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Developmental Programming
by Maternal Insulin Resistance:
Hyperinsulinemia, Glucose
Intolerance, and Dysregulated
Lipid Metabolism in Male
Offspring of Insulin-Resistant
Mice

Maternal obesity and gestational diabetes mellitus
(GDM) are associated with obesity and diabetes risk in
offspring. We tested whether maternal insulin
resistance, which frequently coexists with GDM and
obesity, could independently contribute to
dysregulation of offspring metabolism. Female mice
haploinsufficient for insulin receptor substrate-1
(IRS1-het) are hyperinsulinemic and insulin resistant
during pregnancy, despite normal plasma glucose and
body weight, and thus serve as a model of isolated
maternal insulin resistance. Wild-type (WT) offspring
of IRS1-het dams insulin resistance-exposed [IR-
exposed] were compared with WT offspring of WT
dams. Despite no differences in adiposity, male IR-
exposed pups were glucose intolerant (P = 0.04)
and hyperinsulinemic (1.3-fold increase, P = 0.02) by
1 month of age and developed progressive fasting
hyperglycemia. Moreover, male IR-exposed pups
challenged with high-fat diet exhibited insulin
resistance. Liver lipidomic analysis of 3-week-old
IR-exposed males revealed increases in the 16:1n7

fraction of several lipid classes, suggesting
increased Scd1 activity. By 6 months of age, IR-
exposed males had increased lipid accumulation in
liver as well as increased plasma refed fatty acids,
consistent with disrupted lipid metabolism. Our
results indicate that isolated maternal insulin
resistance, even in the absence of hyperglycemia or
obesity, can promote metabolic perturbations in
male offspring.
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The prenatal environment is increasingly recognized as
a risk factor for chronic disease in offspring (1). Early
life undernutrition, overnutrition, or dysregulated me-
tabolism during critical developmental windows may
increase disease risk (2). For example, gestational di-
abetes mellitus (GDM), excessive gestational weight
gain, and maternal obesity (3–5) are all associated with
increased risk of obesity and/or glucose intolerance in
offspring.
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In human studies, dissecting the relative con-
tributions of genetics, diet, and the maternal metabolic
environment (e.g., glucose, lipids, insulin resistance, and
other hormones) to offspring phenotypes is challenging,
given that these factors often coexist. Several groups
have controlled for shared genetics by comparing siblings
discordant for maternal GDM (6,7) or siblings born be-
fore versus after maternal bariatric surgery (8); individ-
uals exposed to a diabetic or “obese” prenatal
environment are at greater risk for obesity and diabetes
than unexposed siblings, suggesting that maternal-to-
child transmission of metabolic disease is not solely
explained by shared genetics. Experimental models pro-
vide an opportunity to assess how specific features of the
maternal environment contribute to offspring disease.
Maternal hyperglycemia due to b-cell dysfunction
increases risk of glucose intolerance in offspring (9,10).
Similarly, high-fat feeding during pregnancy is associated
with offspring obesity and glucose intolerance (11), in-
flammation (12), altered hypothalamic signaling (13),
and hepatic lipogenesis (14). However, high-fat diet not
only promotes maternal obesity but also alters glycemia,
insulin sensitivity, inflammation, gut flora, and other
aspects of systemic metabolism, so that the primary
driver of offspring risk remains unclear.

Insulin resistance is one potential mediator, as it is
common to GDM (15), excessive gestational weight gain
(16), obesity (17), and high-fat feeding (18). However,
the contribution of isolated maternal insulin resistance,
without hyperglycemia or obesity, has not been exten-
sively studied. In one report, maternal insulin resistance
was associated with subtle changes in orexigenic signal-
ing and glucose homeostasis in offspring mice (19).
Whether maternal insulin resistance contributes to dys-
metabolism in offspring is a key question given recent
epidemic increases in T2DM and metabolic syndrome
(20). Importantly for public health, risk factor modifi-
cation during pregnancy may be easier to implement and
has the potential to prevent disease not only in mothers
but also in their children.

To test whether isolated maternal insulin resistance
during pregnancy increases metabolic risk in offspring,
we used a mouse model of genetic insulin resistance. We
hypothesized that prenatal exposure to insulin resistance
confers increased risk for metabolic perturbations in
offspring. Mice haploinsufficient for insulin receptor
substrate-1 (IRS1-het) have normal body weight, length,
and fasting glycemia but develop fasting hyper-
insulinemia and insulin resistance by 2 months of age
due to a 60% reduction in IRS-1 (21–23). During preg-
nancy, IRS1-het females are normoglycemic but insulin
resistant. Wild-type (WT) male offspring of IRS1-het
females developed glucose intolerance, hyperinsulinemia,
and altered lipid metabolism. Our results indicate that
isolated maternal insulin resistance, in the absence of
hyperglycemia or obesity, can promote metabolic disease
in male offspring.

