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Intrauterine exposure to metabolic dysfunction leads to
offspring metabolic dysfunction in human and rodent
models, but underlying mechanisms are unclear. The
mediobasal hypothalamus (MBH) is involved in energy
homeostasis and weight regulation, and MBH gliosis is
associatedwith obesity and insulin resistance. We tested
the hypothesis that offspring exposed to gestational dia-
betes mellitus (GDM) in utero versus those unexposed
would show evidence of MBH gliosis. Participants in the
BrainChild Study (age 7–11 years with confirmed GDM
exposure or no GDM exposure) underwent brain MRI to
acquire T2-weighted images. By using the amygdala (AMY)
and white matter (WM) as reference regions, MBH:AMY
and MBH:WM T2 signal ratios were calculated as a radio-
logic measure of MBH gliosis. Linear regressions were
used to examine associations between GDM exposure
(GDM overall) and by timing of GDM exposure (##26 weeks
or >26 weeks) and MBH gliosis. Associations between
prepregnancy BMI and child MBH gliosis were exam-
ined in secondary analyses. There were no differences
in T2 signal ratios in children exposed versus not ex-
posed to GDM overall, but children exposed to early
GDM (##26 weeks of gestation) had higher MBH:WM
signal ratios than those not exposed (b = 0.147; SE
0.06; P = 0.03), adjusting for child’s age, sex, and BMI
z score and maternal prepregnancy BMI, whereas no
associations were seen for the control ratio (AMY:WM).
Prepregnancy BMI was not associated with evidence
of MBH gliosis. Early exposure to GDM was associated
with radiologic evidence of MBH gliosis in children.
These data providemechanistic insight into brain pathways

bywhich exposure to GDMmay increase risk formetabolic
dysfunction.

Exposure to gestational diabetes (GDM) in utero increases
the risk for childhood obesity (1). Animal models have
demonstrated that maternal GDM increases offspring adi-
posity, metabolic dysfunction, and disordered feeding be-
haviors (2,3). Human studies have established associations
between maternal GDM in utero and reduced insulin sensi-
tivity at birth (4). Preclinical studies have suggested neural
mechanisms whereby maternal GDM might negatively im-
pact offspring health. In rodents, intrauterine exposure to
maternal GDM or obesity causes abnormal development of
hypothalamic circuitry and function, leading to obesity
later in life (5). Offspring of diabetic dams display abnor-
mally organized hypothalamic feeding pathways (6), and
offspring of dams with obesity demonstrate upregulation
of endoplasmic stress regulation genes and disruption of
the melanocortin circuits, resulting in neonatal leptin re-
sistance (7). In nonhuman primates, offspring of mothers
fed a high-fat diet while pregnant exhibit developmental
alterations in hypothalamic control of energy homeosta-
sis, as well as an increase in activated hypothalamic micro-
glia (8,9). In humans, children exposed to maternal GDM
by 26 weeks of gestation demonstrate greater orbitofrontal
cortex food cue reactivity, increased energy intake, and in-
creased waist-to-height ratios (10) as well as altered hypo-
thalamic response to glucose, predicting greater future
weight gain (11). These findings suggest that maternal
GDM alters tissue structure or composition in fetal brain,

1Department of Gynecology and Obstetrics, Emory University, Atlanta, GA
2Department of Medicine, University of Washington, Seattle, WA
3University of Southern California, Los Angeles, CA
4Kaiser Permanente Southern California Permanente Medical Group, Pasadena, CA

Corresponding authors: Suchitra Chandrasekaran, schan51@emory.edu, and
Kathleen A. Page, katie.page@usc.edu

Received 11 May 2022 and accepted 8 September 2022

This article contains supplementary material online at https://doi.org/10.2337/
figshare.21066211.

E.A.S. and K.A.P. were co-principal investigators for this study.

© 2022 by the American Diabetes Association. Readers may use this article
as long as the work is properly cited, the use is educational and not for
profit, and the work is not altered. More information is available at https://
www.diabetesjournals.org/journals/pages/license.

