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Hyperglycemia during pregnancy is a double-edged sword, affecting both moth-
ers and their offspring and creating a vicious cycle that can affect multiple gener-
ations. Research in this field over the past 30 years has greatly improved our
understanding of this disease and formed the basis of improved strategies to im-
prove the health of mothers and their babies. Despite this progress, gestational
and preexisting diabetes continue to have significant effects on both short- and
long-term health of mothers and their offspring. In this article, I provide an over-
view of the work that my colleagues and I have done to advance the knowledge
base around diabetes and pregnancy in four areas: 1) diabetes risk after gesta-
tional diabetes mellitus (GDM), including racial and ethnic disparities; 2) the
pathophysiology of GDM and subsequent diabetes in Hispanic women; 3) diabe-
tes prevention and b-cell preservation following GDM; and 4) evidence for multi-
ple potential developmental effects in offspring that vary according to the timing
of exposure and severity of maternal diabetes during pregnancy. This research
continues the legacy of Norbert Freinkel and the concepts that he contributed to
the field of diabetes and pregnancy. With the epidemic of obesity, increasing
rates of type 1 and type 2 diabetes in youth, and rising prevalence of GDM across
all racial and ethnic groups, we have a lot more work to do to combat this disease
to break the vicious cycle.

In his 1980 Banting Award lecture, “Of Pregnancy and Progeny” (1), Norbert Freinkel
hypothesized that abnormal nutrient mixtures in the mother could disrupt fetal de-
velopment and lead to long-range changes in offspring, including behavioral, anthro-
pometric, and metabolic teratology—the concept of “fuel-mediated teratogenesis.”
Research over the ensuing 40 years has largely supported his original ideas, provid-
ing a wealth of specific information on the breadth and depth of long-term health
effects related to maternal hyperglycemia and metabolic aberrations in pregnancy.
Those effects mimic a double-edged sword, affecting both mothers and their off-
spring in a vicious cycle that can impact multiple generations. The growing body of
knowledge in this field has helped to increase public health awareness of the associ-
ated risks and served as a base for development of strategies to improve maternal
and child health.
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However, gestational and preexisting
diabetes continue to impart significant
morbidity to mothers and offspring, and
rising rates of gestational diabetes melli-
tus (GDM), type 2 diabetes (T2D), and
type 1 diabetes (T1D) in women of re-
productive age amplify the impact of
these conditions within and across gen-
erations. In this article, I provide an over-
view of work that my colleagues and
I have done to better understand the
health impacts of diabetes during preg-
nancy in four areas: 1) future diabetes
risk after pregnancies complicated by
GDM, including racial and ethnic dispar-
ities; 2) pathophysiology of GDM and
subsequent diabetes in one racial and
ethnic group, namely, Hispanic women;
3) diabetes prevention and b-cell preser-
vation following GDM; and 4) multiple
potential developmental effects of ma-
ternal diabetes on offspring that vary by
the timing of exposure and severity of
maternal diabetes during pregnancy.

GDM: DIABETES RISK AND
RACIAL AND ETHNIC DISPARITIES

My work in the field of GDM research
started in the 1990s while working closely
with two pioneers of GDM research, Dr.
Thomas Buchanan and Dr. Siri Kjos, at the
University of Southern California (USC). To-
gether we made several novel findings by
analyzing data collected by Dr. Kjos from a
clinical cohort of high-risk pregnancies at
the Los Angeles County/USC Medical Cen-
ter. A large majority of the patients were
Hispanic, and GDM was diagnosed by Na-
tional Diabetes Data Group criteria (2).
We found that these women had almost
50% risk of developing diabetes within
5 years after the index pregnancy. Ele-
vated glucose levels during oral glucose
tolerance tests in pregnancy or postpar-
tum, along with a relatively early gesta-
tional age at diagnosis of GDM, predicted
the highest risk of future diabetes (3,4). In
addition, one subsequent pregnancy tri-
pled the long-term diabetes risk and each
10 lb of weight gain during follow-up dou-
bled the diabetes risk. These two effects
were independent of each other and all
other identified risk factors (5). Further-
more, progestin-only contraception while
breastfeeding added additional risk, while
combination hormonal contraceptives had
no detrimental effects (6–8). These find-
ings provided important information rele-
vant to patient management. They also

