduction in β-cell mass in female Δ9-THCexposed oﬀspring (Fig. 4 H; 6.68 ± 0.71 mg for Δ9-THC vs
11.32 ± 1.76 mg for vehicle, adjusted p value = 0.0332). No equivalent alterations were apparent in male oﬀspring (Fig. 4). This reduction
in β-cell mass in female Δ9-THC-exposed oﬀspring was attributable
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Fig. 4. Gestational exposure to Δ9-THC reduces small islet and total islet density at PND21 and 5 m, and reduces β-cell mass at 5 m exclusively in female oﬀspring.
Density of small (500-5 000 μm2), medium (5 000 - 10 000 μm2), large (> 10 000 μm2), and total islets for female (A, G) and male (D, J) oﬀspring at PND21 and 5 m.
β-cell mass (B, E, H, K) and α-cell mass (C, F, I, L) in female and male oﬀspring at PND21 and 5 m. *, p < 0.05; ***, p < 0.001 for vehicle vs Δ9-THC assessed by
repeated measures two-way ANOVA and Holm-Sidak-corrected post-hoc tests. Values are mean ± SEM. n = 4-7 per treatment per sex per age (2-3 technical
replicates per animal), where each n value represents one oﬀspring per dam.

at either PND21 or 5 m (Table 2). Pancreatic islet replication and
apoptosis were examined in PND21 female oﬀspring by immunohistochemistry with Ki67 antibody and TUNEL assay, respectively
(Fig. 5A (Ki67) and B (TUNEL)). PND21 was chosen given the reduction
in islet density at this age and that replication and apoptosis in α- and βcells declines markedly after this age [32,33]. Neither the percentage of
β-cells (Ins+) or α-cells (Glucagon+) positive for Ki67 (Fig. 5 C, D), nor
the percentage of β-cells (Ins+) positive for TUNEL (Fig. 5 E) were

exclusively to a reduction in the total number of islets, as mean islet size
and mean β-cell area per islet were found to be unchanged at both
weaning and in adulthood (Table 2).
To gain insight into possible mechanisms involved in the observed
reductions in islet density and β-cell mass in Δ9-THC-exposed females,
endocrine cell neogenesis, as well as β- and α-cell replication and
apoptosis were examined. Neogenesis was assessed via the density of
extra-islet clusters (< 500 μm2) [26,27], and was found to be unaltered
88
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Table 2
Endocrine pancreas morphometry in female and male oﬀspring at PND21 and 5 m. S, p < 0.05 for eﬀect of sex by two-way ANOVA; ns, not signiﬁcant. Values are
mean ± SEM. n = 4-7 per treatment per sex (2-3 slides per animal).
Female

Mean Islet Size (μm2)
Mean β-cell Area per Islet (μm )
2

Clusters per mm2 Pancreas

PND21
5m
PND21
5m
PND21
5m

Male

Two-way ANOVA

Δ9-THC

Vehicle

Δ9-THC

Vehicle

3627 ± 272.5
6322 ± 533.2
2226 ± 117.8
4999 ± 488.1
4.092 ± 0.5584
0.795 ± 0.1543

3592 ± 349.5
7341 ± 514.2
2750 ± 381.6
5781 ± 453.1
3.256 ± 0.6557
0.802 ± 0.0814

4537 ± 471.3
8394 ± 861
3326 ± 243.9
6691 ± 538.8
2.603 ± 0.1859
0.644 ± 0.1359

3995 ± 147.4
7228 ± 236.4
2812 ± 163.5
6000 ± 34.89
2.852 ± 0.1772
0.689 ± 0.134

ns
ns
S
ns
S
ns

Fig. 5. Gestational exposure to Δ9-THC does not alter replication or apoptosis in β- or α-cells in females at PND21. Representative immunohistochemistry of an islet
immunostained for Ki67 (A) and TUNEL (B). Percentage of β-cells positive for Ki67 (C); percentage of α-cells positive for Ki67 (D); percentage of β-cells positive for
TUNEL (E). Values are mean ± SEM. n = 4-5 per treatment (2-3 technical replicates per animal), where each n value represents one oﬀspring per dam.

