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Abstract

The prevalence of gestational diabetes mellitus (GDM) is estimated at 14% globally, and
in some countries, such as Singapore, exceeds 20%. Both women and children exposed
to GDM have an increased risk of later metabolic diseases, cardiovascular disease and
other health issues. Beyond lifestyle changes and pharmaceutical intervention using
existing type 2 diabetes medications for expecting women, there are limited treatment
options for women with GDM,; targeting better outcomes of potentially affected infants
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is unexplored. Numerous animal models have been generated for understanding

of pathological processes of GDM development and for development of treatment
strategies. These models, however, suffer from limited windows of opportunity to
examine risk factors and potential intervention options. By combining short-term
high-fat diet (HFD) feeding and low-dose streptozotocin (STZ) treatments before
pregnancy, we have established a mouse model with marked transient gestation-specific

hyperglycemia, which allows testing of nutritional and pharmacological interventions

before, during and beyond pregnancy.

Journal of Endocrinology
(2020) 244, 501-510

Introduction

Gestational diabetes mellitus (GDM) is a serious condition
that affects maternal and child health but may still be
relatively neglected in current practice. It is currently
estimated to affect 14% of pregnancies worldwide (Balsells
etal. 2009). In high-risk populations, such as in Singapore,
over 20% pregnancies are diagnosed with GDM (Chong
et al. 2014, Yew et al. 2014). The rate is even higher in
subsequent pregnancies without preventative measures
(Getahun et al. 2010, Ehrlich et al. 2011) and prevalence
continues to climb as known risk factors, such as maternal
age and maternal overweight/obesity, accumulate over
time. GDM, defined as glucose intolerance that develops
and is first diagnosed during pregnancy, significantly

increases the risk of adverse consequences for both
mothers and offspring (Kampmann et al. 2015, Farahvar
et al. 2019). There is an urgent need to develop strategies
to prevent and treat these short- and long-term sequelae.

The underlying pathogenic mechanisms of GDM and
their contribution to adverse outcomes for mother and
offspring remain to be fully elucidated. It is recognized that
the disease shares the same multifactorial causes of type 2
diabetes (T2D), namely insulin resistance and pancreatic
B cell dysfunction, which may have been pre-existing
or induced by pregnancy (Kaaja & Ronnemaa 2008).
Many women with GDM seem to have f cell dysfunction
that develops on a background of chronic insulin
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resistance that is often present already prior to pregnancy.
Elevated placental hormone levels during pregnancy
further exacerbate insulin resistance with concomitant
increases in insulin production; the subsequent failure of
adequate p cell function compensation results in GDM.
For most women, the symptoms of GDM usually resolve
shortly after delivery, however, the risk of developing T2D
within 10 years of the GDM pregnancy is high (Tutino
etal. 2014).

The first-line treatment of GDM is lifestyle
intervention, including a calorie-controlled diet plan and
physical exercise (Yamamoto et al. 2018). For uncontrolled
hyperglycemia that persists despite lifestyle modifications,
diabetic medications (mainly glyburide, metformin,
and eventually insulin) are usually prescribed (Bimson
et al. 2017, Farrar et al. 2017). The general principle for
the prescription of these medications is similar to the
management of T2D; these treatments may effectively
manage hyperglycemia during pregnancy, but long-term
effects on maternal health as well as consequences for the
offspring have rarely been studied (Balsells et al. 2009).
The lack of knowledge on the long-term outcome of these
management strategies is concerning (Logan et al. 2017).
Except for an increased risk of neonatal hypoglycemia,
GDM offspring are considered healthy and thus taken
care of in general maternity wards (except in cases
of premature birth). Risk assessments or preventative
treatment strategies to manage the consequences of
GDM exposure for the offspring are lacking and potential
adverse pregnancy exposures are often not taken into
account during post-natal growth and health assessments
of offspring of women with GDM, despite the reported
differences in adiposity outcomes (Logan et al. 2017).
Current diagnostic criteria acknowledge the acute needs
regarding glycemia management but ignore the linear
relationship between maternal glycemia (and medication
use) and infant outcomes (Balsells et al. 2009, Lowe et al.
2019). There is an urgent need to develop efficacious
therapeutic options and guidelines targeting specific
patient subpopulations as well as offspring development.