provided hints into the pathogenesis of
diabetes after GDM. Greater hyperglyce-
mia during and after pregnancy identi-
fied women who were already close
to diabetes; relatively little deterioration
was required to develop diabetes during
follow-up. However, data for individuals
with weight gain, individuals who used
progestin-only contraception, and, in par-
ticular, individuals who had one additional
pregnancy suggested that insulin resis-
tance may be accelerating the decline in
b-cell compensation that leads to diabe-
tes.That suggestion was borne out in sub-
sequent studies discussed below.

Meta-analysis conducted by others
showed that women with GDM had an
approximately sevenfold higher long-term
diabetes risk than women without GDM
(9). Moreover, GDM was known to be ris-
ing in frequency across all racial and eth-
nic groups (10), in parallel with the
epidemic of obesity and increasing trend
in T1D and T2D in children and adoles-
cents (11). However, less was known
about whether the long-term diabetes
risks after GDM are the same across ra-
cial and ethnic groups. Using electronic
medical records from Kaiser Permanente
Southern California (KPSC), we found
that 10.3% of the 139,334 singleton
pregnancies delivered at KPSC between
1995 and 2008 had GDM by the Carpen-
ter and Coustan criteria (12,13). The
rate was highest for women who self-
identified as Asian and Pacific Islander
(17.1%), followed by self-identified His-
panic (11.4%), non-Hispanic White (NHW)
(7.4%), and Black (6.9%) women (13)
(Fig. 1A). We assessed incidence rates
of diabetes by race and ethnicity for up
to a decade after delivery of GDM preg-
nancies and age-matched and race- and
ethnicity-matched control participants who
delivered in the same year. As expected,
all the GDM groups had a much higher
rate of diabetes during follow-up than
their counterparts who did not have GDM
(Fig. 1B). However, the pattern of variation
in long-term diabetes rates among racial
and ethnic groups with GDM did not
parallel the variation in their rates of
GDM during pregnancy. Specifically, Black
women had the lowest rate of GDM dur-
ing pregnancy but the highest rate of dia-
betes over the next decade. Asian and
Pacific Islander women had the opposite
pattern, with the highest rate of GDM but
the second lowest rate of subsequent dia-
betes. Hispanic women demonstrated the

best concordance, with the second high-
est rate of GDM and the second highest
rate of subsequent diabetes. NHW
women had a GDM rate that was nearly
as low as that of Black women combined
with the lowest rate of diabetes during
follow-up (Fig. 1C). Compared with coun-
terparts who did not have GDM, the rela-
tive risks (95% CI) of developing diabetes
associated with GDM were 9.9 (7.5–
13.1) for Black, 7.7 (6.8–8.7) for Hispanic,
6.5 (5.2–8.0) for NHW, and 6.3 (5.0–7.9)
for Asian and Pacific Islander women af-
ter adjusting for potential confounders.
Adjusting for maternal obesity measured
by prepregnancy BMI reduced the risk
estimates associated with GDM for all ra-
cial and ethnic groups but did not explain
the differences of future diabetes risk
across racial and ethnic groups (13). Thus,
this large observational study revealed
important racial and ethnic differences
between GDM risk and future diabetes
risk. The discrepancies suggest different
pathophysiologies among groups. Mecha-
nistic studies are needed to understand
the differences in more detail, along with
influences of genetics, environment, life-
style, and other factors that may contrib-
ute to these differences.

PATHOPHYSIOLOGY OF GDM AND
DIABETES DEVELOPMENT IN
HISPANIC WOMEN

Pregnancy is normally attended by pro-
gressive insulin resistance that begins near
midpregnancy and progresses through the
third trimester due to increased maternal
adiposity and the insulin-desensitizing ef-
fects of hormonal products of the placenta
(14). This is a normal pathophysiologic re-
sponse of pregnancy that is thought to en-
sure adequate nutrient supply from the
mother to meet the needs of a growing
fetus (15).