M
E
T
A
B
O
L
IS
M

2552 Diabetes Volume 71, December 2022

mailto:schan51@emory.edu
mailto:katie.page@usc.edu
https://doi.org/10.2337/figshare.21066211
https://doi.org/10.2337/figshare.21066211
https://www.diabetesjournals.org/journals/pages/license
https://www.diabetesjournals.org/journals/pages/license
http://crossmark.crossref.org/dialog/?doi=10.2337/db22-0448&domain=pdf&date_stamp=2022-11-08


specifically in the hypothalamus, with consequences for brain
function and risk for metabolic disorders.

The mediobasal hypothalamus (MBH) is a key region in
of the brain for regulation of energy balance. In animal mod-
els and humans, gliosis, or reactive inflammatory changes in
the glia, occur in the MBH and are associated with obesity
and insulin resistance (12–17). Hypothalamic gliosis can be
assessed by MRI (18,19) and is observed in children and
adults with obesity and type 2 diabetes (16,19,20). We ex-
amined associations between exposure to GDM diagnosed
at #26 or >26 weeks of gestation or no GDM exposure on
MBH gliosis in children aged 7–11 years. We hypothesized
that children exposed to GDM in utero would show evidence
of MBH gliosis compared with unexposed children. We also
examined whether maternal BMI is associated with MBH
gliosis.

RESEARCH DESIGN AND METHODS

Participants
The BrainChild Study is a prospective cohort study recruit-
ing healthy children between 7 and 11 years of age born
at Kaiser Permanente Southern California hospital with
documented exposure to maternal GDM or no GDM expo-
sure during the index pregnancy (11). Children who were
born to mothers with pre-DM, used medications known
to alter metabolism, or did not have a brain scan were
excluded (10).

Exposure
GDM diagnosis was confirmed from the electronic medical
record (EMR) on the basis of 1) plasma glucose$200 mg/dL
from a 50-g glucose challenge test or 2) two or more
elevated values on a 100-g or 75-g oral glucose toler-
ance test (fasting $95 mg/dL, 1 h $180 mg/dL, 2 h
$155 mg/dL, 3 h $140 mg/dL) (21). Gestational age at
GDM diagnosis was calculated using the date of the glucose
test result that met GDM diagnosis criteria, date of deliv-
ery, and gestational age at delivery per the EMR. Mothers’
prepregnancy BMI was calculated from documented mater-
nal height and weight measurements in the EMR obtained
closest to the date of their last menstrual period.

Neuroimaging Outcomes
After a 12-h overnight fast, T2-weighted, high-resolution
axial images were acquired (slice thickness 3.47 mm) on a
Siemens MAGNETOM Prisma Fit 3T MRI scanner with a
20-channel head coil. The slice of interest containing the
MBH was identified visually by both raters (S.C. and S.M.)
who were blinded to exposure of GDM versus no GDM.
Regions of interest (ROIs) were drawn and matched in vol-
ume to our previous ROIs using OsiriX MD 12.0.1 image
processing software. Once established, the same ROIs were
placed for all participants. Reference regions were placed in
the center of the amygdala (AMY) and in a homogenous
white matter (WM) area lateral and slightly posterior to
the AMY on the same slice. The MBH ROI was placed

adjacent to the third ventricle (medially) and anteriorly at
the optic chiasm split to encompass the arcuate nucleus. All
ROIs were placed manually by two raters, a subset (n = 40)
was used to assess interrater reliability (interclass correla-
tions were 98% for left and right AMY, 97% left WM, 87%
right WM, and 90% and 93% for left and right MBH, re-
spectively; all P < 0.0001).

T2 signal ratios were calculated as the bilateral mean
from left and right T2 signal ratios and included MBH:AMY
and MBH:WM (ratios of interest) and AMY:WM (control ra-
tio). The MBH T2 signal was measured through two T2 sig-
nal ratios: MBH:AMY, a gray matter (AMY) reference, and
MBH:WM, a white matter (WM) reference, which would be
informative if gray matter changes were widespread (19).
Higher MBH:AMY or MBH:WM T2 signal ratios indicate
higher MBH T2 signal, correlating with the extent of gliosis
on histology (13,19,22). Previously, we have evaluated MBH
T2 signal through T2 signal ratios (19).

