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ABSTRACT Emerging evidence suggests environmen-
tal chemical exposures during critical windows of devel-
opment may contribute to the escalating prevalence of
obesity. We tested the hypothesis that prenatal air pollu-
tion exposure would predispose the offspring to weight
gain in adulthood. Pregnant mice were exposed to filtered
air (FA) or diesel exhaust (DE) on embryonic days (E)
9-17. Prenatal DE induced a significant fetal brain cyto-
kine response at E18 (46–390% over FA). As adults,
offspring were fed either a low-fat diet (LFD) or high-fat
diet (HFD) for 6 wk. Adult DE male offspring weighed
12% more and were 35% less active than FA male off-
spring at baseline, whereas there were no differences in
females. Following HFD, DE males gained weight at the
same rate as FA males, whereas DE females gained 340%
more weight than FA females. DE-HFD males had 450%
higher endpoint insulin levels than FA-HFD males, and all
males on HFD showed decreased activity and increased
anxiety, whereas females showed no differences. Finally,
both DE males and females fed HFD showed increased
microglial activation (30–66%) within several brain re-
gions. Thus, prenatal air pollution exposure can “pro-
gram” offspring for increased susceptibility to diet-in-
duced weight gain and neuroinflammation in adulthood in
a sex-specific manner.—Bolton, J. L., Smith, S. H., Huff,
N. C., Gilmour, M. I., Foster, W. M., Auten, R. L., Bilbo,
S. D. Prenatal air pollution exposure induces neuroin-
flammation and predisposes offspring to weight gain in
adulthood in a sex-specific manner. FASEB J. 26,
000–000 (2012). www.fasebj.org
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Obesity is an escalating public health concern with
complex genetic, behavioral, and environmental ori-
gins. There is growing consensus that overnutrition and
lack of exercise alone cannot fully account for the
sharp rise in obesity prevalence over the past 2 decades
(1). Emerging evidence suggests that environmental
chemical exposures may contribute to obesity by alter-
ing several aspects of metabolism, including adipose
tissue biochemistry and insulin sensitivity, as well as by
affecting behavior, such as food intake (2). The effect
of these so-called obesogens on endocrine set-points
may be greatest during critical windows of development
(3, 4). Thus, exposure to one toxin in utero may
increase vulnerability to another toxin, stressor, or
exposure later in life, a well-characterized phenome-
non known as fetal programming (5). One of the most
relevant environmental concerns for human health
today is air pollution, which numerous studies have
linked to adverse health outcomes, including asthma,
neurocognitive difficulties, and early markers of neuro-
degenerative disease (6–8). Moreover, air pollution
worsens inflammation and insulin resistance in a
mouse model of obesity, and obesity can exaggerate the
systemic inflammatory response to air pollution (9–
11), implying a bidirectional association. However, the
mechanisms underlying these relationships remain un-
known. Moreover, whether prenatal air pollution expo-
sure can alter the later-life response to diet composition
(e.g., fat content) has not been explored. We believe
these questions are critical, as there are well-docu-
mented health disparities due to socioeconomic status
(SES; ref. 12), and air pollution and high-fat diets
(HFDs) are both more prevalent in low SES neighbor-
hoods due to proximity to highways and fast-food
restaurants (13).
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One primary mechanism by which air pollution may
create enduring changes in health outcomes is via
neuroinflammation mediated by the activation of mi-
croglia, the primary immune cells of the brain, and
their cytokine and chemokine products that lead to
adverse neural adaptations and/or neurotoxicity (8,
14). Obesity is also characterized by low-grade inflam-
mation within the body and microglial activation within
the brain (15, 16). Moreover, toll-like-receptor 4 (TLR4), the
innate immune system’s pattern recognition receptor
present on all innate immune cells, including micro-
glia, has been implicated as critical in the crosstalk that
occurs between inflammatory and metabolic signals
(17, 18). For instance, TLR4 signaling on microglia
within the hypothalamus (HYP) is a key to saturated
fatty acid-induced cytokine release and the subsequent
development of insulin resistance in a rat model of
obesity (16). Thus, microglia may be uniquely posi-
tioned to mediate interactions between the immune,
nervous, and endocrine/metabolic systems in response
to environmental signals. Notably, long-term microglial
priming or sensitization has been implicated in fetal
programming of later-life brain and behavioral out-
comes by several studies from our laboratory and
others, including a model of maternal obesity (e.g., ref.
19; reviewed in refs. 20, 21).