To understand the pathophysiology of
GDM and future diabetes risk, our group
designed a detailed study of glucose reg-
ulation in Hispanic women with GDM
diagnosed by using the criteria of the
Third International Workshop Conference
on GDM (16). We recruited 175 Hispanic
women during the third trimester of
pregnancy, 150 with GDM and 25 without
GDM, and they were frequency matched
on age, prepregnancy BMI, and gestational
age to the GDM group. All women had a
100-g oral glucose tolerance test, euglyce-
mic clamp at physiologic hyperinsulinemia,
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and frequently sampled intravenous
glucose tolerance tests (IVGTT) between
28 and 34 weeks gestation. Compared
with their non-GDM counterparts, women
with GDM had significantly lower glucose
clearance, higher glucose production,
higher levels of free fatty acids at base-
line of the clamp, and less stimulation
of glucose clearance and suppression
of glucose production and fatty acid
levels compared with controls (17). The
GDMgroup also had amarked reduction in
the disposition index from the IVGTTs, a
measure of acute b-cell compensation for
the degree of insulin resistance (17). These
results demonstrate that GDM in Hispanic
women is characterized by all themajor de-
fects in glucose regulation, i.e., insulin resis-
tance in muscles, liver, and fat and reduced
b-cell compensation, observed in patients
with T2D, albeit to a lesser degree. Testing
of a large subset of these women �6
months after pregnancy revealed that their
defect inb-cell compensation was similar to
that observed during the third trimester
(�69% vs.�62%, respectively) (14). Similar
patterns were observed for Black women
(18) and White women (19). Thus, GDM in
large part represents the detection of pre-
existing defects in b-cell compensation for

chronic insulin resistance in relatively young
women.

We continued following these women
with oral glucose tolerance tests and
IVGTT at 12�15-month intervals for up
to 12 years after the index pregnancy
unless their fasting glucose reached 140
mg/dL or they were lost to follow-up.
Forty-three percent developed diabetes,
with an average annual incidence rate
of 7.2% (20). Body weight and fasting
and postchallenge glucose increased
significantly; b-cell compensation mea-
sured by disposition index declined sig-
nificantly (20,21). The strongest factor
associated with falling b-cell compensa-
tion was weight gain, an association ex-
plained statistically by a combination of
increasing insulin resistance (40%), fall-
ing adiponectin, and rising C-reactive
protein (31% combined effect) (21). This
study also revealed that low insulin sen-
sitivity and b-cell function at baseline
and the rate of their deterioration dur-
ing follow-up contributed to the risk of
T2D development (20). In addition, high
habitual daily caloric intake was associ-
ated with worsening insulin resistance,
falling b-cell compensation, and rising glu-
cose levels independent of weight gain
(22). This study provides the longest

follow-up of which we are aware, and it
uses detailed physiological measurements
to characterize the natural history of glu-
cose regulation following pregnancies com-
plicated by GDM. It provides evidence that
obesity and related metabolic changes may
be important drivers of the b-cell decline
that leads to diabetes. Interventions to in-
crease exercise and reduce body weight
should reduce diabetes risk, as was dem-
onstrated in the Diabetes Prevention Pro-
gram (23).

An important observation from this
longitudinal study is that the relationship
between changes in circulating glucose
levels and changes in b-cell function is
nonlinear (24). Both fasting and 2h glu-
cose rise slowly with the decline in
b-cell compensation over many years
(Fig. 2 in Xiang et al. [24]), followed by
more rapid increase in glucose per
change in b-cell compensation when
compensation gets very low (�10% of
normal). These findings define a patho-
genesis for T2D in Hispanic women with
prior GDM that is characterized by a rela-
tively long-term decline in acute b-cell
compensation for chronic insulin resis-
tance, attended initially by slowly rising
glucose levels. Only relatively late in this
process do glucose levels rise rapidly and
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Figure 1—GDM and subsequent diabetes risk by race and ethnicity. A: GDM prevalence, including 139,334 singleton pregnancies between 1995
and 2008, with GDM by the Carpenter and Coustan criteria. B: Diabetes cumulative incidence after GDM. Both panels A and B were adapted with
permission from Xiang et al. (13). C: Rank order of GDM prevalence and diabetes cumulative incidence by race and ethnicity. Red and green circles
highlight discordance between GDM prevalence and diabetes incidence in Asian Pacific Islander (API) (red circles) and Black (green circles) groups,
respectively.
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into the diabetic range. The implication
of these findings is that simply measuring
glucose itself may not reveal the underly-
ing stage of diabetes risk.