Statistical Analysis
Linear regression models were used to examine relation-
ships between exposure to GDM and evidence of MBH
gliosis on the basis of the T2 signal ratio. The initial
model was unadjusted (model 0), then adjusted for the
child’s age and sex (model 1), followed by maternal pre-
pregnancy BMI (model 2), and finally by the child’s BMI
z score (model 3). As >90% of children were prepubertal,
we did not control for puberty status in the models. GDM
exposure was modeled in two ways: 1) yes or no exposure
to GDM and 2) GDM diagnosed at #26 weeks of gesta-
tion (GDM #26 group), GDM diagnosed at >26 weeks
of gestation (GDM >26 group), and no GDM (no GDM
group). These temporal cutoff values for GDM were based
on previous studies from our group showing associations
between GDM #26 and altered hypothalamic function and
eating behavior (10,11).

We also explored associations between maternal prepreg-
nancy BMI and childhood MBH gliosis, adjusting for covari-
ates as noted above for models 0 and 1 and adjusting for
GDM exposure (model 2) and then GDM and the child’s
BMI z score (model 3). Maternal prepregnancy BMI was
modeled as a continuous variable (scaled in units of 5). All
analyses were performed using SAS 9.4 statistical software
(SAS Institute, Cary, NC).

Data and Resource Availability
Data and resources are available upon request.

RESULTS

Participant Characteristics
A total of 159 children were enrolled, of whom 122 had
usable MRI data and were included in the analyses. De-
mographic data by group are presented in Table 1, and
mean MBH:AMY, MBH:WM, and AMY:WM T2 signal ra-
tios are shown in Table 2.
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In Utero Exposure to GDM and Childhood MBH
Gliosis
There were no significant differences in mean MBH:AMY or
MBH:WM T2 signal ratios between the GDM and no GDM
groups (Supplementary Table 1). Considering the GDM #26
and GDM >26 groups versus the no GDM group, all models
demonstrated significantly higher MBH:WM T2 signal ratios
in the GDM #26 group compared with the no GDM group,
and strong trends were seen for the MBH:AMY T2 signal ra-
tio measure (Table 3). Figure 1 depicts the magnitudes, 95%
CIs, and significance of differences in adjusted b-coefficients
(model 3) among the three groups, demonstrating higher
MBH:AMY and MBH:WM T2 signal ratios only in the GDM
#26 group.

In Utero Exposure to Prepregnancy BMI and
Childhood MBH Gliosis
Exploratory analyses between maternal prepregnancy BMI
in 5-unit increments and offspring MBH gliosis showed
that prepregnancy BMI was not associated with higher T2
signal ratios for MBH:AMY or MBH:WM in unadjusted or
adjusted models (Supplementary Table 2).

DISCUSSION

With the use of MRI, we demonstrated that early intra-
uterine exposure to GDM was associated with higher MBH
T2 signal ratios in 7–11-year-old offspring, a finding that
was maintained even when controlling for potential con-
founders. Higher T2 signal intensity is a radiologic marker
of gliosis (18,19), and findings were limited to the MBH re-
gion. We found statistically significant associations using
the MBH:WM T2 signal ratio and strong positive trends
using the MBH:AMY ratio, whereas control AMY:WM ra-
tios did not differ by GDM exposure in any model. Thus,
early exposure to GDM may promote MBH gliosis in
childhood.

Gliosis is the pathognomonic cellular response of central
nervous system tissue to injury and involves infiltration and
activation of microglia and astrocytes. T2 signal changes in
the MBH were initially correlated with histologically verified
measures of reactive gliosis in mice exposed to a high-fat
diet (18) and subsequently verified in humans through cor-
relating histopathologic presence of MBH gliosis in postmor-
tem human brains with MRI measures of T2 signal in the
MBH (19). Using MRI, MBH gliosis has been found to be as-
sociated with obesity and insulin resistance in nonpregnant

Table 1—Demographic data
No GDM group

(n = 51)
GDM >26 group

(n = 47)
GDM #26 group

(n = 24)
Total

(N = 122)