Animal models of GDM have been generated to
better understand the etiology of the disease and its
pathophysiological impact on both mothers and,
sometimes, their offspring (Pasek & Gannon 2013).
Modeling approaches surgical manipulation
(e.g., P cell removal), pharmacological treatments
(e.g., streptozotocin induced p cell loss), nutritional
manipulations (e.g., high fat or high fat/high sugar
(obesogenic) diet), and genetic modifications (e.g., leptin
receptor knockout), mostly in mice and rats (well-reviewed

include

in Pasek & Gannon 2013). While contributing to our
knowledge on certain aspects of GDM, each model so
far is limited in its ability to capture the heterogeneous
pathogenesis and, particularly, the transient characteristics
of human GDM, thus offering limited opportunities to
conduct intervention studies for the development of better
treatments. Continued innovation in the development of
animal models of GDM with improved translational value
(i.e. a model that is truly transient) is needed.

Ouraim was to developa GDM mouse model optimized
for future development of preventative and therapeutic
interventions for mothers and infants. We utilized a two-
hit approach including a short-term high fat diet (HFD)
feeding to induce pre-pregnancy insulin resistance, and
multiple low-dose streptozotocin (STZ) injections prior to
pregnancy to disrupt p cell compensation in mice.

Materials and methods

Animal welfare

All experiments involving animals were reviewed
and approved by the Institutional Animal Care and
Use Committee (IACUC) of the Agency for Science
Technology and Research (A*STAR), adhering to the
National Advisory Committee on Laboratory Animal
Research guidelines. Experiments were performed in an
Assessment and Accreditation of Laboratory Animal Care
accredited specific pathogen free (SPF) facility located in
Biopolis, Singapore.

Experimental design

The clinical diagnostic marker for GDM is glucose handling.
We devised a two-hit approach to induce hyperglycemia
during pregnancy. The first hit was to induce insulin
resistance; this could be reliably produced, without overt
obesity, by short-term feeding with HFD (Winzell & Ahren
2004, Shoelson et al. 2007, Heydemann 2016). The second
hit was to prevent p cell compensation from overcoming
insulin resistance. High-dose STZ effectively Kkills p cells,
rendering a type 1 diabetic phenotype (Wu & Huan 2008),
while multiple low-dose STZ leads to mild hyperglycemia,
similar to a mild T2D phenotype (Eleazu et al. 2013). We
aimed to control the extent of insulin resistance and
cell dysfunction so that (a) the mice would not develop
hyperglycemia prior to pregnancy and (b) ideally,
they would recover from hyperglycemia after delivery.
We used periodic measurements of random blood glucose
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(RBG) levels to monitor development of hyperglycemia
and oral glucose tolerance tests (OGTTs) to selectively
validate RBG measurements. We chose to use RBG levels
over fasting blood glucose levels so as to minimize
disturbance to the dams during gestation.

We aimed to find a balance in the experimental
manipulations that ideally featured a minimal period
of HFD feeding, while maintaining optimal fertility and
pregnancy rate. We tested HFD feeding periods of between
4 and 8 weeks combined with various low doses of STZ
(either single or multiple injections). After several rounds
of small-scale trials (n<6 per group) using combinations
of HFD types (45 and 60%) and duration (up to 2 months),
and different STZ doses (up to 150 mg/kg STZ, data not
shown), we were able to define a protocol that produced
gestation-specific hyperglycemia in a large number of
animals that were treated. Briefly, 8-week-old female mice
were kept on 60% HFD for 4 weeks, followed by 60 mg/kg
body weight of STZ once per day for 3 consecutive days.
HFD exposure was maintained and mice were monitored
for 2 weeks, and then mated and monitored during
gestation.