THC in fetal circulation after maternal i.p. Δ9-THC exposure would add
insight to the results obtained in the present study. Nevertheless, this
lower dosage of Δ9-THC (3 mg/kg) led to fetal growth restriction, and
unlike other studies employing 5 mg/kg [6], it did so without fetal demise [7]. Additionally, it should be noted that in same cohort of vehicle
and Δ9-THC oﬀspring, we have published that Δ9-THC exposure in
pregnancy did not lead to changes in maternal food intake, maternal
weight gain, or gestational length [7]. In this cohort, we now demonstrate alterations in endocrine pancreatic development culminating in
decreased β-cell mass, impaired glucose tolerance, and aberrant insulin
response in adult female Δ9-THC-exposed oﬀspring.
At birth, both male and female oﬀspring exposed to Δ9-THC had
reduced bodyweight and pancreatic weight. We have previously demonstrated that Δ9-THC-exposed oﬀspring also exhibit signiﬁcant decreases in brain to bodyweight ratio, and liver to bodyweight ratio,
indicative of symmetrical intrauterine growth restriction [7]. Both male
and female Δ9-THC-exposed oﬀspring underwent catch-up growth by
PND21, but only females were glucose intolerant at 5 m. Speciﬁcally, 5month-old females exposed to Δ9-THC exhibited elevated blood glucose
5 min after glucose challenge and overall elevated area under the curve

altered following Δ9-THC exposure. No TUNEL-positive α-cells were
observed in either group.
4. Discussion
Considering the increased popularity of cannabis in pregnancy [1],
and the rising concentration of Δ9-THC in cannabis over the last two
decades [8], it is essential to understand the long-term metabolic eﬀects
of gestational exposure to this speciﬁc cannabinoid. In the current
study, we and others utilized a physiologically-relevant dosage of Δ9THC (3 mg/kg) which yields maternal blood concentrations of Δ9-THC
(8.6–12.4 ng/mL), which are comparable to those seen after moderate
recreational cannabis smoking in human adults (13−63 ng/mL), as well
as in the tissue of aborted fetuses after maternal cannabis use (4−287
ng/mL) [19–21,34–36]. Previous studies in humans as well as animals
have demonstrated that Δ9-THC readily crosses the placenta, and that
10–28 % of maternal concentrations are detected in the fetal plasma,
with 2−5X higher concentrations in fetal tissues [16–18]. However,
given evidence that fetal plasma concentrations of Δ9-THC may depend
on the route of maternal exposure [16,37–39], quantiﬁcation of Δ989
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such, there is potential for a direct impact of Δ9-THC on development of
the fetal endocrine pancreas, but further work is needed to investigate if
such alterations are apparent in the fetal pancreas after Δ9-THC exposure in vivo.