DIABETES PREVENTION AND
b-CELL PRESERVATION
FOLLOWING GDM

GDM presents an opportunity for diabe-
tes prevention. Based on the results of
our longitudinal studies of glucose regu-
lation described above, we hypothesized
that amelioration of chronic insulin resis-
tance would preserve b-cell function and
delay or prevent the onset of T2D in high-
risk Hispanic women with prior GDM.
We randomized 266 Hispanic women
with history of GDM to placebo or the in-
sulin-sensitizing thiazolidinedione medica-
tion troglitazone in a 1:1 ratio (TRIPOD
[Troglitazone in the Prevention of Dia-
betes] study) (25). During a median
follow-up of 30months on blindedmedi-
cation, treatment reduced the diabetes
incidence by 55% compared with pla-
cebo and prevented the worsening of
b-cell compensation over time (25,26).
Open-label continuation of treatment
with another thiazolidinedione drug, pio-
glitazone (the PIPOD [Pioglitazone in Pre-
vention of Diabetes] study), revealed
that pioglitazone stopped the decline in
b-cell compensation that occurred dur-
ing placebo treatment in the TRIPOD

study and maintained the stability of
b-cell compensation that had occurred
during troglitazone treatment in the TRI-
POD study (27). The risk of diabetes was
lowest in women with the largest reduc-
tion in total IVGTT insulin area after
3months of treatment in the TRIPOD study
and after 1 year of treatment in the PIPOD
study.These findings suggest b-cell unload-
ing is important in diabetes prevention, a
concept that has been used in b-cell pres-
ervation outside of pregnancy by treating
obesity (28).

Thiazolidinedione treatment in the
TRIPOD study was also associated with
a 31% reduction in the progression of
subclinical atherosclerosis, measured
by ultrasound as carotid intima-media
thickness (CIMT), in these premeno-
pausal women (29,30). Importantly, re-
duction in CIMT progression occurred
only in treated women who had an
increase in insulin sensitivity (29). Contin-
ued treatment with open-label pioglita-
zone slowed CIMT progression in women
who had been on placebo in the TRIPOD
study and maintained a relatively low
rate of progression in women who had
been on troglitazone (30). The similarity
of findings between the PIPOD and TRI-
POD studies supports a class effect of
thiazolidinedione drugs to enhance in-
sulin sensitivity, reduce insulin secre-
tory demands, preserve b-cell function,

and slow the progression of subclinical
atherosclerosis.

DIABETES DURING PREGNANCY:
POTENTIAL DEVELOPMENTAL
EFFECTS ON THE OFFSPRING

Racial and Ethnic Differences in
Rates of Large-for-Gestational-Age
Newborns
Freinkel proposed that pregnancy is a
form of tissue culture (1) in which the
mix of nutrients and other substances
provided from mother to fetus affects fe-
tal development, with both short- and
long-term implications for health of the
offspring. Potential mechanisms include
fetal overnutrition, inflammation and al-
tered cytokines, oxidative stress, immune
activation and hyperinsulinemia, and pos-
sibly epigenetic changes (31–36).