Animal use

Seven to eight-week-old nulliparous female and male
C57Bl/6N mice were purchased in batches from InVivos
Pte Ltd. Female mice, bodyweight 16-21 g, were fed
ad libitum with 60% semi-synthetic high fat diet (HFD,
D12492, Research Diets) or 10% fat semi-synthetic control
diet (low-fat diet (LFD), D12450]J, Research Diets) after 1
week of habituation. Male mice were placed on normal
chow diet (1324, Altromin). All diets were irradiated. Male
and female mice were housed five per cage before mating
and individually after mating, in ventilated cages lined
with corncob bedding. All mice were subjected to a 12 h
light-dark cycle (lights on 07:00 h, lights off 19:00 h). All
fasting was performed in the animal’s home cage: fasting
prior to STZ injection was performed for 6 h during the
light phase; fasting for OGTT was performed during the
dark phase and first 4 h of light phase; fasting for tissue
harvesting was performed for 4-6 h during the light
phase. Body weight was monitored weekly.

After 1 week of habituation, experimental female
mice were assigned to four body weight-matched
treatment groups: vehicle injection control on LFD
(LFD-Veh), vehicle injection control on HFD (HFD-Veh),
STZ treated on LFD (LFD-STZ) and STZ treated
on HFD (HFD-STZ). All mice within a single cage received
the same treatment. After 4 weeks on LFD or HFD, 6-h

fasted mice were treated with either 60 mg/kg STZ (S0130,
Sigma-Aldrich) or vehicle via intraperitoneal injection for
3 consecutive days. STZ was dissolved in 0.1 M sodium
citrate buffered to pH 4.5 with citric acid (PHR1416 and
251275, Sigma-Aldrich) and was administered within
15 min of solution preparation. Proven male breeders
were pre-trained and selected in-house with a separate
cohort of female mice, in parallel to the experimental
females. Experimental female mice were housed 1:1 with
male breeders for 48 h. Pregnancy was determined via
visual inspection at E14. Non-pregnant mice, confirmed
by lack of significant weight change, were then mated
a second time with a different male breeder. If a female
mouse was not pregnant after two rounds of mating, this
mouse was retired from the experiment, in order to avoid
prolonged HFD exposure. After mating, female mice were
individually housed and fed ad libitum with 60% HFD
or LFD according to their experimental group; all were
changed to LFD on postnatal day 2 (P2). At P2, litter size
was standardized to four to six pups per litter, with at least
one female littermate. Male offspring were weaned at P21
to normal chow diet and housed in groups of two. At
8 weeks, subsets of offspring (LFD-Veh and GDM offspring)
were fed HFD for an additional 8 weeks, until they were
16 weeks of age.

In order to investigate the outcome of repeated
pregnancy on glucose status, breeders (n=47) from
selective experimental groups were maintained on grain-
based chow diet and subjected to a second round of
mating 5 weeks after weaning of their first litter. Breeding
protocol was as described earlier, and the same batch of
proven male breeders was used.

Blood glucose measurement and oral glucose
tolerance test

Procedures were performed as previously described (Li
et al. 2014). Blood was sampled from the tail. Blood
glucose was measured using a handheld glucose meter
(Accu-Chek Performa Nano, Roche). For the monitoring
of glycemic changes during pregnancy, random blood
glucose (RBG) was sampled between 09:00 and 11:00 h.
Random blood glucose indicates that there was no control
over the fed status of the animals.

RBG was sampled from dams prior to STZ/Veh
injection (on the day of STZ/Veh injection), 1 week after
STZ/Veh injection, at embryonic day 15 of pregnancy
(E15) and at weaning. OGTT was performed in the dams at
E16 as well post weaning. Fasting blood glucose represents
the first time point of the OGTT.
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An OGTT was used to assess glucose tolerance of
the dams at E16 of each pregnancy and of the adult
offspring (of the first pregnancy) within 1 week of P98.
A fasting blood glucose measurement was taken prior
to administration of 20% glucose solution (2 g/kg body
weight) via oral gavage. Post-prandial blood glucose levels
were determined at 15, 30, 60, 90, 120 min after the oral
gavage from a tail blood sample.