RESEARCH DESIGN AND METHODS

Animal Model

Female IRS1-het mice were bred to WT C57Bl/6J males.
WT offspring of these breedings are termed “insulin
resistance-exposed (IR-exposed).”WT offspring of C57Bl/6J
pairs served as controls. All mice were bred beginning at
8 weeks of age and cohoused until pregnancy was detected.
This strategy yielded an age window of 8–15 weeks for
mothers, an interval during which plasma glucose is stable.
To minimize potential intergenerational transmission of
metabolic phenotypes via the female lineage, the colony
was maintained through WT-female and IRS1-het male
matings; IRS1-het dams used for experimental matings
were offspring of WT females and IRS1-het males. Litter
size was normalized to between five and six at birth. Mice
were genotyped by PCR (21). Experimental data presented
in this article were obtained from 86 independent
pregnancies. Multiple cohorts of mice were bred over
several years; some cohorts were dedicated primarily to
characterizing maternal and fetal phenotypes, whereas
others were focused on postnatal phenotypes. Data on
maternal characteristics during pregnancy represent
57 independent pregnancies (n = 28 WT and n = 29
IRS1-het); data on offspring phenotypes represent 29
independent pregnancies (16 control and 13 IR-exposed
litters). Due to the potential stress of metabolic assess-
ments (e.g., blood sampling, dual-energy X-ray absorptio-
metry, and insulin tolerance), we did not study the
offspring of dams undergoing metabolic testing during
pregnancy. For all experiments, multiple litters were an-
alyzed (range 2–16 litters per group, indicated in figure
legends). Initial experiments were performed in offspring
of both sexes, but subsequent studies were performed in
males after finding that they were more severely affected
than females. Data presented in this article are for
male offspring only. Fertility and lactation capacity are
normal in IRS1-het dams (24). Pups were weaned to either
standard chow (Laboratory Diets 5020) or high-fat, high-
sucrose (HFHS) diet containing 58% fat and 25% carbo-
hydrate (% kcal; D12331; Research Diets, New Brunswick,
NJ) (25) at 3 weeks of age. Animals were housed in an
Office of Laboratory Animal Welfare-approved facility
with a 12-h light-dark cycle. All protocols were approved
by Joslin Institutional Animal Care and Use Committee.

Metabolic Assessments

Body composition was measured using dual-energy X-ray
absorptiometry (GE Lunar, Joslin Physiology Core).
Resting energy expenditure, VO2, VCO2, food intake, and
activity were measured in metabolic cages (CLAMS,
Columbus OH). Glucose and insulin tolerance were
assessed by intraperitoneal glucose tolerance test (IP-GTT,
1 or 2 g/kg glucose, as indicated), oral GTT (2 g/kg glucose
via gavage, males only), or intraperitoneal insulin toler-
ance test (IP-ITT, 1 unit/kg Humulin R; Eli Lilly and
Company). Pyruvate tolerance (pyruvate tolerance test)
was assessed in males after intraperitoneal injection
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(1.5 g/kg). GTT and pyruvate tolerance test were per-
formed after a 16-h fast; ITT was performed 2 h after
food removal. Commercial kits were used to measure
plasma insulin (Crystal Chem 90080), adipokines
(Millipore MADPK-71K), and nonesterified fatty acids
(WAKO Diagnostics). Plasma metabolites were assayed
using liquid chromatography–mass spectroscopy
(Metabolon, Inc.), and liver lipids were analyzed by liquid
chromatography separation of lipid classes followed by
gas chromatography-flame ionization detector quantifi-
cation of fatty acid composition (Lipomics, Inc., for
3-week samples; Vanderbilt Mouse Metabolic Phenotyp-
ing Center for 6-month samples). Liver triglycerides were
measured in chloroform-methanol extracts using a col-
orimetric assay (Cayman Chemical).

Histology

Liver and gonadal fat were dissected, fixed in 10% forma-
lin, paraffin embedded, and stained with hematoxylin and
eosin (Harvard University Rodent Histopathology Core).

Real-Time PCR

RNA was isolated from liver and adipose (Trizol; Life
Technologies, Grand Island, NY) for cDNA synthesis (ABI
High Capacity cDNA Reverse Transcription Kit, Carlsbad,
CA) and quantitative real-time PCR (ABI SYBRGreen
Mastermix and 7900HT Thermocycler). Values were
normalized to a housekeeping gene, as indicated. See
Supplementary Table 2 for primer sequences.

Statistics

Data are expressed as mean 6 SEM. Between-group
comparisons were analyzed using two-sided unpaired
Student t test (Microsoft Excel); P, 0.05 was considered
significant. Time-dependent tests (e.g., GTT and ITT)
were additionally analyzed using glucose area under the
curve (AUC), calculated using trapezoidal integration,
and repeated measures ANOVA (Statview; SAS Institute,
Cary, NC), shown in legends. False discovery rates for
metabolomic and lipidomic data sets were calculated us-
ing Q-value software (http://genomics.princeton.edu/
storeylab/qvalue/) (26).

RESULTS

IRS1-het Females Are Insulin Resistant During
Pregnancy

To assess whether prenatal exposure to insulin resistance
increases susceptibility to metabolic disease in offspring,
we bred IRS1-het female mice with WT C57Bl/6J males
and bred WT pairs as controls (Fig. 1A). Random-fed
blood glucose was similar between control and IRS1-het
females on both pregnancy days 16.5 (control, 114 6 11;
IRS1-het, 120 6 7 mg/dL; P = 0.64) (Fig. 1B) and 18.5
(control, 121 6 13; IRS1-het, 126 6 12 mg/dL; P = 0.82)
(Table 1). On day 16.5, IRS1-het females were insulin
resistant, as indicated by a 2.4-fold increase in plasma
insulin (control, 1.3 6 0.2; IRS1-het, 3.1 6 0.4 ng/mL;
P = 0.004) (Fig. 1C) and significantly impaired insulin