We tested the hypothesis that fetal cytokine re-
sponses to prenatal air pollution exposure would pre-
dispose the offspring to greater weight gain on expo-
sure to an HFD in adulthood. Pregnant mice were
exposed to filtered air (FA) or concentrations of diesel
exhaust (DE) relevant to human exposures (as fully
characterized in ref. 22) throughout the second half of
gestation. This method of maternal diesel exposure
provokes a fetal inflammatory response, as indicated by
markedly increased levels of proinflammatory cytokines
in the placenta and fetal lung (6), without significantly
affecting litter size or composition (22). The male and
female offspring were assessed as adults for body weight
and metabolic hormones, food intake, activity, anxiety
behavior, and endpoint microglial activation within the
brain in response to low-fat diet (LFD) and HFD
exposure. We predicted that air pollutant-induced fetal
neuroinflammatory responses during gestation would
affect offspring responses to an HFD in adulthood,
characterized by changes in metabolic, brain, and
behavioral outcomes.

MATERIALS AND METHODS

Animals and prenatal exposures

C57BL/6 mice were obtained from Charles River Laborato-
ries (Raleigh, NC, USA) and housed in pathogen-free vivar-
ium conditions with ad libitum access to food and filtered
water at the U.S. Environmental Protection Agency (EPA;
Research Triangle Park, NC, USA). Time-mated females were
exposed to FA (n�6) or 2.0 mg/m3 of DE (n�6) in exposure
chambers housed in an isolated animal exposure room for 4
h/d for 9 consecutive days from embryonic day (E) 9 to E17,

as described previously (6). Dams and their offspring were
housed on specialized bedding (AlphaDri; Shepherd Spe-
cialty Papers, Watertown, TN, USA) until euthanasia to avoid
exposure to potentially confounding antigens that can be
found in typical bedding. After the final exposure to DE on
E17, dams were transported 6 miles from the U.S. EPA
inhalation exposure facilities to a Duke University satellite
animal facility, where they gave birth between E18 and E20.
Pups were weighed on postnatal day (P) 0 in order to acquire
a litter average for birth weight. Offspring were weaned at 4
wk of age, from which point they were fed standard laboratory
chow (Rodent Diet 5001; Lab-Diet, Philadelphia, PA, USA)
until the beginning of the diet manipulation. Once the
offspring reached adulthood, 2–3 animals/sex/litter were
transferred to the main animal facility, housed in same-sex
groups of 2–3 in individually ventilated, microisolator poly-
propylene cages, and maintained on a reverse 12-h light-dark
cycle (lights off at 9 AM) in order to initiate metabolic and
behavioral monitoring at 4–5 mo of age. All experiments
were conducted with protocols approved by both the U.S.
EPA and Duke University Animal Care and Use Committees.

Fetal brain cytokine and chemokine analysis

A separate group of FA-exposed (n�3) and DE-exposed
(n�2) dams were treated in the same way as described above,
but euthanized at E18 for analysis of fetal brain cytokine and
chemokine levels at the end of the prenatal DE exposure
period. Fetuses were obtained by hysterotomy under pento-
barbital sodium anesthesia (250 mg/kg i.p.), placed on ice,
and decapitated. Whole fetal brains were snap-frozen under
liquid nitrogen and stored at �80°C until assayed. Measure-
ments of protein levels of the cytokines interleukin (IL)-1�,
IL-6, and IL-10, and the chemokines CCL2/monocyte-che-
motactic protein-1 (MCP-1) and CX3CL1/Fractalkine were
made using a commercially available multiplex bead-based
assay (Milliplex MAP; Millipore Corp., Billerica, MA, USA)
performed on fetal brain homogenates (200 �g/well; n�3–
5/litter) and normalized to total protein, as described previ-
ously (6, 23).