Body composition analysis

Fortnightly body composition analysis was performed
to determine the impact of maternal glycemia on the fat
mass of the offspring. These procedures were performed
as previously described (Gustavsson et al. 2009). Body
fat was determined by an MRI analyzer (EchoMRI-100H,
EchoMRI) per manufacturer’s instructions.

Data analysis and statistics

Data are presented as mean+s.e.M. We compared random
blood glucose measurements and plasma insulin levels
at E16 and post-partum across treatment and sub-groups
using one-way ANOVA, paired with Bonferroni correction
multiple comparison post hoc analysis. To assess the
change of random blood glucose levels and body weight
over time, a mixed-model ANOVA was performed. Body
composition and OGTT results were analyzed using a
mixed model ANOVA. A value of P<0.05 was considered
statistically significant.

Results

Following small scale trials, we tested our experimental
design (Fig. 1A) in separate large cohorts to determine
success rates and feasibility of our approach. As such, in
addition to the HFD-STZ group using the above protocol,
we also included three control groups: HFD-Veh,
LFD-STZ and LFD-Veh groups. A total of 90 pregnant dams,
across all groups, from three independent batches over a
period of ~18 months, were collected and reported here.
Both the HFD-STZ and HFD-Veh groups showed moderate
body weight increase (~12%) after 1 month of HFD. HFD
females injected with STZ showed flattened weight gain 2
weeks post injection and resulted in mildly higher body
weight (~8%, comparing to ~28% for HFD-Veh) compared
to the LFD-Veh group prior to mating, and almost identical
weight throughout the rest of the experiment (Fig. 1B).
Considering the overall mild changes in body weight as

well as the potential effects of the stress of the ECchoMRI
procedure during pregnancy, we did not measure body fat
composition prior to and during gestation.

The overall pregnancy ratio was comparable across
groups (LFD-Veh=60%, LFD-STZ=86%, HFD-Veh=63%,
HFD-STZ=79%), that the experimental
manipulations did not affect pregnancy rate. Total
pregnancy success rate was up to 72%, which was high
for a model featuring prolonged exposure to HFD.
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(A) Schematic illustration of the experimental design. Dams: 1. Female
mice habituated to the facility for 1 week after arrival. 2. Female mice
were fed high-fat diet (HFD) for 4 weeks. 3. Three consecutive low-dose
injections of streptozotocin (60 mg/kg, STZ) were administered whilst
animals were on HFD. 4. Timed mating and gestation while on HFD,
switching to a low-fat diet (LFD) after fasting for oral glucose tolerance
test (OGTT). 5. Birth and lactation on LFD. 6. Offspring were weaned and
dams were switched to normal chow diet. 7. Dams were mated again 2
weeks post weaning for a second pregnancy. Random blood glucose
(RBG) and oral glucose tolerance test (OGTT) were measured at the time
points depicted. Offspring: Offspring were weaned and maintained on
normal chow diet or HFD from six weeks onwards. Body weight and %
body fat were measured weekly during development for those offspring.
Oral glucose tolerance test (OGTT) was conducted in offspring on normal
chow diet and HFD at 4 months of age. Numbers in circles correspond to
numbers in circles in other figures. (B) Effect of HFD and STZ on body
weight gain. The body weight changes of a batch of dams from LFD-Veh
(n=9), HFD-Veh (n=12), HFD-STZ (n = 32) groups were followed from the
beginning till weaning. Statistical significance P <0.05 *HFD-STZ vs
LFD-Veh; #HFD-Veh vs LFD-Veh; AMfor HFD-STZ vs HFD-Veh.
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Hereafter, only data from dams which went through
gestation are reported, unless specified. Based on the
preliminary findings, the HFD-STZ dams (n=52) could be
further classified into four subgroups based on random
blood glucose at different time points: (1) diabetes
prior to gestation (T1D-like, n=7); (2) isolated impaired
glucose tolerance (isolGT, n=15); (3) GDM with resolved
hyperglycemia after delivery (GDM, n=24); and (4) GDM
with persistent diabetes after delivery (T2D-like, n=6).