for blood glucose. Interestingly, this occurred in association with increased serum insulin 15 min after glucose challenge, suggesting that
peripheral insulin resistance, leading to impaired glucose disposal,
contributes to the observed glucose intolerance. To explore this further,
we challenged vehicle and Δ9-THC-exposed female oﬀspring with insulin and found that Δ9-THC-exposed oﬀspring demonstrated blunted
pAkt [Ser473] activation, a hallmark of insulin receptor activation and
sensitivity [25], in the soleus muscle.
In addition to the observed impairments in downstream insulin
signaling, Δ9-THC-exposed females also exhibited altered development
of the endocrine pancreas. Speciﬁcally, these Δ9-THC female oﬀspring
had decreased total and small islet density at both PND21 and 5 m,
along with a signiﬁcant reduction (41 %) in β-cell mass at 5 m. Despite
this decrease in β-cell mass, fasting serum insulin levels were maintained, suggesting some degree of β-cell compensation [40]. Other
studies have shown that this type of β-cell compensation is implicated
in eventual β-cell exhaustion [41], which along with chronic glucose
intolerance, culminates in β-cell death [42], or dediﬀerentiation [43]
seen in the progression from prediabetes to overt type 2 diabetes. It will
therefore be interesting to explore the future metabolic health of these
oﬀspring in later life (i.e. > 6 months of age).
The sexual dimorphism observed in this study is noteworthy as it
has previously been demonstrated that female oﬀspring exposed to Δ9THC in utero exhibit neurodevelopmental abnormalities pertaining to
addiction, while their male counterparts do not, suggesting that female
oﬀspring may be more sensitive to the eﬀects of Δ9-THC in utero [44].
Based on the collective results of this current study, the mechanisms
responsible for the reductions in islet density and β-cell mass in female
Δ9-THC-exposed oﬀspring remain elusive. While decreases in estrogen
are associated with β-cell apoptosis [30], no changes were apparent in
either estrogen or testosterone levels, and no alterations were apparent
in postnatal (PND21) β- or α-cell replication, neogenesis, or apoptosis.
This contrasts with what is observed in oﬀspring exposed to another
psychoactive compound, nicotine. When administered during gestation,
nicotine-exposed oﬀspring exhibit reduced β-cell mass at four weeks of
age, but not 26 weeks of age, due to compensatory increased islet cell
proliferation at four weeks [45]. However, this compensatory mechanism is not seen when nicotine exposure extends through lactation,
and islet cell apoptosis is now increased at 4 weeks of age, resulting in
reduced β-cell mass from 4 to 26 weeks [45]. Despite lacking any such
alterations in islet cell proliferation, apoptosis, or neogenesis, we still
observed reduced islet density in both PND21 and 5 m female Δ9-THC
exposed oﬀspring. It is therefore likely that the glucometabolic eﬀects
of Δ9-THC incurred earlier during prenatal development. For example
in a model of maternal malnutrition (total caloric intake reduced to 50
% of controls), fetal growth restricted oﬀspring exhibited reduced β-cell
mass at birth (PND1) and PND21, attributable to reduced islet density
and β-cell size, with no alterations present in β-cell replication at PND1
or PND21 [46,47]. Δ9-THC may be particularly deleterious to β-cell
development during prenatal life, ﬁrst due to the eﬀects of Δ9-THC on
placental insuﬃciency leading to less maternal transfer of oxygen and
nutrients for fetal pancreatic development [6,7]. This is consistent with
the thrifty phenotype hypothesis, in which adaptations suited to malnutrition in utero contribute to metabolic disease in later life [48].
Noteworthy for the present study are adaptations concerning the endocrine pancreas, namely reduced β-cell mass and reduced β-cell
number at 90 % gestation, as observed in growth-restricted fetal sheep
[49]. Similar adaptations may contribute to the altered endocrine
pancreatic development as seen in our Δ9-THC-exposed female oﬀspring, warranting further investigation related to perinatal windows of
Δ9-THC exposure. Secondly, Δ9-THC in utero may have direct adverse
glucometabolic eﬀects on the developing fetal pancreas via its interaction with CB1R [11,12]. In particular, in vitro studies have shown that
CB1R activation suppresses mitogenic signaling in β-cells via decreased
expression of cyclin D2 and impaired downstream insulin signaling, and
promotes apoptosis through decreased expression of Bcl-2 [11,12]. As