Adult diets and food intake

Adult male (n�23) and female (n�24) offspring 4-5 mo of
age in 3 cohorts were given either an LFD [20% of calories
from protein, 70% from carbohydrate, and 10% from fat
(44:56% lard:soybean oil); cat. no. D12450B, Research Diets,
New Brunswick, NJ, USA; n�23] or a choice between the LFD
and an HFD [50 g of each, divided into alternate sides of the
food hopper; HFD: 20% protein, 35% carbohydrate, and 45%
fat (88:12% lard:soybean oil); Research Diets D12491; n�24].
The LFD provided 3.85 kcal/g, and the HFD provided 4.73
kcal/g. All other nutritional parameters of the two diets were
identical. The complete nutritional profiles of each diet are
available online (http://www.researchdiets.com). Animals
were weighed immediately prior to diet assignment, and every
3 d thereafter at the same time each day for 6 wk until
sacrifice. After beginning the diet, the animals’ food was
weighed every 3 d. Food consumption data were normalized
for the different energy content of the diets by converting
grams to kilocalories of food consumed. Of the animals that
were given a choice between diets, all of the animals con-
sumed the HFD almost exclusively; thus, these animals will be
referred to simply as the HFD group.

Open-field behavioral testing

Adult male and female offspring were tested for baseline
activity and anxiety levels in the open field the day before diet
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assignment, as well as weekly thereafter at the same time each
week for the 6 wk of diet. Animals were tested in groups of 4,
each within its own open field, with only one sex in the testing
room at one time. Tests lasted 30 min during the animals’
dark cycle between 12 and 5 PM in the afternoon. The open
field apparatus consisted of 4 custom-made black Plexiglas
boxes (each 40�45.1�34.9 cm) elevated on a gray platform
�53 cm off the ground, with a camera attached to the ceiling
overhead, positioned to record 4 mice in the 4 distinct
enclosures of the apparatus at once. Any-Maze video tracking
software (Stoelting Co., Wood Dale, IL, USA) was used to
track the movement of each mouse, and distance traveled
(m) by each animal was used as a measure of activity level.
Total time spent mobile during the 30-min test was used as a
secondary measure of activity levels to corroborate the dis-
tance results. In addition, virtual zones were created using the
Any-Maze software in order to define a “center” zone (�30-�30-cm
square in the center) and a “surround” zone (the remaining
space surrounding the center zone) in each of the boxes.
Percentage of time spent in the surround zone of the box was
considered to be a measure of anxiety level, as more anxious
mice will spend more time in the darker regions close to the
walls of the apparatus than in the open center space (24). As
a secondary measure of anxiety that controls for activity levels,
percentage of distance traveled in the surround zone (dis-
tance traveled in the surround zone/total distance traveled �
100) was also analyzed. In this case, a higher percentage of
distance traveled in the surround zone indicates that the
animal is more anxious, because it prefers to travel more in
the safer surround zone, even if it is moving less overall.

Serum and tissue collection

At the end of 6 wk of the diet treatment, mice were deeply
anesthetized with a ketamine/xylazine cocktail (430 mg/kg
ketamine; 65 mg/kg xylazine i.p.), and a nonfasting blood
sample was collected from each animal by penetrating the
retroorbital sinus with a sterile heparinized capillary tube.
Immediately afterward, mice were transcardially perfused
with ice-cold saline for 2 min, followed by 4% paraformalde-
hyde for 2 min to fix the brain tissue. Whole brains were
rapidly extracted and postfixed by 4 successive changes of
fresh 4% paraformaldehyde daily, and then stored in 0.1%
sodium azide in PBS at 4°C until cryosectioned for histolog-
ical analyses. Blood was centrifuged at 16,100 g at 4°C for 10
min, and serum was removed and stored in microcentrifuge
tubes at �20°C until assayed. All serum and tissue collection
occurred during the dark cycle between 10 AM and 1 PM.

Metabolic and endocrine measures

Leptin assessment

Leptin was measured in the serum using a commercially
available ELISA kit (cat. no. MOB00; R&D Systems, Minne-
apolis, MN, USA). Samples were diluted 1:40 in the manufac-
turer’s calibrator diluent and run in duplicate. The detection
limit of the assay was 22 pg/ml, and the intra-assay coefficient
of variation was �10%.

Insulin assessment

Nonfasting insulin levels were measured in the serum using a
commercially available enzyme-linked-immunosorbent assay
(ELISA) kit (cat. no. 90080; Crystal Chem, Downers Grove,
IL, USA). The high range assay (1–64 ng/ml) was performed
according to the manufacturer’s instructions. Samples were

run in duplicate, and the intra-assay coefficient of variation
was �10%.