For the first gestation: the T1D-like subgroup
comprised ~13% of total HFD-STZ group and developed
hyperglycemia (RBG >12 mM) before mating. The
isolGT subgroup (~29%) remained normoglycemic (RBG
<12 mM) throughout the experiment but displayed
glucose intolerance during the OGTT. The GDM subgroup
(~46%) remained normoglycemia for weeks before the
first mating, developed hyperglycemia after mid-gestation
(RBG >12 mM by E195), and returned to normoglycemia
by weaning. The T2D-like subgroup (~12%) initially
developed GDM but did not recover to normoglycemia
after delivery. These results are summarized in Table 1.
Importantly, those HFD-STZ mice with normoglycemia at
time of mating that did not get pregnant (but remained
on HFD) remained normoglycemic until the end of the
experiment, clearly indicating that pregnancy provides
the necessary additional metabolic stress to induce GDM
in our model.

GDM model with transient gestation-specific
hyperglycemia

The definition of GDM in rodents was not well established.
Given our experimental need to frequently assess glucose

Table 1 Experimental summary of dam outcomes.

status, we used RBG measurements to determine the
mouse GDM status. We also tested a 2-h fasting method
for glucose assessment, however, found that this was
not as reliable as RBG measurement in pregnant mice
(Fig. 2A). At E15, pregnant mice from separate trials gave
varied and statistically elevated blood glucose readings
after 2-h fasting, which could be the result of heightened
stress during gestation.

At E15, animals in the HFD-Veh group had almost
identical RBG levels (7.2+0.2 mM, n=15) as the
LFD-Veh control group (7.1£0.1 mM, n=14) (Fig. 2B). The
LFD-STZ group displayed mildly elevated RBG (8.7+0.6mM,
n=9) when compared with LFD-Veh group. The isolGT
subgroup had significantly elevated RBG (9.6+£0.3 mM,
n=15, P=0.02, two-way ANOVA). The GDM subgroup
showed severe hyperglycemia (17.4+1.1 mM, n=24,
P<0.0001, two-way ANOVA), but this completely resolved
by the time of weaning. T1D-like and T2D-like subgroups
were excluded from further experiments (including
the second gestation), as these groups did not model
transient GDM.

Confirmation of defective glucose handling by
glucose tolerance tests

We limited the use of prolonged fasting and OGTTs to
validate the phenotype of glucose utilization in selected
mouse groups or stages in order to minimize the risk
of pregnancy stress or even loss of pregnant dams. At
E16 of the first pregnancy, both GDM and isoIlGT mice
demonstrated a similar degree of severe postprandial
glucose intolerance (Fig. 2C), while the effect of short-term
HFD feeding on glucose intolerance was not significant.

Treatment Phenotypic Number of Hyperglycemia prior to Hyperglycemia during  Hyperglycemia after
group subgroup animals HFD STZ mating pregnancy pregnancy
LFD-Veh - 14 - - - - -
LFD-STZ - 9 - + - - -
HFD-Veh - 15 + - - - -
HFD-STZ T1D-like 7 + + +a +a +a
HFD-STZ GDM 24 + + - +a -
HFD-STZ T2D-like 6 + + - +a +a
HFD-STZ isolGT 15 + + - - -

Experimental mice were grouped into four treatment groups: LFD-Veh, LFD-STZ, HFD-Veh, and HFD-STZ. Mice that received the HFD-STZ treatment were
further categorized into four phenotypic subgroups based on glycemic outcome: T1D-like with hyperglycaemia prior to mating and hyperglycemia
through pregnancy; T2D-like with hyperglycaemia only during pregnancy and after pregnancy; GDM with hyperglycaemia only during pregnancy; and
isolGT normoglycemia prior to, during and after pregnancy. + represents applied treatment or random blood glucose >12 mM; — represents no

treatment or random blood glucose <12 mM.
aP <0.05, significance by two-way ANOVA.