tolerance (AUC P = 0.04) (Fig. 1D). Insulin resistance in
IRS1-het dams was not accompanied by obesity, with
similar body weight as controls at breeding (control,
21.7 6 0.8; IRS1-het, 20.9 6 0.4 g; P = 0.44). Despite
similar litter size (control, 8.0 6 0.4; IRS1-het, 8.9 6
0.5; P = 0.21), IRS1-het females weighed less by day 18.5
of pregnancy (control, 37.3 6 0.9; IRS1-het, 34.3 6 0.6 g;
P = 0.02) and had slightly lower adiposity, with reduced
subcutaneous adipose (control, 0.40 6 0.02; IRS1-het,
0.32 6 0.02 g; P = 0.003) and a trend for reduced go-
nadal fat (control, 0.36 6 0.07; IRS1-het, 0.22 6 0.03 g;
P = 0.08) (Table 1). Thus, IRS1-het females provide
a model of insulin resistance during pregnancy without
confounding by obesity or hyperglycemia.

Male Offspring of Insulin-Resistant Mothers Have
Similar Body Weight as Controls, Even With
Obesogenic Diet

Birth weight did not differ in male offspring exposed to
maternal insulin resistance (IR-exp) (control, 1.32 6
0.02; IR-exp, 1.35 6 0.04 g; P = 0.46). Male IR-exposed
and control offspring had similar early postnatal weight
trajectories (0–4 weeks) (Fig. 2A) and body weights from
1 to 6 months (Fig. 2B). Moreover, prenatal exposure to
insulin resistance did not influence the weight of in-
dividual adipose and muscle depots (Fig. 2D), food in-
take, activity, or VO2 in male mice (Fig. 2E–G).

We next tested whether prenatal exposure to insulin
resistance predisposes to diet-induced obesity by
weaning offspring to an HFHS diet. In this cohort,
presumably due to intercohort variability, IR-exposed
males treated with HFHS diet were heavier at 3 weeks of
age (control, 10.4 6 0.4; IR-exp, 12.3 6 0.6 g; P = 0.03);
thus, data are presented as change in body weight after
HFHS diet introduction. We observed a transient accel-
eration in weight gain in IR-exp males from weeks 3 to 5
of diet exposure, but weight gain was similar beyond
7 weeks (Fig. 2C). IR-exp males fed an HFHS diet had
similar adipose mass, metabolic rate, food intake, and
activity as controls (Supplementary Fig. 1A–E).

Impaired Glucose Tolerance in Male IR-Exposed
Offspring

To test whether maternal insulin resistance alters off-
spring glucose homeostasis, we performed IP-GTT at
1 month of age. Glucose tolerance was significantly im-
paired in IR-exposed males (P[AUC] = 0.04) (Fig. 3A).
Fasting insulin levels were significantly increased in
IR-exposed males at 1 month of age (control, 0.556 0.02;
IR-exp, 0.70 6 0.05 ng/mL; P = 0.02) (Fig. 3B), despite no
differences in fasting glucose.

By 5 months, IR-exp males had significant increases
in both fasting glucose (control, 128 6 5; IR-exp,
147 6 5 mg/dL; P = 0.02) and insulin (control,
0.67 6 0.22; IR-exp, 1.03 6 0.11 ng/mL; P = 0.02)
(Fig. 3C and D). Despite similar glucose 4 h after refeed-
ing, refed plasma insulin tended to be higher in IR-exposed
offspring (control, 1.7 6 0.2; IR-exp, 3.1 6 0.5 ng/mL;
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P = 0.05) (Fig. 3D). At 5 months, IP-GTT was similar
between IR-exposed males and controls (Fig. 3E). Given
the differences in refed insulin levels, we assessed oral
glucose tolerance in 5.5-month-old males. IR-exposed
males had similar responses to glucose gavage as con-
trols, although the glycemic response differed slightly,
with an earlier peak in IR-exposed males (Fig. 3F).
Fasting and 30-min postgavage insulin levels were similar
(not shown).

Insulin Resistance in Male IR-Exposed Offspring
Exposed to Obesogenic Diet

Hyperinsulinemia in both the fasting and refed states
(Fig. 3B and D) in IR-exposed offspring may reflect sys-
temic insulin resistance. We therefore assessed insulin
sensitivity with insulin tolerance tests. On chow, glyce-
mic responses to insulin did not differ in IR-exposed
offspring aged 4 months (Fig. 4A). By contrast, when

challenged with an HFHS diet, 2-month-old IR-exposed
offspring had impaired glycemic responses to insulin,
consistent with insulin resistance (P[AUC] = 0.02) (Fig.
4B). Since hepatic insulin resistance can be associated
with increased gluconeogenesis, we tested glycemic
responses to pyruvate but did not find any significant
differences at either 4 or 7 months (not shown).