Corticosterone assessment

Total serum corticosterone (CORT) concentrations were
assessed using a colorimetric enzyme immunoassay (EIA) kit
from Enzo Life Sciences, Inc. (cat. no. ADI-901-097; Ann
Arbor, MI, USA) as described previously (25). Samples were
diluted 1:50 in 0.05% steroid displacement-modified assay
buffer provided with the kit. The detection limit of the assay
is 27 pg/ml, and the intra-assay coefficient of variation was
�10%.

Microglial immunohistochemistry

Fixed whole brains were cryoprotected in 30% sucrose plus
0.1% sodium azide for 3 d prior to slicing, then quickly frozen
in �30°C isopentane and sliced coronally from the anterior
HYP through the ventral hippocampus in a 1:6 series at 40
�m in a �20°C cryostat. Floating sections were stored in a
0.1% sodium azide solution until immunohistochemistry was
performed. All sections were stained at the same time to
minimize any differences in background staining due to
differences in antibody preparation and binding across days.

The ionized calcium-binding adaptor molecule-1 (Iba-1)
protein was used because it is specific to microglia, and its
expression is constitutive throughout the cell body and pro-
cesses (26). Free-floating sections were washed with PBS,
incubated in 50% methanol for 30 min to quench blood
vessels, and then washed in PBS again. They were then
incubated for 1 h in PBS with 0.03% H2O2, 5% normal goat
serum, and 0.3% Triton X in order to quench endogenous
peroxidase, block, and permeabilize, respectively. Sections
were incubated with primary antibody (rabbit anti-Iba1,
1:10,000; Wako Chemicals, Richmond, VA, USA) overnight at
room temperature on an orbital shaker. On d 2, sections were
washed and incubated with a biotinylated secondary antibody
(goat anti-rabbit IgG, 1:1000; Vector Laboratories, West
Grove, PA, USA) for 2 h at room temperature. Sections were
washed, and immunostaining was identified by the streptavi-
din/HRP technique (Vectastain ABC kit; Vector Laborato-
ries, Burlingame, CA, USA) with diaminobenzidine (DAB) as
the chromagen. Sections were mounted on gelatinized slides,
dehydrated, and coverslipped with Permount (Fisher Scien-
tific, Pittsburgh, PA, USA).

Iba1 quantification

Quantification of Iba-1 positive cells was performed as de-
scribed previously (19) by trained observers blinded to exper-
imental treatment conditions. Briefly, digitized images of
tissue sections (�10) were analyzed using U.S. National
Institutes of Health ImageJ software (http://rsbweb.nih.gov/
ij/). Sections were imaged using a Nikon Eclipse 80i micro-
scope and digital camera (Nikon, Tokyo, Japan) with Picture-
Frame 2.3 software (Optronics, Goleta, CA, USA). Signal
pixels of a region of interest were defined as having a gray
value of 3 sd above the mean gray value of a cell-poor area of
the stained tissue section close to the region of interest. The
number of pixels and the average gray values above the set
background were then computed and multiplied together to
give an integrated density measurement. All values across
each region were averaged to obtain a single integrated
density value per region for each animal. A mouse brain atlas
(27) was used to identify the anatomical location of each of
the 5 regions of interest in both brain hemispheres for Iba1
quantification: HYP (12 sections, bregma �0.62 mm to �2.30
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mm), amygdala (AMY; 12 sections, bregma �0.58 mm to
�2.30 mm), dentate gyrus (DG) of hippocampus (8 sections,
bregma �1.34 mm to �2.30 mm), CA1 region of hippocam-
pus (8 sections, bregma �1.34 mm to �2.30 mm), and CA3
region of hippocampus (8 sections, bregma �1.34 mm to
�2.30 mm) (see Fig. 7).