GDM, a gestation-specific diabetic phenotype; T2D-like, a gestation and post-gestation diabetic phenotype; HFD, high-fat diet; isolGT, isolated impaired
glucose tolerance; LFD, low-fat diet; RBG, random blood glucose; STZ, streptozotocin; T1D-like, a type 1 diabetes-like phenotype.
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Figure 2

Transient hyperglycaemia in dams with gestational diabetes mellitus. (A) Random and 2-h fasting blood glucose levels of each group at E15. HFD-Veh
n=10, isolGT n =20, GDM n=12. *P<0.05 with one-way ANOVA in group comparison. (B) Random blood glucose levels of each group during HFD
exposure, following STZ exposure, during gestation and post weaning. Numbers in circles correspond to numbers in circles in Fig. 1A. LFD-Veh n =14,
HFD-Veh n=15, LFD-STZ n=9, T1D-like n=7, isolGT n=15, GDM n = 24, T2D-like n = 6. (C) Oral glucose tolerance at E16 of first pregnancy on HFD (only
results from pregnant animals are reported). (D) Oral glucose tolerance test at E16 of second pregnancy on chow diet (only results from pregnant
animals are reported). (E) Fasting glucose levels at E16 and post weaning of first pregnancy. (F) Fasting insulin levels of indicated groups at E16 and post
weaning of first pregnancy. For C, D, E and F, LFD-Veh n=9, HFD-Veh n=12, isolGT n=11, GDM n=15. *P <0.05, significance by two-way ANOVA. E,
embryonic day; GDM, gestational diabetes mellitus; GDM-T2D, T2D-like; HFD, high-fat diet; isolGT, isolated impaired glucose tolerance; LFD, low-fat diet;

OGTT, oral glucose tolerance test; STZ, streptozotocin; Veh, vehicle.

In their second pregnancy, both the GDM and isolGT
mice remained glucose intolerant despite the absence
of an HFD challenge. Interestingly, the postprandial
hyperglycemic phenotype was milder when compared to
their first pregnancy, especially for the isolGT animals and
at the end of the 2-h test (Fig. 2D).

Fasting glucose levels (Fig. 2E) and insulin levels (Fig.
2F) during (gestation, E16) and after the first pregnancy
(post wean, P30) were not significantly different between
groups, although there was a visual trend of reduction for
STZ-exposed mice in the first pregnancy.

These results confirm that the RBG measurement is
a good surrogate marker to assess glucose tolerance and
show that the GDM defined in the current model was
associated with impaired glucose tolerance but normal
fasting glycemia.

Exacerbated risk of metabolic phenotype in the
GDM offspring

Although macrosomia could be a characteristic of GDM
births, we chose not to weigh the offspring at birth,

so as not to disrupt maternal care and offspring survival.
Male offspring of LFD-Veh, HFD-Veh, isolGT and GDM
dams were weaned to normal chow diet and followed for
16 weeks. Postnatal development under standard dietary
conditions appeared normal with no difference in body
weight and body fat content (Fig. 3A and B). There was
also no significant difference in glucose tolerance between
the groups when assessed between P98 and P112 (Fig. 3C).

We also examined a separate batch of offspring from
the LFD-Veh and GDM dams following a challenge with
HEFD for 8 weeks starting at 8 weeks of age. At 16 weeks of
age, they showed similar body weight (data not shown),
but the GDM offspring displayed overt glucose intolerance
(Fig. 3D), indicating their vulnerability to metabolic stress
in adult life.