Newborns being large for gestational
age (LGA) is the most common short-term
impact associated with maternal hypergly-
cemia during pregnancy (37,38). To exam-
ine this impact across different racial and
ethnic groups, we conducted a large birth
cohort study including �350,000 women
with singleton births at KPSC from
1995–2010 and assessed rates of LGA
for pregnancies complicated by GDM
from ten racial and ethnic groups (His-
panic, NHW, Black, Filipino, Chinese, Asian
Indian, Vietnamese, Korean, Japanese,
and Pacific Islander) (39). Quantile
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Figure 2—A: Covariate-adjusted BMI from birth to age 10 years in offspring of mothers with no diabetes, GDM not treated with medications (GDM
no meds), GDM treated with medications (GDM with meds), and preexisting T2D or T1D diabetes. Adapted with permission from Sidell et al. (42).
See the text and Table 2 of Sidell et al. (42) for significance of differences among groups. B: Crude cumulative incidence of ASD and adjusted hazard
ratios (HR) in offspring of mothers with no diabetes, GDM diagnosed after 26 weeks gestation (GDM#26wks), GDM diagnosed by 26 weeks gesta-
tion (GDM>26wks), or preexisting T2D or T1D. Adapted with permission from Xiang et al. (44).
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regression was applied to birthweights
with adjustment for gestational age at de-
livery and parity in each racial and ethnic
and sex subgroup, and stratified by birth
year to define birth weight percentiles for
that subgroup. LGA was defined as birth
weight >90th percentile specific to each
racial and ethnic group. We found that
infants of Black women with GDM had
the highest LGA rate (17.2%), followed by
infants of Pacific Islander (16.2%), Hispanic
(14.5%), NHW (13.1%), Asian Indian
(12.8%), and Filipino (11.6%) women with
GDM. All other Asian women with GDM
had LGA rates comparable to the expected
10% (9.6–11.1%). Compared with NHW
womenwith GDM, the LGA ratewas signif-
icantly greater for Black womenwith GDM
after adjustment for maternal characteris-
tics except for obesity measures. Further
adjustment for maternal prepregnancy
BMI and gestational weight gain in the
subcohort with available data greatly at-
tenuated the elevated LGA risk for Black
women. Our results suggest that variation
across racial and ethnic groups in excessive
fetal growth associated with GDM can be
explained to a significant degree bymater-
nal obesity and gestational weight gain.
Studies are needed to test whether reduc-
ing obesity and appropriate weight gain
will eliminate the disparities in LGA risk as-
sociatedwith GDM.

Maternal Diabetes, Maternal Obesity,
and Childhood Obesity Risk
The investigation of the effect of GDM
on obesity in offspring is confounded
by maternal obesity, which is itself an
important risk factor for both condi-
tions. Excessive gestational weight gain
(EGWG) above the Institution of Medi-
cine recommendation and breastfeed-
ing are also important factors affecting
obesity risk, especially for infancy and
early childhood. We assessed the inter-
play among four risk factors (GDM, pre-
pregnancy obesity, gestational weight
gain, and breastfeeding) and their inde-
pendent contributions to childhood over-
weight at 2 years of age. Using electronic
medical record data from 15,710 mother–
offspring pairs with delivery at KPSC in
2011, we found that women with GDM
were less likely to have EGWG than
women without GDM (40). Maternal GDM
was not associated with childhood over-
weight at 2 years of age. Maternal preex-
isting obesity and overweight, EGWG,
and breastfeeding #6 months were all

significantly, independently, and posi-
tively associated with overweight in chil-
dren (40).

We extended this study to assess growth
trajectory from ages 2 to 6 years, added
maternal preexisting T1D and T2D as po-
tential risk factors, and separated GDM to
those who did or did not receive anti-
diabetes medications during pregnancy
(41). Data were from 71,892 children born
at KPSC from 2007–2011. Three distinct
BMI trajectory groups were identified in
the children: group 1 (59% of the cohort)
had stable relatively lower BMI; group 2
(35% of the cohort) had stable intermedi-
ate BMI; and group 3 (6% of the cohort)
had high and increasing BMI over time
(41). Being in the high and increasing BMI
group (i.e., group 3) was strongly associ-
ated with maternal prepregnancy obesity
and overweight, modestly associated with
maternal T1D, T2D, GDM with medication
treatment and EGWG, and slightly as-
sociated with relatively short duration
of breastfeeding (#6 months). Individ-
uals with GDM not receiving medica-
tion treatment during pregnancy had
little association with high and increas-
ing BMI over ages 2–6 years (41).