Data analysis and statistics

All data were analyzed with SPSS statistical software (IBM,
Armonk, NY, USA). All body weight data were log-trans-
formed for use in statistical analysis because of heterogeneous
variance (especially due to inherent biological sex differences
in the absolute values of body weight), but figures represent
the actual values. Fetal cytokine responses and birth weights
were assessed using independent t tests to compare prenatal
treatment groups. Baseline measures in adulthood (body
weight, activity, anxiety) were assessed using 2-way (sex � prenatal
treatment) ANOVAs, and significant interactions were fol-
lowed up with post hoc comparisions (Tukey’s HSD) to
further distinguish among groups. Three-way (sex � prenatal
treatment � adult diet) repeated-measures (time on diet)
ANOVAs were used to assess changes in weight, food con-
sumption, activity, and anxiety levels over the course of the
diet. Significant interactions with sex justified subdivision of
the data by sex for further analysis with 2-way (prenatal
treatment � adult diet) repeated-measures (time on diet)
ANOVAs, and significant interactions with time justified post
hoc tests (Tukey’s HSD) at individual time points. For repeated-
measures ANOVAs, a Greenhouse-Geisser correction for sphe-
ricity was applied to all reported P values. Endpoint measures
(metabolic and endocrine measures, microglial activation) were
assessed using 3-way (sex � prenatal treatment � adult diet)
ANOVAs. Significant interactions with sex justified subdivision
of the data by sex for further analysis with 2-way (prenatal
treatment � adult diet) ANOVAs, followed up with post hoc tests
(Tukey’s HSD) to further distinguish among groups. For com-
plex factorial ANOVAs, only the highest-order significant inter-
actions are reported because they qualify all of the lower-order
effects. All differences were considered statistically significant at
values of P � 0.05.

RESULTS

Prenatal DE exposure induces a fetal brain cytokine
response

We assessed the cytokine and chemokine response in fetal
brain at E18 to prenatal DE exposure, which induced
marked increases in the three measured cytokines in fetal
brain at E18 compared with FA exposure: {IL-1�
[t(21)�32.02, P�0.001], IL-6 [t (21)�17.41, P�0.001],
IL-10 [t (21)�12.55, P�0.001]; Fig. 1}. Similarly, prenatal
DE exposure caused significant increases in the two
measured chemokines compared with FA exposure
{CCL2/MCP-1 [t (21)�27.14, P�0.001], CX3CL1/Frac-
talkine [t (21)�40.51, P�0.001]; Fig. 1}.

DE male, but not female, offspring weigh more and
are less active at baseline

First, we assessed the influence of prenatal DE exposure
on birth weight (P0) of offspring, and found no differ-
ences between FA and DE litters (AVG: FA�1.35	0.02 g,
DE�1.31	0.02 g). Next, we analyzed the influence of
prenatal DE exposure on body weights of adult offspring
(4–5 mo old) before the initiation of the diet manipula-
tion and found a significant sex � prenatal treatment
interaction [F (1, 43)�4.28, P�0.05]. Post hoc tests re-
vealed that DE male offspring weighed more than FA
offspring (P�0.003), but DE and FA female offspring did
not differ in baseline body weight (Fig. 2A). In addition,
we analyzed the influence of maternal DE exposure on
baseline activity levels in an open field prior to the
initiation of the diet manipulation and found a significant
main effect of prenatal treatment [F (1, 43)�10.05,
P�0.004]. However, this main effect is driven by a signif-
icant difference between DE and FA males (P�0.02),
whereas there is no significant difference between DE and

β

* *
*

*

DE

FA

CCL2/MCP-1

*

CX3CL1/Fractalkine

Figure 1. Prenatal DE exposure
increases fetal brain cytokines
(IL-1�, IL-6, IL-10) and chemo-
kines (CCL2/MCP-1, CX3CL1/
Fractalkine) at E18. Data are
expressed as means 	 se; n �
10–13/group. *P � 0.001 vs. FA
controls.
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FA females (P
0.5). Therefore, in agreement with their
heavier weight, DE males are also less active at baseline
than FA males (Fig. 2B). Similarly, we assessed baseline
anxiety levels in an open field before the initiation of
the diet, but found no significant differences in baseline
anxiety levels due to maternal DE exposure or its interac-
tion with sex (Fig. 2C).

DE female offspring gain more weight than FA
female offspring on HFD, whereas DE and FA male
offspring gain similar amounts of weight on HFD

We assessed weight gain of DE or FA adult offspring
over 6 wk of LFD or HFD, and found a significant sex �
prenatal treatment � adult diet � time interaction [F
(12, 468)�2.63, P�0.04]. Post hoc tests revealed that
male offspring, regardless of prenatal treatment,
gained more weight on HFD than LFD [adult diet �
time interaction, F (12, 228)�30.24, P�0.001], as HFD
groups diverged from LFD diet groups as early as d 6 of
the diet (P�0.01) and maintained this elevation in
body weight over the rest of the 6 wk of diet (Fig. 3A,
left panel). Of note, the preexisting difference in
weight between DE and FA males (DE
FA) was
maintained across the 6-wk diet [between-subjects
main effect of prenatal treatment, F (1, 19)�10.54,
P�0.005]. In contrast, only DE female offspring on
HFD gained more weight than LFD groups [prenatal
treatment � adult diet � time interaction, F (12, 240)�2.83,
P�0.04], as DE females on HFD diverged from all
other groups by d 15 of the diet (P�0.03) and
maintained this elevation in body weight over the rest