Discussion

We report here a two-hit protocol (HFD and STZ) to
generate a GDM mouse model that displays transient
and marked gestation-specific hyperglycemia, closely
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Figure 3

High-fat diet induces glucose intolerance in offspring of dams with
gestational diabetes mellitus. (A) Body weight of offspring fed normal
chow diet post weaning. (B) Adiposity (% body fat) of offspring fed chow
diet. (C) Oral glucose tolerance test at 4 months of age of offspring fed
normal chow diet. (D) Oral glucose tolerance test at 4 months of age of
offspring fed high-fat diet. LFD-Veh n=6, HFD-Veh n=7, isolGT n=7, GDM
n=10.*P<0.05, significance by two-way ANOVA. HFD, high fat diet; GDM,
gestational diabetes mellitus; LFD, low fat diet; isolGT, isolated impaired
glucose tolerance; Veh, vehicle; STZ, streptozotocin.

mimicking the development of GDM in human
pregnancy. Our manipulations are relatively subtle
compared to other preclinical GDM models and occur
prior to pregnancy, minimizing environmental stressors
to fetus/offspring. Our data suggest that such temporal
and mild maternal GDM exposure increases vulnerability
for metabolic disease in the offspring. Our protocol allows
scalable generation of a large cohort of GDM dams and
offspring with corresponding control groups, which can
serve as an effective platform for both mechanistic studies
and translational innovations.

Although mice and rats have been extensively used
in metabolic studies, including glucose regulation and
diabetes studies, the criteria for diabetes and GDM in
rodents have not been clearly defined. In humans,
repeated RBG measurements used to be a WHO criterion
for GDM. However, this diagnostic standard was replaced
with fasting OGTT in the 2013 guidelines, even though
circadian blood glucose values of women with GDM (as
determined by continuous glucose monitoring) continue
to support RBG as a reliable criterion (Balsells et al. 2009).
For a rodent GDM model generation and assessment, it is
impractical to repeatedly fast and challenge the animals
prior to mating and/or during gestation and lactation, as
these manipulations inevitably affect pregnancy rates and
normal progression of gestation, delivery and lactation.
To minimize stress to the pregnant and/or lactating dams
in our studies, we relied on morning RBG measurements
without fasting and took measurements in two consecutive
days to minimize potential measurement inconsistency
when needed. In fact, we noticed that morning RBG was
a more sensitive measurement than 2-h fasting glucose,
overnight fasting glucose or OGTT. The 2-h fasting during
gestation resulted in fluctuating and overall elevated
readings, especially for diabetic dams; this could be
attributed to animal stress in response to the additional
handling. However, the RBG readings could be obtained
with minimal handling by trained personnel, thus
ensuring more reproducible results. The overnight fasting
glucose levels were not different across groups, indicating
that the fasting during gestation were severe enough to
mask the difference between control and diabetic groups.
Meanwhile, OGTT failed to differentiate isolGT and GDM
groups regardless of their distinct RBG profile. Thus, we
believe that, in a transient diabetes model like ours, the
RBG measurement remains a valuable approach to reflect
the actual physiology of these dysregulated phenotypes,
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at least in rodent gestation studies. These questions could
be further explored with the aid of continuous glucose
monitoring techniques; however, these are as yet untested
during rodent gestation.

In the literature, several glucose levels, ranging from
10 to 15 mM, have been used to define hyperglycemia and
diabetes in mice (Tutino et al. 2014). Although there is
currently no consensus on the diagnosis value for diabetes
in animal studies, we chose 12 mM RBG as the diagnostic
threshold for the following reasons: (1) it is the upper
limit of mouse post-prandial blood glucose levels detected
in wild-type mice (based on data from years of assessment
in our laboratory) and (2) we did not observe any reading
above this line in the control groups, even under stressful
conditions, such as after 2-h fasting. Therefore, it’s
unlikely to be confused with fluctuations due to normal
activities or compromised conditions. We also confirmed
by using OGTT that animals with RBG above 12 mM
display unequivocal glucose intolerance. Standardization
of these measurements is lacking. However, from our data,
we conclude that an RBG level of 12 mM can efficiently
identify glucose-intolerant mice, and thus, propose it as a
screening criterion for GDM across preclinical studies in
C57/Bl6 mice.