Differences in adipose distribution, mass, and func-
tion can contribute to systemic insulin resistance. We
observed no differences in adipocyte size or morphology
as a function of prenatal exposure to insulin resistance in
chow-fed males (Fig. 5A). We next assessed the expres-
sion of differentiation-associated genes, finding a 40%
reduction in expression of the adipogenesis regulator
C/EBPa (P = 0.02), yet no differences in expression of
either peroxisome proliferator–activated receptor g
(PPARg) or the late differentiation markers AP2 and
GLUT4 (Fig. 5B). To assess adipose inflammatory

Figure 1—Model of in utero exposure to maternal insulin resistance. A: Schematic model of gestational insulin resistance. B: Maternal
blood glucose, E16.5. n = 4–5 per group. C: Maternal plasma insulin, E16.5. n = 4–5 per group. **P = 0.004. D: Glycemic response during
IP-ITT, pregnancy day 16.5. n = 6 per group. IRS1 het, black circles and solid line; WT, open circles and dashed line. *P = 0.04 for AUC; P =
0.06 for repeated measures ANOVA. E: Experimental time line for physiological assessments in offspring mice. HFD, high-fat diet; o-GTT,
oral GTT.
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phenotypes, we measured expression of macrophage
markers and cytokines in the stromal vascular fraction of
gonadal fat and found a 30% reduction in the expression
of tumor necrosis factor-a (TNF-a) (P = 0.049) in
IR-exposed offspring but no differences in F4/80, in-
terleukin 1b (IL-1b), IL-10, IL-6, monocyte chemo-
attractant protein 1 (MCP-1), plasminogen activator
inhibitor 1 (PAI-1), or TLR4 (Fig. 5C). We similarly saw
no differences in the expression of genes commonly al-
tered in proinflammatory states in isolated adipocytes,
but expression of the anti-inflammatory cytokine IL-10
was increased approximately twofold in IR-exposed off-
spring (P = 0.04) (Fig. 5D). We detected no differences in
plasma IL-6, TNF-a, MCP-1, or PAI-1 (not shown).
However, plasma adiponectin levels were increased al-
most threefold in male IR-exposed offspring 6 months of
age (control, 23.3 6 6.3; IR-exp, 67.0 6 6.4 ng/mL; P =
0.0002) (Fig. 5E). Adiponectin mRNA expression, how-
ever, was not altered in isolated adipocytes (Fig. 5F),
suggesting that increased plasma adiponectin results
from posttranscriptional regulation. Moreover, we
detected no differences in plasma adiponectin or adipo-
nectin mRNA in early life (3–4 weeks) (Supplementary
Fig. 3), suggesting that the prenatal environment may
interact with aging to increase plasma adiponectin in
6-month-old IR-exposed males.

Prenatal Exposure to Insulin Resistance Alters Lipid
Metabolism

To assess whether hyperinsulinemia in male offspring
exposed to maternal insulin resistance is associated with
increased lipid accumulation, we analyzed liver lipids in
both young (3 weeks) and adult (6 months) males. Young
IR-exposed mice had increases across a range of lipids: of
18 species altered (P , 0.05), 10 were increased by
.20%, whereas only 5 were reduced by .20% in liver
(Fig. 6A). The concentration of 16:1n7 was increased in

several lipid classes, including TAG16:1n7, DG16:1n7,
FFA16:1n7, LPC16:1n7, PC16:1n7, and PE16:1n7 (in-
creased by 104%, P = 0.047; 140%, P = 0.001; 79%,
P = 0.002; 59%, P = 0.045; 37%, P = 0.005; and 51%, P =
0.001, respectively) (Fig. 6B), potentially consistent with
increased Scd1 activity. Twenty seven of 44 measured
triglyceride species were increased by .50% in IR-exp
offspring, whereas none were decreased by .50%. These
patterns were attenuated by 6 months, at which point,
liver content of several lipid species was reduced in
IR-exposed offspring (Fig. 6C), including several phos-
pholipids (20:5, 22:5n3, and 22:6) reduced by .20%
(P , 0.05). However, liver content of triglyceride species
tended to be elevated in IR-exposed offspring at
6 months (Fig. 6C). Total liver triglyceride content assessed
by chloroform/methanol extraction also tended to be
higher (control, 0.022 6 0.003; IR-exp, 0.028 6 0.003
mg TAG/mg liver; P = 0.15), and liver histology demon-
strated more prominent lipid droplets in IR-exposed
offspring than in controls (Fig. 6D). Moreover, IR-
exposed offspring (5 months of age) had higher plasma
fatty acids after refeeding (control, 0.60 6 0.07; IR-exp,
0.78 6 0.06 mmol/L; P = 0.05) (Fig. 6E). Together, these
data suggest that prenatal exposure to insulin resistance
may contribute to altered lipid metabolism in offspring.

Metabolomic Profiling: Lipids and Branched-Chain
Amino Acids as Potential Mediators of Developmental
Programming by Maternal Insulin Resistance

Because insulin does not cross the placenta, we sought to
identify potential maternally derived mediators of risk
associated with prenatal exposure to insulin resistance by
analyzing plasma from IRS1-het versus WT pregnant
dams. Although adipokines have been implicated in both
insulin resistance and developmental programming (27),
we found no differences in plasma adiponectin, leptin,
IL-6, TNF-a, MCP-1, PAI-1, and resistin in pregnant