of the 6 wk of diet (Fig. 3A, right panel). Total weight
change (final�initial weight) by the end of the diet
was also assessed in males and females separately. In
agreement with the above analysis, we found that
HFD males gained more weight than LFD males
overall [main effect of adult diet, F (1, 19)�142.29,
P�0.001; Fig. 3B, left panel], and that DE females on
HFD gained significantly more weight than all other
groups [significant prenatal treatment � adult diet
interaction, F (1, 20)�15.07, P�0.002; post hoc,
P�0.001; Fig. 3B, right panel].

DE male and female offspring consume more
kilocalories than FA offspring on HFD

To investigate energy intake, we assessed food con-
sumption of DE vs. FA offspring over the 6 wk of diet.
There was a significant prenatal treatment � adult
diet � time interaction [F (12, 468)�2.46, P�0.05],
which justified post hoc tests at individual time points.
However, there was no apparent effect of sex on energy
consumption, so males and females were kept together
for further analysis. We found that DE offspring on
HFD consumed more kilocalories than FA offspring on
HFD and both LFD groups (P�0.05) for most of the
diet (Fig. 4A), whereas consumption in DE and FA
offspring on LFD was similar. In addition, FA offspring
on HFD consumed more than both LFD groups
(P�0.05) on several days of the diet, but did not differ
for most of the diet. By the end of the 6 wk of diet (d
36), DE offspring on HFD had decreased their food
intake to near LFD levels. We also examined total

*

*

A
DE
FA

B C
Figure 2. A) Baseline adult body weight is
increased in DE male, but not female, off-
spring. B) Baseline activity levels are decreased
in DE male, but not female, offspring. C) DE
offspring do not differ from FA offspring in
their baseline anxiety levels. Data are expressed
as means 	 se; n � 10–14/group. *P � 0.05 vs.
FA males.

A B
#

*

*
DE

FA

#

Figure 3. A) DE and FA male offspring gain weight on HFD at the same rate (left panel), whereas DE female offspring gain
weight at a faster rate than FA female offspring on HFD (left panel). B) DE and FA male offspring overall gained similar amounts
of weight on HFD (left panel), whereas DE female offspring gained more weight than all other groups (right panel). Data are
expressed as means 	 se; n � 4–8/group. Line indicates time point at which the groups diverge. *P � 0.05 vs. all other groups,
#P � 0.05 for HFD vs. LFD.
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kilocalories consumed by each group over the course of
the 6-wk diet (summing across days) and found a
significant prenatal treatment � adult diet interaction
[F (1, 43)�19.80, P�0.001]. In agreement with the
above analysis, DE offspring on HFD consumed more
total kilocalories than all other groups (P�0.001), but
FA offspring on HFD still consumed more total kilocal-
ories than both LFD groups (P�0.001; Fig. 4B).

Male, but not female, offspring become less active on
HFD, independent of prenatal exposure

To investigate energy output, we assessed changes in
activity levels (using total distance traveled in the open
field) over 6 wk of HFD or LFD and found a significant
sex � adult diet � time interaction [F (5, 195)�3.06,
P�0.03]. Post hoc tests revealed that male offspring,
regardless of prenatal treatment, became less active on
HFD compared to LFD [adult diet � time interaction,
F (5, 95)�6.04, P�0.002], as HFD groups diverged
from LFD groups by wk 2 of the diet (P�0.003) and
maintained this decrease in activity over the rest of the
6-wk diet (Fig. 5A, left panel). Of note, the preexisting
difference in activity levels (DE�FA) in males persisted
during wk 1 and 3 of the diet (P�0.05), but disap-
peared by wk 4 when the effect of adult diet became
more prominent. In contrast, we found that activity
levels of female offspring did not significantly change
with time on the diet in any of the treatment groups
(Fig. 5A, right panel). We also analyzed the time
animals spent mobile during the open field test over 6
wk of diet as a secondary measure of activity levels, and
we found the same pattern of results: Male offspring,
regardless of prenatal treatment, became less mobile
on the HFD [adult diet � time interaction, F (5,
95)�4.81, P�0.005], whereas female offspring showed
no significant changes in time spent mobile over the
course of the diet (data not shown). Although not as
comprehensive a measure of locomotor activity as
home-cage activity tracking, the open field measure of
activity used here provided a snapshot in time that was
sufficient to characterize a decrease in activity over
multiple weeks of HFD consumption in the male off-
spring. Furthermore, open field measures of locomo-
tion have been found to correlate significantly with
home-cage spontaneous activity (28).