We further extended our studies to
BMI trajectory in offspring from birth to
age 10 years (42). Data were from 218,227
singleton children born in 2008–2015 at
KPSC. We saw a catchup growth pat-
tern associated with diabetes during
pregnancy (Fig. 2A). On average, BMI
was 0.1–0.2 kg/m2 (�1% relative to the
BMI in the group not exposed to diabe-
tes) lower at 6 months for all diabetes-
exposed groups (42). At age 3, the growth
patterns started separatingwith thehighest
BMI in maternal T1D and T2D groups, fol-
lowed by theGDMgroup receivingmedica-
tion, then the GDM group not receiving
medication, and finally the groups with no
maternal diabetes.The absolute differences
in BMI across these exposure groups in-
creasedwith age, being�0.5 kg/m2 (�3%)
higher at age 5 years and �1.5–2 kg/m2

(10%) higher at age 9–10 years (Fig. 2A and
Table 2 in Sidell et al. [42]). By age 7 years,
BMI was significantly higher for the
GDM group receiving medication com-
pared with the group with no diabetes.
Our data showed a hierarchical BMI
growth pattern in offspring exposed to
different types of diabetes during preg-
nancy after adjusting for important covari-
ates, including maternal obesity, starting
as early as 3 years of age.

Maternal Diabetes and Risk of Autism
Spectrum Disorders in Children
Our group is one of the first to carefully
delineate potential links between diabe-
tes in pregnancy and neurobehavior de-
velopmental disorders in offspring. Using
a birth cohort of 322,323 children born
at KPSC from 1995 to 2009 with follow-
up until 2012, we found that GDM, as a
whole, was not associated with a diagno-
sis of autism spectrum disorders (ASD)
in children. However, gestational age at
GDM diagnosis was negatively associated
with riskof ASD, suggesting that early expo-
sure to elevated glucose during pregnancy
was associated with ASD (43). We divided
the women with GDM into three tertiles
based on gestational age at diagnosis of
GDM, rounded to the nearestweek for clin-
ical relevance: GDMdiagnosed at 26weeks
or earlier (mean of 16 weeks; 30% of
women with GDM), after 26 weeks but
prior to 30 weeks (mean of 28 weeks; 30%
of women with GDM), and 30 weeks or
later (mean of 32 weeks; 40% of women
with GDM). We found that exposure to
GDMdiagnosed by 26weeks gestationwas
associatedwith risk of ASD in offspring, but
GDM diagnosed after 26 weeks gestation
was not (43). Of note, individuals with
GDM diagnosed early had higher rates of
being treated with antidiabetes medica-
tions during pregnancy, but that treatment
was not associated with risk of ASD after
adjustment for gestational age at GDM di-
agnosis (43). Preexisting T1D and T2Dwere
both associated with increased risk of ASD
in children. The hierarchy of risk was high-
est for T1D, followed by T2D and then
GDM diagnosed at #26 weeks gestation
(Fig. 2B) (44).

To test whether the association be-
tween maternal diabetes and ASD might
be related to severity of hyperglycemia
in early pregnancy, we analyzed first-
trimester HbA1c levels for an association
with ASD risk in children. We found that
HbA1c >6.5% in the first trimester (99%
had a diagnosis of T1D, T2D, or GDM)
was associated with a 1.8-fold increased
risk of ASD in offspring (45). More recent
work from my group found that mater-
nal diabetes during pregnancy was asso-
ciated with increased risk of ASD and
associated gastrointestinal disturbances
(46), and maternal preexisting diabetes
and GDM diagnosed at #26 weeks, as
well as maternal obesity. were all associ-
ated with increased scores on autism
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screening questionnaires among typically
developing children (47).
Taken together, our studies suggest

that timing of exposure is important, and
abnormal glycemia in early pregnancy
plays an important role in a child’s ASD
risk. Our observations are consistent with
studies showing that the early trimester
intrauterine environment (e.g., folic acid
supplementation and environmental ex-
posure) is important for the risk of ASD
in children (48,49).