Maternal prepregnancy BMI, n (%)
Normal (<25 kg/m2) 11 (21.6) 14 (29.8) 2 (8.3) 27 (22.1)
Overweight ($25 and <30 kg/m2) 14 (27.5) 20 (42.6) 5 (20.8) 39 (32)
Obesity ($30 kg/m2) 26 (51) 13 (27.7) 17 (70.8) 56 (45.9)

Age (years), mean (SD) 9.0 (1.14) 8.7 (1.15) 8.6 (1.31) 8.8 (1.17)

Sex, n (%)
Male 24 (47.1) 18 (38.3) 10 (41.7) 52 (42.6)
Female 27 (52.9) 29 (61.7) 14 (58.3) 70 (57.4)

Tanner staging, n (%)
1 44 (86.3) 38 (80.9) 20 (83.3) 102 (83.6)
2 4 (7.8) 6 (12.8) 4 (16.7) 14 (11.5)
3 2 (3.9) 2 (4.3) 0 (0) 4 (3.3)
4 1 (2) 1 (2.1) 0 (0) 2 (1.6)

BMI (kg/m2), mean (SD) 19.3 (3.70) 20.2 (5.52) 19.4 (4.12) 19.7 (4.55)

BMI z score, mean (SD) 0.8 (1.02) 0.9 (1.31) 0.9 (0.96) 0.9 (1.12)

Body fat (%), mean (SD) 25.0 (8.07) 27.1 (11.05) 25.9 (8.13) 26.0 (9.32)

Waist-to-hip ratio, mean (SD) 0.9 (0.06) 0.9 (0.06) 0.9 (0.06) 0.9 (0.06)

Table 2—T2 signal ratios
Mean (95%CI)

T2 signal ratio GDM #26 group (n = 24) GDM >26 group (n = 47) No GDM group (n = 51)

MBH:AMY 1.25 (1.18–1.32) 1.18 (1.14–1.23) 1.19 (1.15–1.22)

MBH:WM 2.25 (2.11–2.38) 2.13 (2.06–2.20) 2.11 (2.05–2.18)

AMY:WM 1.80 (1.75–1.86) 1.80 (1.77–1.84) 1.78 (1.75–1.81)

Higher MBH:AMY or MBH:WM T2 signal ratios signify evidence of gliosis.
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adults and children (13,15,20). In children, radiologic evi-
dence of MBH gliosis is positively associated with BMI
z score and predicts adiposity gain in overweight children at
risk for obesity (23). Moreover, MBH gliosis predicts worsen-
ing insulin sensitivity in adults (15). These previous studies
imply that the current findings of MBH gliosis in children ex-
posed to GDM in utero could be related to a subsequent in-
creased risk for metabolic disease.

The current findings were limited to children exposed to
GDM early in pregnancy, suggesting that early exposure to
GDM may be a critical factor driving the observed structural
changes in the MBH of offspring. Clinically speaking, GDM
diagnosis typically occurs between 24 and 28 weeks of
gestation based on American College of Obstetricians
and Gynecologists guidelines. That differences were seen

between groups segregated at 26 weeks of gestation sug-
gests that earlier exposure to glucose dysregulation has a
different downstream impact on offspring versus a later
exposure. We cannot distinguish whether a greater sever-
ity and/or timing of hyperglycemia in the early exposure
group contributed to the offspring outcomes. Moreover,
other gestational age cutoff values should be investigated to
understand underlying implications that timing and severity
of maternal glucose dysregulation poses upon offspring.

We recently reported findings from the BrainChild Study
showing that children exposed to GDM before 26 weeks of
gestation had increased hypothalamic blood flow (a marker
of hypothalamic activation) in response to glucose that pre-
dicted greater future weight gain (11). Our current data
demonstrate that children exposed to GDM in early gesta-
tion also have structural changes in tissue composition of
the hypothalamus. Therefore, structural changes in the hy-
pothalamus may underlie functional changes in the hypo-
thalamic response to oral glucose observed in these same
children; longitudinal studies are necessary to determine
temporal relationships. Collectively, these findings provide
evidence that both structural and functional components of
the hypothalamus are altered after early maternal GDM expo-
sure, strengthening the argument that exposure to glucose
dysregulation during early gestation may affect long-term off-
spring metabolic health through effects on the development
of neural circuits regulating energy balance.