5. Conclusion
In summary, though to date no associations have yet been found
between maternal cannabis use and oﬀspring development of type 2
diabetes in humans, future prospective clinical studies are warranted
given that the major increases in Δ9-THC content in cannabis have only
occurred over the past two decades. This is the ﬁrst study to demonstrate a link between maternal Δ9-THC exposure and predisposition to
develop glucose intolerance in female oﬀspring. This raises concern
about the future metabolic health of oﬀspring exposed to Δ9-THC in
utero, particularly as this study examined the eﬀects of Δ9-THC at levels
which are conservative estimates of what is available in recreational
cannabis today.
Funding
This work was supported by an operating grant from the Women’s
Developmental Council (LHSC) to DBH and the Canadian Institutes of
Health Research (CRU-163023 to DBH, PJT-155981 to ACH).
Author contribution
R.G. and S.V. were involved in design, execution, and interpretation
of experiments. K.L. was involved with implementing the animal model.
D.B.H. and E.A. were involved in the design of this project and interpretation of results. S.R.L. contributed to the design of the animal experiments and in the preparation and dosing of vehicle and Δ9-THC in
vivo. A.C.H. played a role in the design of the animal experiments and in
the analysis of metabolic outcomes. R.G. wrote the ﬁrst draft of the
manuscript; all authors edited drafts of the manuscript.
Data availability
The datasets generated and analyzed in the current study are
available from the corresponding author upon reasonable request.
Declaration of interest
There is no conﬂict of interest that could be perceived as prejudicing
the impartiality of the research reported.
Acknowledgements
We thank Linda Jackson-Boeters for preparing tissue sections and
Shannon Seney for assisting in the measurement of sex steroid hormones.
References
[1] K.C. Young-Wolﬀ, L.Y. Tucker, S. Alexeeﬀ, M.A. Armstrong, A. Conway, C. Weisner,
N. Goler, Trends in self-reported and biochemically tested Marijuana use among
pregnant females in California from 2009–2016, J. Am. Med. Assoc. 318 (24)
(2017) 2490–2491.
[2] R.E. Westfall, P.A. Janssen, P. Lucas, R. Capler, Survey of medicinal cannabis use
among childbearing women: patterns of its use in pregnancy and retroactive selfassessment of its eﬃcacy against ‘morning sickness’, Complement. Ther. Clin. Pract.
12 (1) (2006) 27–33.
[3] C. Saint Louis, A Balm When You’re Expecting: Sometimes Pot Does the Trick, The
New York Times, 2017.
[4] D.S. Hasin, US epidemiology of Cannabis use and associated problems,
Neuropsychopharmacology 43 (1) (2018) 195–212.
[5] H. Bayrampour, M. Zahradnik, S. Lisonkova, P. Janssen, Women’s perspectives
about cannabis use during pregnancy and the postpartum period: an integrative
review, Prev. Med. (Baltim.) 119 (2019) 17–23.