Table 1—Maternal characteristics during pregnancy, day 18.5

WT (n = 9) IRS1-het (n = 9) P value

Prepregnancy weight (g) 21.7 6 0.8 20.9 6 0.4 0.44

Weight on day 18.5 (g) 37.3 6 0.9 34.3 6 0.6 0.02

Weight gain (g) 15.6 6 1.1 13.4 6 0.9 0.14

Blood glucose (mg/dL) 121 6 13 126 6 12 0.82

Liver weight (g) 1.61 6 0.09 1.42 6 0.06 0.09

Gonadal fat mass (g) 0.36 6 0.07 0.22 6 0.03 0.08

Flank subcutaneous depot weight (g) 0.40 6 0.02 0.32 6 0.02 0.003

Gonadal fat mass (% body weight) 0.97 6 0.19 0.64 6 0.09 0.15

Flank subcutaneous depot mass (% body weight) 1.08 6 0.05 0.81 6 0.12 0.06

Sum of hindlimb muscles (g) 0.29 6 0.01 0.28 6 0.02 0.53

Hindlimb muscle mass (% body weight) 0.78 6 0.02 0.81 6 0.07 0.74

Litter size 8.0 6 0.4 8.9 6 0.5 0.21
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IRS1-het females versus controls (Supplementary Table
1), suggesting these adipokines are unlikely effectors of
risk in our model. We thus used a metabolomic approach
to identify metabolic intermediates, nutrients, and small
molecules differing between pregnant IRS1-het females
and WT controls. IRS1-het females had increases in
glycerol and glycerol-3-phosphate and alterations in
several glycerolipids, consistent with either increased li-
polysis or lipid turnover (Table 2A). Interestingly,
1-stearoylglycerol (18:0-glycerol) was the top-ranking
metabolite increased in IRS1-het females (64% increase,
P = 0.024), whereas its monounsaturated counterpart
1-oleoylglycerol (18:1n9-glycerol) was the top-ranking
decreased metabolite (49% reduction, P = 0.005). These
patterns are potentially consistent with reduced desa-
turase activity or with differences in de novo synthesis of

fatty acids in insulin-resistant dams. Moreover, uric acid
was increased 1.5-fold in IRS1-het females (P = 0.024).
Two branched chain amino acid (BCAA) metabolites,
ketoleucine and N-acetylleucine, were significantly cor-
related with maternal plasma insulin (R = 0.59, P = 0.01;
R = 0.52, P = 0.03, respectively) (Table 2B).

We did not detect any differences in fetal levels of
insulin, glucose, and fatty acids between IR-exposed mice
and controls at E18.5 (Supplementary Fig. 2A–C).

DISCUSSION

Although population studies and experimental models
indicate that maternal obesity and diabetes increase risk
of obesity and glucose intolerance in offspring, the
mechanisms underlying such associations remain un-
clear. Maternal insulin resistance is a feature of both

Figure 2—Weight trajectories in male offspring exposed to maternal insulin resistance are comparable to controls. A: Early postnatal
growth, males. n = 18–40 pups per group, representing 10–16 litters per group. B: Growth curve from 4–24 weeks on chow diet, males. n =
5–15 pups per group, representing 3–6 litters per group. C: Weight change on HFHS diet (starting at age 3 weeks), expressed as change
from baseline weight, males. n = 7 per group, representing four litters per group. *P< 0.05. D: Dissected tissue weights, males, chow diet,
aged 6 months. n = 8–9 per group, representing three litters per group. BAT, interscapular brown adipose tissue depot; GF, gonadal fat;
PR, perirenal fat depot; SQ, flank subcutaneous adipose depot; total WAT, sum of GF, SQ, and PR depot mass; WAT, white adipose
tissue. All P > 0.05. E: Food intake per 24 h during light and dark cycle, males, chow diet, aged 3 months. n = 8–9 per group, representing
three litters per group. All P > 0.05. F: Activity level expressed in beam breaks per hour in fasting or fed state throughout light or dark
cycle, as indicated, males, chow diet, aged 3 months. n = 8–9 per group, representing three litters per group. All P > 0.05. G: Oxygen
consumption (VO2), CLAMS metabolic cages, in fasting or fed state throughout light or dark cycle, as indicated, males, chow diet, aged
3 months. n = 8–9 per group, representing three litters per group. All P > 0.05.

diabetes.diabetesjournals.org Isganaitis and Associates 693

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0558/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0558/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0558/-/DC1


obesity and diabetes and thus may be an independent
contributor to offspring disease risk. To test this hy-
pothesis, we used female mice haploinsufficient for
IRS-1, which are insulin resistant and hyperinsulinemic
during pregnancy but normoglycemic, as a model of
prenatal exposure to insulin resistance.

We first tested whether prenatal exposure to maternal
insulin resistance increases obesity risk in offspring.
Male IR-exposed offspring had similar patterns of weight
gain to controls on a chow diet (Fig. 2B). Upon challenge
with an obesogenic HFHS diet, IR-exposed males gained
more weight than controls early on, but differences dis-
appeared 5 weeks after the diet’s introduction (Fig. 2C).
Our data are similar to those of Carmody et al. (19) who

observed only a modest and short-lived propensity to
weight gain in offspring of mothers with combined ge-
netic and diet-induced insulin resistance. By contrast,
human studies demonstrate associations between pre-
natal exposure to maternal obesity or GDM and risk of
childhood obesity (28–30). Although maternal insulin
resistance is a prominent feature of maternal obesity and
GDM, our data suggest that insulin resistance alone may
not be sufficient to confer obesity risk, and that inter-
actions between maternal insulin resistance, diet, and/or
genetics may be important.