We aimed to generate a mouse model that resembles
clinically relevant pathogenesis. Human GDM is, in
essence, a transient type of diabetes, which is the result
of failed beta-cell compensation of peripheral insulin
resistance during late stage pregnancy. HFD and STZ
are frequently used to induce obesity-related insulin
insensitivity and loss of beta-cells, respectively. However,
the majority of women with GDM are not obese (Coustan
et al. 2010, Lapolla et al. 2011), and the commonly used
dosages of STZ cause dramatic loss of beta-cells and
consequently hyperglycemia, similar to type 1 diabetes
prior to pregnancy. Furthermore, STZ given during
gestation to limit the hyperglycemia to late pregnancy
has been reported to have harmful effects on fetal
development (Giavini et al. 1986, Kalter 1996, Turhan
et al. 2018). To circumvent these pitfalls, we decided to
develop a combined treatment protocol that includes
a short HFD feeding, which would not induce drastic
body weight gain (Fig. 1B), with a low dose of STZ, to
undermine beta cell compensation to insulin resistance
during late gestation while preserving, as much as
possible, normal insulin levels, similar to human GDM.
Moreover, STZ administration was completed prior to
mating, with animals displaying normoglycemia prior
to gestation and (in a considerable number of treated
animals) full recovery to normoglycemia after delivery.

The normal fasting glucose and insulin levels observed
during gestation and after weaning can be translated to
human diagnostic parameters and indicate that our STZ
treatment is relatively mild compared to other preclinical
GDM models that rely on STZ exposure (Wu & Huan
2008, Pasek & Gannon 2013). It is also worth noting
that our two-hit protocol requires both HFD and STZ
treatments, as individual treatment with either HFD or
STZ was insufficient to induce GDM.

Any model that adequately captures the heterogeneity
in glycemic outcomes, mimicking the human GDM
phenotype, will require large numbers of animals. The
GDM rate using this approach was relatively high; our
conversion rate of approximately 50% is realistic and
acceptable given the heterogeneity of responses to the
individual HFD or STZ treatment. Moreover, we observed
distinct subgroups according to RBG levels in mice treated
with HFD-STZ, indicating differing responses to the two-
hit procedure. Some mice were more vulnerable to the
treatment procedures, and thus developed persistent
diabetes. While some other mice were more resistant to the
challenges, and remained euglycemic. Considering that
the majority of the mice were the GDM mice, suggesting
that we have optimized the environmental manipulations
under the heterogenous influence on the development of
GDM. Fine-tuning of the parameters may alter the ratio of
subgroups, and such experimental outcome is comparable
to the various grades of GDM as observed in humans. Thus,
our model provides a wide range of possible subgroups for
various study design needs.

In humans, GDM has been reported to be associated
with a broad range of adverse health outcomes including,
increasingly, fetal and postnatal growth. In our model,
GDM offspring maintained on normal chow diet after
weaning showed normal body weight gain, body fat
content and glucose tolerance at 4 months of age.
However, when fed with HFD for 2 months at the start
of adolescence, the GDM offspring developed overt
glucose intolerance, consistent with higher sensitivity to
environmental and metabolic stress following prenatal
exposure of adverse metabolic conditions. This indicates
the possibility of further and more severe adverse
consequence for these offspring in later life, such as the
development of obesity, T2D or symptoms associated
with metabolic syndrome. We believe that our current
model shows clinical relevance and translation value to
human GDM and GDM infants/children, as it captures
the essential characteristics of the pathogenesis of GDM
and heightened sensitivity of GDM offspring to metabolic
stress in adult life. The improved glucose tolerance evident
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in the second pregnancy (as compared to the glucose
intolerance in the first pregnancy) occurred without active
exposure to HFD; it is possible that continued exposure
to the HFD would have led to worse outcomes indicating
the possibility of active nutritional interventions for
the mother to prevent GDM in subsequent pregnancies.
Mechanistic and discovery studies based on the current
GDM model may lead to the development of diagnostic
markers and treatment strategies, especially during early
life, for GDM offspring. Moreover, the current model
may allow examination of the efficacy of preventative
or therapeutic interventions in the first and subsequent
pregnancy, as well as in the offspring.
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