90

Reproductive Toxicology 94 (2020) 84–91

R. Gillies, et al.

humans, Diabetes 63 (3) (2014) 994–1007.
[27] C.A. Beamish, L. Zhang, S.K. Szlapinski, B.J. Strutt, D.J. Hill, An increase in immature β-cells lacking Glut2 precedes the expansion of β-cell mass in the pregnant
mouse, PLoS One 12 (7) (2017) e0182256, https://doi.org/10.1371/journal.pone.
0182256 eCollection 2017.
[28] N. Ben-Othman, A. Vieira, M. Courtney, et al., Long-term GABA administration
induces alpha cell-mediated beta-like cell neogenesis, Cell 168 (1–2) (2017)
73–85.e11.
[29] C.J. Bailey, H. Ahmed-Sorour, Role of ovarian hormones in the long-term control of
glucose homeostasis eﬀects on insulin secretion, Diabetologia 19 (1980) 475–481.
[30] C. Le May, K. Chu, M. Hu, C.S. Ortega, E.R. Simpson, K.S. Korach, M.-J.-J. Tsai,
F. Mauvais-Jarvis, Estrogens protect pancreatic-cells from apoptosis and prevent
insulin-deﬁcient diabetes mellitus in mice, PNAS 103 (24) (2006) 9232–9237.
[31] K. Yabiku, K. Nakamoto, A. Tokushige, Reintroducing testosterone in the db/db
mouse partially restores normal glucose metabolism and insulin resistance in a
leptin-independent manner, BMC Endocr. Disord. 18 (38) (2018).
[32] S. Bonner-Weir, C. Aguayo-Mazzucato, G.C. Weir, Dynamic development of the
pancreas from birth to adulthood, Ups J. Med. Sci. 121 (2) (2016) 155–158.
[33] J. Petrik, E. Arany, T.J. McDonald, D.J. Hill, Apoptosis in the pancreatic islet cells of
the neonatal rat is associated with a reduced expression of insulin-like growth factor
II that may act as a survival factor, Endocrinology 139 (6) (1998) 2994–3004.
[34] G. Tortoriello, C.V.V. Morris, A. Alpar, J. Fuzik, S.L. Shirran, D. Calvigioni,
E. Keimpema, C.H. Botting, K. Reinecke, T. Herdegen, M. Courtney, Y.L. Hurd,
T. Harkany, Miswiring the brain: D 9-tetrahydrocannabinol disrupts cortical development by inducing an SCG10/stathmin-2 degradation pathway, EMBO J. 33
(2014) 668–685.
[35] S. Mato, V. Chevaleyre, D. Robbe, A. Pazos, P.E. Castillo, O.J. Manzoni, A single invivo exposure to Δ9THC blocks endocannabinoid-mediated synaptic plasticity, Nat.
Neurosci. 7 (6) (2004) 585–586.
[36] T.U.C. Järbe, R.S. Giﬀord, A. Makriyannis, Antagonism of Δ9-THC induced behavioral eﬀects by rimonabant: time course studies in rats, Eur. J. Pharmacol. 648
(1–3) (2010) 133–138.
[37] R.M. Abrams, C.E. Cook, K.H. Davis, K. Niederreither, M.J. Jaeger, H.H. Szeto,
Plasma delta-9-tetrahydrocannabinol in pregnant sheep and fetus after inhalation of
smoke from a marijuana cigarette, Alcohol Drug Res. 6 (5) (1985–1986) 361-369.
[38] B.R. Martin, W.L. Dewey, L.S. Harris, J.S. Beckner, 3H-delta9-tetrahydrocannabinol
distribution in pregnant dogs and their fetuses, Res. Commun. Chem. Pathol.
Pharmacol. 17 (3) (1977) 457–470.
[39] F. Grotenhermen, Clinical pharmacokinetics of cannabinoids, J. Cannabis Ther. 3
(1) (2003) 3–51.
[40] J.J. Meier, R.C. Bonadonna, Role of reduced b-cell mass versus impaired b-cell
function in the pathogenesis of type 2 diabetes, Diabetes Pathophysiol. 36 (S2)
(2013) 113–119.
[41] C. Chen, C.M. Cohrs, J. Stertmann, R. Bozsak, S. Speier, Human beta cell mass and
function in diabetes: recent advances in knowledge and technologies to understand
disease pathogenesis, Mol. Metab. 6 (9) (2017) 943–957.
[42] A.E. Butler, J. Janson, S. Bonner-Weir, R. Ritzel, R.A. Rizza, P.C. Butler, Beta-cell
deﬁcit and increased beta-cell apoptosis in humans with type 2 diabetes, Diabetes
52 (1) (2003) 102–110.
[43] Z. Wang, N.W. York, C.G. Nichols, M.S. Remedi, Pancreatic β cell dediﬀerentiation
in diabetes and rediﬀerentiation following insulin therapy, Cell Metab. 19 (5)
(2014) 872–882.
[44] G. Vela, S. Martın, L. Garcıa-Gil, J. Antonio Crespo, M. Ruiz-Gayo, J. Javier
Fernandez-Ruiz, C. Garcıa-Lecumberri, D. Pelaprat, J. Angel Fuentes, J. Antonio
Ramos, E. Ambrosio, Maternal exposure to Δ9-tetrahydrocannabinol facilitates
morphine self-administration behavior and changes regional binding to central m
opioid receptors in adult oﬀspring female rats, Brain Res. 807 (1998) 101–109.
[45] J.E. Bruin, L.D. Kellenberger, H.C. Gerstein, K.M. Morrison, A.C. Holloway, Fetal
and neonatal nicotine exposure and postnatal glucose homeostasis: identifying
critical windows of exposure, J. Endocrinol. 194 (1) (2007) 171–178.
[46] T. Inoue, Y. Kido, S. Asahara, T. Matsuda, Y. Shibutani, M. Koyanagi, M. Kasuga,
Eﬀect of intrauterine undernutrition during late gestation on pancreatic beta cell
mass, Biomed. Res. 30 (6) (2009) 325–330.
[47] A. Garofano, P. Czernichow, B. Bréant, In utero undernutrition impairs rat beta-cell
development, Diabetologia 40 (10) (1997) 1231–1234.
[48] C.N. Hales, D.J.P. Barker, The thrifty phenotype hypothesis, Br. Med. Bull. 60 (1)
(2001) 5–20.
[49] S.W. Limesand, J. Jensen, J.C. Hutton, W.W. Hay, Diminished-cell replication
contributes to reduced-cell mass in fetal sheep with intrauterine growth restriction,
Am. J. Physiol. Regul. Integr. Comp. Physiol. 288 (2005) 1297–1305.