Maternal Diabetes and Risk of
Attention Deficit Hyperactivity
Disorder in Children
Using the KPSC birth cohort, which in-
cludes 333,182 children born in 1995–
2012, we comprehensively examined risks
of another neurodevelopmental condition,
attention deficit hyperactivity disorder
(ADHD), in associationwith different types,
severity, and timing of exposure to mater-
nal diabetes during pregnancy. We found
significant associations between maternal
T1D and T2D in pregnancy and ADHD risk
in children. For GDM, we found no associ-
ation overall with ADHD and, unlike ASD,
no association between gestational age
at diagnosis of GDM and ADHD risk. In-
stead, we found a significant association
between individuals with GDM receiving
antidiabetes medication treatment and
ADHD in children (50). The ADHD risk

hierarchy was individuals with T1D fol-
lowed by those with T2D and then those
with GDM receiving antidiabetes medica-
tion. Having GDM but not receiving anti-
diabetes medication is not associated
with ADHD risk (Fig. 3A). Our results sug-
gest that severity of maternal diabetes
(T1D vs.T2D vs. GDM requiring antidiabe-
tes medications) influences the risk of
ADHD in offspring. The similarity and dif-
ference between timing and severity of
diabetes on ASD and ADHD risk could rep-
resent both overlaps and differences in
the etiology of the two conditions.

Maternal Diabetes and Other
Childhood Health Outcomes
We also examined risks of asthma, de-
pression, and anxiety in children following
exposure to different types of diabetes
and timing of maternal diabetes during
pregnancy. For asthma, we found that
the risk of asthma was predominately ob-
served following exposure to maternal
preexisting T2D, the risk was small for in-
dividuals with GDM receiving medication,
and the risk was not increased for individ-
uals with GDM not receiving medication
among 97,554 singletons born at KPSC
between 2007 and 2011 (Fig. 3B) (51).
We did not assess the presence of preex-
isting T1D due to the small sample size.

For the association of depression and
anxiety with maternal diabetes, we found

that individuals with maternal preexisting
T1D, T2D, and GDM receiving medica-
tions were all significantly associated with
depression and anxiety from childhood to
young adulthood among 439,590 single-
tons born at KPSC between 1995 and
2015. There was no association with de-
pression and anxiety for individuals with
GDM who were not treated with antidia-
betes medication during pregnancy. The
significant associations were predomi-
nantly observed for offspring ages 5–12
and 13–18 years (52).

In summary, our large and multieth-
nic birth cohort studies show that dia-
betes during pregnancy can affect a
broad spectrum of short- and long-term
health outcomes in offspring. The hier-
archy of risk, from high to low, is preex-
isting T1D and T2D, followed by GDM
diagnosed early or GDM treated with
antidiabetes medications during preg-
nancy. Individuals with GDM that were
diagnosed late during gestation, or who
did not receive antidiabetes medica-
tions, did not increase these long-term
risks in their offspring. Our results sug-
gest that both the degree of glycemic
level and timing of exposure matter for
long-term offspring health (Fig. 4). Taken
together, our results support Freinkel’s
prescient proposal more than 40 years
ago that fuel-mediated teratogenesis
may manifest in many ways, including
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Figure 3—A: Crude cumulative incidence of ADHD and adjusted hazard ratios (HR) of ADHD following exposure to different types of diabetes, as
defined in the legend to Fig. 2A. Adapted with permission from Xiang et al. (50). B: Crude cumulative incidence and adjusted HR for asthma by
types of diabetes as defined in the legend to Fig. 2A. Adapted with permission fromMartinez et al. (51).
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behavioral, anthropometric, and meta-
bolic teratology (1).

FUTURE RESEARCH

Despite much progress over the past 40
years, many unknowns remain at the in-
tersection of diabetes and pregnancy.
Three areas where gains in knowledge
could have important implications for
the personal care of diabetes during
pregnancy should be highlighted. First,
we need to understand racial and eth-
nic differences in the pathophysiology
of GDM and subsequent diabetes devel-
opment, such that targeted approaches
specific to each racial and ethnic group
can be developed to mitigate the risk.
Second, more studies are needed to un-
derstand the relative contributions of
maternal factors such as obesity, weight
gain, hyperglycemia, and hyperlipidemia
(15) to perinatal and long-term risks in off-
spring of mothers with diabetes. Such
understanding could have important im-
plications for antenatal management to
mitigate risk. Third, much work is needed
to understand mechanisms, timing of expo-
sure, and severity of maternal diabetes that
predisposes to neurocognitive disorders in
children, so that clinical approaches to early
detection and treatment (53) can be devel-
oped and tested to help women at high risk
manage their glucose levels (54) to mini-
mize both short- and long-term impacts to
the offspring.
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