Despite normal body weight and body composition,
male offspring of insulin-resistant mothers had durable
impairments in glucose homeostasis. As early as 1 month

Figure 3—Altered glucose homeostasis in male offspring of insulin-resistant mothers. A: IP-GTT (2 g/kg) in males, chow fed, aged
1 month. n = 6–8 pups, representing three litters per group. *P(AUC) = 0.04; *P(rmANOVA) = 0.05. B: Insulin, fasted, males, aged 1 month.
n = 6–8 pups, representing three litters per group. *P = 0.02. C: Glucose in the fasted (16 h) and refed (4 h) state. Chow-fed males, aged
5 months. n = 8–9 per group, representing three litters per group. *P = 0.02. D: Insulin, fasted for 16 h and refed (4 h). Chow-fed males,
aged 5 months. n = 8–9 per group, representing three litters per group. *P = 0.02; #P = 0.05. E: IP-GTT (2 g/kg) in males, chow-fed, aged
5.5 months. n = 8–9 per group, representing three litters per group. P(AUC) = 0.09; P(rmANOVA) = 0.08. F: Glycemic excursion after 2 g/kg
oral glucose gavage. n = 5–8 pups, representing three litters per group, chow-fed males, aged 5.5 months. Filled circles denote IR-
exposed offspring, and open circles with dashed line denote controls. P(AUC) = 0.96; P(rmANOVA) = 0.72.
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of age, IR-exposed males had fasting hyperinsulinemia
and greater glycemic excursions than controls (Fig. 3A
and B). By 5 months, male offspring of insulin-resistant
mothers continued to have fasting hyperinsulinemia and
had developed fasting hyperglycemia (Fig. 3C and D).
These findings were likely caused by insulin resistance,
given that IR-exposed male offspring on a high-fat diet
became more insulin resistant than controls (Fig. 4B).
Future studies assessing b-cell function and tissue-
specific insulin sensitivity may allow us to pinpoint
whether insulin secretion, impaired insulin signaling in
liver, adipose, or muscle, or altered clearance contributes
to hyperinsulinemia after prenatal exposure to insulin
resistance.

To test whether prenatal exposure to maternal insulin
resistance alters lipid metabolism, we analyzed the liver
lipidome in IR-exposed males at 3 weeks and at 6 months
of age. Young IR-exposed males had increased liver
content of numerous lipid species, notably in the 16:1n7
fraction of multiple lipid classes, providing indirect evi-
dence of increased activity of the lipogenic enzyme Scd1
(Fig. 6A and B). By contrast, analysis of the liver lipidome
at 6 months of age revealed only a trend for increased
triglyceride species, as well as significant reductions
across multiple phospholipid species (Fig. 6C). These
findings are intriguing in light of reports of reduced

hepatic phospholipid content and altered composition
(i.e., phosphatidylcholine/phosphatidylethanolamine
ratio) in humans with liver steatosis (31). Alterations in
liver phospholipid composition via low-choline diet or
knockdown of PEMT, the enzyme that synthesizes
phosphatidylcholine, the most abundant liver phospho-
lipid, from phosphatidylethanolamine, result in steatosis
(32,33). Histologic examination of liver at 6 months of
age revealed increased lipid droplets in male offspring
exposed to maternal insulin resistance (Fig. 6D). We also
noted IR-exposed male offspring to have increased
plasma fatty acids in the refed state (Fig. 6E); increased
circulating fatty acids may reflect a failure of insulin to
suppress lipolysis in the setting of insulin resistance.
Together, these data suggest that prenatal exposure to
insulin resistance may result in durable changes in lipid
metabolism in offspring. However, an important limita-
tion is the small number of animals studied in the lip-
idomic analyses (six mice per group representing two
control litters and three IR-exposed litters at 3 weeks of
age and six mice per group representing three litters per
group at 6 months of age). Thus, it will be essential for
future studies to confirm these findings. Moreover, given
that plasma insulin levels are increased in IR-exposed
mice during early life (Fig. 3B) and adulthood (Fig. 3D),
future studies will also be essential to establish to what
extent altered lipid metabolism results from hyper-
insulinemia and insulin resistance or, conversely,
whether hepatic lipogenesis and lipid accumulation lead
to hepatic and systemic insulin resistance.

Inflammation in metabolic organs, including adipose
tissue, liver, and brain, may contribute to systemic in-
sulin resistance and metabolic dysfunction (34). How-
ever, we found no evidence of increased inflammation in
IR-exposed offspring. Adipose tissue expression of
proinflammatory genes and plasma levels of adipokines,
including IL-6, TNF-a, MCP-1, and PAI-1, were un-
changed by prenatal exposure to insulin resistance.
Moreover, mRNA expression of the anti-inflammatory
cytokine IL-10 was increased, suggesting that prenatal
exposure to insulin resistance may reduce adipose in-
flammation. These data suggest that observed associa-
tions between maternal obesity and offspring
inflammation (12,35) are unlikely to be mediated directly
by maternal insulin resistance.