[6] X. Chang, Y. Bian, Q. He, J. Yao, J. Zhu, J. Wu, K. Wang, T. Duan, Suppression of
STAT3 signaling by Δ9-tetrahydrocannabinol (THC) induces trophoblast dysfunction, Cell. Physiol. Biochem. 42 (2) (2017) 537–550.
[7] B.V. Natale, K.N. Gustin, K. Lee, A.C. Holloway, S.R. Laviolette, D.R.C. Natale,
D.B. Hardy, Δ9-tetrahydrocannabinol exposure during rat pregnancy leads to
symmetrical fetal growth restriction and labyrinth-speciﬁc vascular defects in the
placenta, Eur. J. Pharmacol. 10 (2010) 544.
[8] M.A. Elsohly, Z. Mehmedic, S. Foster, C. Gon, S. Chandra, J.C. Church, Archival
report changes in Cannabis potency over the last 2 decades (1995-2014): analysis of
current data in the United States, Biol. Psychiatry 79 (2016) 613–619.
[9] C.N. Hales, D.J.P. Barker, Type 2 (non-insulin-dependent) diabetes mellitus: the
thrifty phenotype hypothesis, Diabetologia 35 (1992) 595–601.
[10] K. Malenczyk, E. Keimpema, F. Piscitelli, D. Calvigioni, P. Björklund, K. Mackie,
V. Di Marzo, T.G.M. Hökfelt, A. Dobrzyn, T. Harkany, Fetal endocannabinoids orchestrate the organization of pancreatic islet microarchitecture, Proc. Natl. Acad.
Sci. 112 (45) (2015) E6185–E6194.
[11] W. Kim, M.E. Doyle, Z. Liu, Q. Lao, Y.-K.-K. Shin, O.D. Carlson, H.S. Kim, S. Thomas,
J.K. Napora, E.K. Lee, R. Moaddel, Y. Wang, S. Maudsley, B. Martin, R.N. Kulkarni,
J.M. Egan, Cannabinoids inhibit insulin receptor signaling in pancreatic b-Cells,
Diabetes 60 (2011) 1198–1209.
[12] J. Kim, K.J. Lee, J.S. Kim, J.G. Rho, J.J. Shin, W.K. Song, E.K. Lee, J.M. Egan,
W. Kim, Cannabinoids regulate Bcl-2 and cyclin D2 expression in pancreatic β cells,
PLoS One 11 (3) (2016) e0150981.
[13] F.J. Bermúdez-Silva, J. Suárez, E. Baixeras, N. Cobo, D. Bautista, A.L. CuestaMuñoz, E. Fuentes, P. Juan-Pico, M.J. Castro, G. Milman, R. Mechoulam, A. Nadal,
F. Rodríguez De Fonseca, Presence of functional cannabinoid receptors in human
endocrine pancreas, Diabetologia 51 (3) (2008) 476–487.
[14] B. Brocato, A.A. Zoerner, Z. Janjetovic, C. Skobowiat, S. Gupta, B.M. Moore,
A. Slominski, J. Zhang, M. Schenone, R. Phinehas, R.J. Ferry, E. Dick, G.B. Hubbard,
G. Mari, N. Schlabritz-Loutsevitch, Endocannabinoid crosstalk between placenta
and maternal fat in a baboon model (Papio spp.) of obesity, Placenta 34 (11) (2013)
983–989.
[15] F. Berrendero, N. Sepe, J.a. Ramos, V. Di Marzo, J.J. Fernández-Ruiz, Analysis of
cannabinoid receptor binding and mRNA expression and endogenous cannabinoid
contents in the developing rat brain during late gestation and early postnatal