Maternal obesity is also associated with metabolic abnor-
malities in offspring (2). In the current study, no relation-
ships were found between maternal prepregnancy BMI and
childhood MBH gliosis. These findings suggest that maternal
obesity alone may not be the driver of subsequent MBH
gliosis but may be acting in concert with glucose dysregula-
tion and/or postnatal environmental factors.

Table 3—Comparisons in T2 signal ratios between the GDM #26 and GDM >26 groups versus the no GDM group
GDM #26 group GDM >26 group

Ratio and model b-Coefficient (SE) P b-Coefficient (SE) P

MBH:AMY
0 0.0626 (0.0338) 0.07*** �0.0044 (0.0276) 0.89
1 0.0641 (0.0342) 0.06*** �0.0042 (0.0279) 0.88
2 0.0707 (0.036) 0.05*** �0.0055 (0.0281) 0.84
3 0.0715 (0.0364) 0.05*** �0.0058 (0.0288) 0.84

MBH:WM
0 0.1337 (0.0634) 0.04 0.014 (0.0518) 0.79
1 0.1384 (0.0642) 0.03 0.0167 (0.0525) 0.75
2 0.1508 (0.0679) 0.03 0.141 (0.0528) 0.79
3 0.1477 (0.0683) 0.03 0.0153 (0.053) 0.77

AMY:WM
0 0.0187 (0.0311) 0.55 0.0227 (0.0254) 0.37
1 0.021 (0.0313) 0.50 0.0258 (0.0256) 0.32
2 0.02 (0.0332) 0.55 0.026 (0.0258) 0.32
3 0.0164 (0.0332) 0.62 0.0273 (0.0257) 0.29

Model 0, no adjustment; model 1, adjusted for child’s age and sex; model 2: adjusted for child’s age and sex and maternal pre-
pregnancy BMI; model 3, adjusted for child’s age and sex, maternal prepregnancy BMI, and child’s BMI z score. Reference: no
GDM group. ***P < 0.05; value shows a trend toward significance.

Figure 1—b-Coefficients between the GDM #26 (�) and GDM >26
(�) groups compared with the no GDM group (NOGDM). All models
were adjusted for child age, child BMI z score, child sex, and maternal
prepregnancy BMI. *P< 0.05, **P = 0.05. Ref, reference.
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Our study strengths include the ability to associate a
quantifiable measure (MRI T2 signal ratios) in children
with maternal pregnancy data documented in the EMR.
As all women received prenatal care in the same system,
testing for GDM was uniform for the group, strengthen-
ing exposure quality. However, other factors that could
contribute to our findings include genetics, maternal ges-
tational diet, and/or the child’s diet and lifestyle. Dietary
exposures (both maternal and child) deserve further study,
as data in nonhuman primates have demonstrated an asso-
ciation with maternal high-fat diet and offspring brain re-
sponse to glucose (9). However, since we demonstrated
MBH gliosis in offspring aged 7–11 years only among
those with early intrauterine exposure to glucose dysregula-
tion, this suggests that glucose effects supersede prenatal
and early-life dietary factors. Finally, while previous data
supporting increased T2 signal is associated with gliosis
(18,19), T2 signal ratios are an indirect measure of gliosis.

In conclusion, our findings suggest that exposure to in
utero GDM #26 weeks of gestation, is associated with
higher T2 signal ratios in the MBH in childhood. Our study
provides mechanistic insight into potential pathways by
which exposure to GDM in utero may increase risks for
long-term metabolic disease in offspring through an effect
on the brain. Mechanisms whereby gliosis is stimulated in
the setting of GDM and alternative pathways (e.g., insulin
signaling, effects on gut microbiome) deserve further inves-
tigation, likely in preclinical studies. Finally, future human
studies should include detailed maternal pregnancy dietary
data, early childhood lifestyle data, and longitudinal follow-
up to further elucidate the effects of the intrauterine envi-
ronment on offspring hypothalamic gliosis and its role in
metabolic disease development in childhood and beyond.
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