Increased adiponectin levels in 6-month-old IR-
exposed males (Fig. 5E) were a surprising finding given
that IR-exposed mice were more insulin resistant on
HFHS diet. Although adiponectin, particularly its HMW
fraction, is a potent insulin sensitizer, elevated adipo-
nectin has previously been observed in severe insulin
resistance, including mice with dominant-negative IGF-1
receptor mutations (36) and humans with insulin re-
ceptor mutations (37). Such elevations in circulating
adiponectin could potentially contribute to altered lipid
metabolism in IR-exposed mice, as reflected by elevated
refed plasma fatty acid levels and a tendency for liver

Figure 4—Modest insulin resistance in the male offspring of in-
sulin-resistant mothers. A: ITT. Males, aged 4 months, chow diet,
1 unit/kg insulin. n = 8–9 per group, representing three litters per
group. P(AUC) = 0.24; P(rmANOVA) = 0.22. B: ITT. Males, aged
2 months, HFHS diet, 1 unit/kg insulin. n = 7 per group, repre-
senting four litters per group. *P(AUC) = 0.02; *P(rmANOVA) = 0.04.
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lipid accumulation (Fig. 6). Indeed, adiponectin de-
ficiency has been associated with reductions in activity of
the lipogenic enzyme Scd1 (38), and insulin-sensitizing
agents can induce parallel increases in Scd1 and adipo-
nectin (39). It is also possible that high adiponectin levels
may have attenuated the systemic insulin resistance of
IR-exposed offspring. Testing the extent to which adi-
ponectin secretion and signaling contributes to pheno-
types associated with prenatal exposure to insulin
resistance will be important in future studies.

Although our studies demonstrate that maternal in-
sulin resistance can increase risk of offspring metabolic
disease, the specific mechanism remains unclear. We
cannot exclude the possibility that maternal insulin re-
sistance may alter nurturing behavior or lactation as our

animals were not cross-fostered at birth. However, data
from Hadsell et al. (24) indicate that lactation capacity is
similar between IRS1-het and WT dams, and that weight
gain is similar in WT pups cross-fostered to IRS1-het
versus WT dams; this does not rule out differences in
milk composition or gut flora. Insulin is unlikely to be the
primary mediator since it does not cross the placental
barrier, and fetal insulin levels did not differ in response
to prenatal exposure to insulin resistance (Supplemen-
tary Fig. 2). Although adipokines have been implicated in
insulin resistance and in developmental programming
(27), we found no differences in plasma adipokines in
mothers, potentially due to similar body weight and
slightly reduced adipose mass in IRS1-het dams. We next
used metabolomic analysis to identify candidates

Figure 5—Hyperadiponectinemia in chow-fed male offspring of insulin-resistant mothers despite similar adipose histology and gene
expression patterns. A: Representative section of gonadal fat, males, aged 6 months. Hematoxylin and eosin staining. Original magni-
fication 3200. B: Gene expression of adipocyte differentiation markers by quantitative PCR (q-PCR), normalized to 36B4, adipocyte
fraction of gonadal fat, males. n = 8–9 pups, representing three litters per group, aged 6 months. *P = 0.02 for C/EBP-a. C: Gene ex-
pression of inflammatory markers by q-PCR, normalized to 36B4, stromal-vascular fraction of gonadal fat, males. n = 8–9 pups, repre-
senting three litters per group, aged 6 months. *P = 0.049 for TNF-a. D: Gene expression of inflammatory markers by q-PCR, normalized
to 36B4, adipocyte fraction of gonadal fat, males. n = 8–9 pups, representing three litters per group, aged 6 months. *P = 0.03 for IL-10.
E: Plasma adiponectin, males. n = 8–9 pups, representing three litters per group, aged 6 months. ***P = 0.0002. F: Expression of adi-
ponectin mRNA by q-PCR, normalized to 36B4, adipocyte fraction of gonadal fat, males. n = 8–9 pups, representing three litters per
group, aged 6 months. A.U., arbitrary units.
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contributing to mother-to-offspring transmission. Given
the alterations in lipid metabolism observed in IR-exposed
offspring (increased plasma fatty acids and hepatic lipid
accumulation), it is intriguing that some of the most
striking changes in plasma from IRS1-het females were
also in lipid species. Monoacylglycerol species ranked as
both the top increased (1-stearoylglycerol or 18:0-glycerol)
and decreased (1-oleoylglycerol or 18:1n9-glycerol)
metabolites (Table 2A). The parallel increase in 18:0-
glycerol and decrease in 18:1n9-glycerol may suggest
reduced desaturase activity and reduced lipogenesis.
Increased levels of glycerol and glycerolipids in the
maternal circulation are potentially consistent with
enhanced adipose tissue lipolysis in IRS1-het mothers
or with increased lipid turnover. Although glycerolipids
do not cross the placental barrier directly in appreciable

amounts, placenta has a high lipase activity for lipo-
protein hydrolysis, fatty acid uptake, and subsequent
transport of free fatty acids to the fetus (40). Thus, we
hypothesize that IR-exposed pups may be exposed to
increased lipids during fetal life.