period, Synapse 33 (3) (1999) 181–191.
[16] D.E. Hutchings, B.R. Martin, Z. Gamagaris, N. Miller, T. Fico, Plasma concentrations
of delta-9-tetrahydrocannabinol in dams and fetuses following acute or multiple
prenatal dosing in rats, Life Sci. 44 (11) (1989) 697–701.
[17] J. Bailey, Fetal disposition of Δ9-tetrahydrocannabinol (THC) during late pregnancy
in the rhesus monkey, Toxicol. Appl. Pharmacol. 90 (2) (1987) 315–321.
[18] K.S. Grant, R. Petroﬀ, N. Isoherranen, N. Stella, T.M. Burbacher, Cannabis use
during pregnancy: pharmacokinetics and eﬀects on child development, Pharmacol.
Ther. J. (182) (2018) 133–151.
[19] D.M. Schwope, E.L. Karschner, D.A. Gorelick, M.A. Huestis, Identiﬁcation of recent
cannabis use: whole-blood and plasma free and glucuronidated cannabinoid pharmacokinetics following controlled smoked cannabis administration, Clin. Chem. 57
(10) (2011) 1406–1414.
[20] M. Falcon, S. Pichini, J. Joya, M. Pujadas, A. Sanchez, O. Vall, O. García Algar,
A. Luna, R. De La Torre, M.C. Rotolo, M.C. Pellegrini, Maternal hair testing for the
assessment of fetal exposure to drug of abuse during early pregnancy: comparison
with testing in placental and fetal remains §, Forensic Sci. Int. 218 (2011) 92–96.
[21] C. Klein, E. Karanges, A. Spiro, A. Wong, J. Spencer, T. Huynh, N. Gunasekaran,
T. Karl, L.E. Long, X.F. Huang, K. Liu, J.C. Arnold, I.S. McGregor, Cannabidiol
potentiates Δ 9-tetrahydrocannabinol (THC) behavioural eﬀects and alters THC
pharmacokinetics during acute and chronic treatment in adolescent rats,
Psychopharmacology (Berl.) 218 (2) (2011) 443–457.
[22] R.D. Harbison, B. Mantilla-Plataâ, Prenatal toxicity, maternal distribution and
placental transfer of tetrahydrocannabinol, J. Pharmacol. Exp. Ther. 180 (2) (1972)
446–453.
[23] A. Chamson-Reig, S.M. Thyssen, D.J. Hill, E. Arany, Exposure of the pregnant rat to
low protein diet causes impaired glucose homeostasis in the young adult oﬀspring
by diﬀerent mechanisms in males and females, Exp. Biol. Med. 234 (12) (2009)
1425–1436.
[24] T.M. Wallace, J.C. Levy, D.R. Matthews, Use and abuse of HOMA modeling,
Diabetes Care 27 (6) (2004) 1487–1495.
[25] R.W. Mackenzie, B.T. Elliott, Akt/PKB activation and insulin signaling: a novel
insulin signaling pathway in the treatment of type 2 diabetes, Diabetes Metab.
Syndr. Obes. Targets Ther. 7 (2014) 55.
[26] T. Mezza, G. Muscogiuri, G.P. Sorice, G. Clemente, J. Hu, A. Pontecorvi, J.J. Holst,
A. Giaccari, R.N. Kulkarni, Insulin resistance alters islet morphology in nondiabetic

91