Additional metabolites may also contribute to risk
associated with maternal insulin resistance. Uric acid was
increased in plasma from IRS1-het females, an intriguing
finding as hyperuricemia may also mark insulin re-
sistance in the metabolic syndrome (41) and predict
adverse fetal outcomes in hypertensive pregnancies (42).
Interestingly, two BCAA metabolites (ketoleucine and
N-acetylleucine) correlated strongly with maternal insulin
levels. Although this may simply reflect maternal in-
sulin resistance and unsuppressed proteolysis, BCAAs
have recently been shown to predict diabetes risk (43)

Figure 6—Altered lipid metabolism in chow-fed offspring of insulin-resistant mothers. A: Lipidomic profiling in livers from 3-week-old
males. Each column represents the fold change of IR-exposed/control, calculated based on mean lipid abundance in nmol/mg in each
group. n = 6 per group, representing two to three litters per group. B: Liver levels of 16:1n7 fraction of lipid classes in 3-week-old males.
n = 6 per group, representing two to three litters per group. C: Lipidomic profiling in livers from 6-month-old males. Each column rep-
resents the fold change of IR-exposed/control, calculated based on mean lipid abundance in mg/mg. n = 8–9 per group, representing three
litters per group. *P < 0.05; **P < 0.01; ***P < 0.001. D: Representative liver histology images from 6-month-old males, hematoxylin and
eosin stain. Original magnification 3200. E: Fasted and 4-h postrefeeding plasma nonesterified fatty acid (NEFA) levels in 5-month-old
males. n = 8–9 per group, representing three litters per group. #P = 0.05.
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Table 2—Metabolomic analysis of maternal plasma

A: Maternal plasma metabolites with differential regulation in IRS1-het vs. WT dams (categorical analysis)

Metabolite Pathway
Fold change,
IRS1-het/WT

P (Student
t test) Notes

1-Stearoylglycerol Monoacylglycerol 1.64 0.024 Product of diacylglycerol lipolysis;
triglyceride synthesis intermediate

N-acetylneuraminate
(sialic acid) Amino sugars metabolism 1.61 0.023

Binds glycoproteins; role in innate
immunity; interaction with adiponectin

Uracil Pyrimidine metabolism 1.58 0.009 Pyrimidine found in RNA

a-Ketoglutarate Krebs cycle 1.56 0.05 Krebs cycle intermediate; product
of glutamate deamination

Threonate Ascorbate and aldarate
metabolism

1.56 0.017 Derived from glycated proteins or
from degradation of ascorbic
acid

Urate Purine metabolism,
urate metabolism

1.53 0.024 Final oxidation product of purine
metabolism

Glycerol 3-phosphate Glycerolipid metabolism 1.34 0.002 Glycolysis intermediate; glycerol
phosphate shuttle replenishes
cytoplasmic NADH and mitochondrial
flavin adenine dinucleotide

Erythronate Amino sugars metabolism 1.27 0.033 Sugar derived from glycated
proteins or from degradation of
ascorbic acid

Malate Krebs cycle 1.25 0.048 Krebs cycle intermediate

Glycerol Glycerolipid metabolism 1.25 0.041 3-Carbon backbone of triglycerides;
substrate for gluconeogenesis

Urea Urea cycle, arginine, proline
metabolism

1.25 0.003 End product of protein catabolism

Lactate Glycolysis, gluconeogenesis,
pyruvate metabolism

1.19 0.036 Pyruvate metabolism; substrate for
gluconeogenesis

Dimethylglycine Urea cycle; arginine, proline
metabolism

1.16 0.043 Product of metabolism of choline
into glycine; byproduct of
homocysteine metabolism

Trans-4-hydroxyproline Urea cycle; arginine, proline
metabolism

1.13 0.042 Component of collagen and elastin

Thymidine Pyrimidine metabolism 0.82 0.016 Pyrimidine found in DNA

2’-Deoxycytidine Pyrimidine metabolism 0.75 0.019 Principal nucleoside of DNA

1-Arachidonoyl-
glycero-phosphocholine

Glycerolipid metabolism 0.68 0.048

1-Oleoylglycerol
(1-monoolein)

Monoacylglycerol 0.51 0.005 Product of diacylglycerol lipolysis;
triglyceride synthesis
intermediate

B: Maternal plasma metabolites correlating with maternal plasma insulin (correlation analysis)

Metabolite Pathway R vs. insulin P Notes

Trans-4-hydroxyproline Urea cycle; arginine, proline
metabolism

0.65 0.004 Component of collagen and elastin

4-Methyl-2-oxopentanoate
(ketoleucine)

Valine, leucine, and isoleucine
metabolism

0.59 0.01 Product of leucine degradation

N-acetylleucine Valine, leucine, and isoleucine
metabolism

0.52 0.028 Elevated in maple syrup urine
disease

2’-Deoxycytidine Pyrimidine metabolism, cytidine
containing

20.63 0.005 One of the principal nucleosides
of DNA

Mannose Fructose, mannose, galactose,
starch, and sucrose metabolism

20.69 0.002 Carbohydrate

A: Metabolites with differential regulation in IRS1-het vs. WT females (nominal P , 0.05). Fold change calculated as mean level in
IRS1-het dams/mean level in WT. No metabolites meet FDR-adjusted q-value threshold of ,0.25. B: Plasma metabolites showing
significant correlation with maternal plasma insulin (Pearson R coefficient). Pregnancy day 16.5. n = 9 per group.
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and may contribute to the pathogenesis of insulin re-
sistance (44).

In conclusion, isolated maternal insulin resistance, even
in the absence of obesity or hyperglycemia, can produce
durable impairments in glucose homeostasis and altered
lipid metabolism in male offspring. Metabolomic patterns
in insulin-resistant mothers raise the possibility that al-
tered metabolism of lipids by both the mother and the
fetoplacental unit might contribute to metabolic risk in
offspring. Defining the specific mechanisms responsible
for these patterns not only will be important for our un-
derstanding but may also lead to diagnostic and thera-
peutic approaches to reduce maternal insulin resistance
and prevent metabolic disease outcomes in offspring.
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