Male, but not female, offspring become more
anxious on HFD, independent of prenatal exposure

Next, we assessed changes in anxiety levels (using
percentage time spent in the surround zone of the
open field) over 6 wk of HFD or LFD, and found a
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FA

*

*
* * * * * *

#

#

# #
#

Figure 4. A) DE male and female offspring consume more
kilocalories than FA offspring on HFD, although consump-
tion decreases overall across the diet. Note that male and
female consumption data are combined here. B) DE
offspring consumed overall more total kilocalories over the
6 wk of diet. Data are means 	 se; n � 11–13/group. *P �
0.05 vs. all other groups; #P � 0.05 for FA/HFD vs. LFD
groups.

A B

#

#

Figure 5. A) DE male (left panel), but not female (right panel), offspring are less active in the open field on HFD. Activity is
represented here as total meters traveled each week of the diet. B) DE male (left panel), but not female (right panel), offspring
display more anxiety-like behavior on HFD, as they spend more time in the surround of the open field. Anxiety is represented
here as percentage of time spent in the surround zone of the open field during the 30 min test for each week of the diet. Data
are means 	 se; n � 4–8/group. Line indicates time point at which the groups diverge. #P � 0.05 for HFD vs. LFD.
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significant sex � adult diet � time interaction [F (5,
195)�4.51, P�0.004]. Post hoc tests revealed that male
offspring, regardless of prenatal treatment, became
more anxious on HFD compared to LFD [adult
diet�time interaction, F (5, 95)�5.30, P�0.003], as
HFD groups diverged from LFD groups by wk 4 of the
diet (P�0.006) and maintained this increase in anxiety
over the rest of the 6-wk diet (Fig. 5B, left panel). In
contrast, we found that anxiety levels of female off-
spring did not significantly change with time on the
diet in any of the female groups (Fig. 5B, right panel).
To ensure that the increase in time spent in the
surround zone was not merely due to a decrease in
activity in the males, we also analyzed percent distance
traveled in the surround zone. We found exactly the
same pattern of results with this second measure of
anxiety: Male offspring, regardless of prenatal treat-
ment, preferred to travel more in the surround zone on
the HFD compared to the LFD [adult diet � time
interaction, F (5, 95)�6.78, P�0.001], whereas there
were no significant changes in the percentage of dis-
tance traveled in the surround zone in females (data
not shown). Repeated weekly exposures to the open
field may lead to habituation to the testing environ-
ment, which could affect the interpretation of anxiety-
like behaviors. However, habituation would be ex-
pected to lead to decreased anxiety-like behavior (i.e.,

greater exploration of the center zone), which is the
opposite of the pattern of results observed here. There-
fore, we feel confident that the anxiety test that we used
was sufficient to reveal an increase in anxiety with an
HFD in the male offspring.

Both male and female offspring on HFD have
elevated CORT levels, independent of prenatal
exposure

We analyzed the influence of diet on the basal serum
CORT levels of DE and FA offspring at the end of the
6-wk diet. Both male (Fig. 6A, top panel) and female
(Fig. 6A, bottom panel) offspring that were on HFD for
6 wk had higher CORT than offspring on LFD, regard-
less of prenatal treatment [main effect of diet, F (1,
39)�19.85, P�0.001].

DE female offspring on HFD have higher leptin
levels than FA female offspring on HFD, whereas
both DE and FA male offspring on HFD have
elevated leptin levels, consistent with increased body
weights

We analyzed the influence of diet on the nonfasting
serum leptin levels of DE and FA offspring at the end of
the 6-wk diet and found a significant sex � prenatal

A

DE

FA

#

#

B

#

*

C

*

Figure 6. A) Both DE and FA male (top panel) and female (bottom panel) offspring have elevated basal CORT levels after 6
wk of HFD. B) Both DE and FA male offspring on HFD have elevated leptin levels after 6 wk of HFD (top panel), whereas DE
female offspring on HFD have higher leptin levels than FA female offspring on HFD (bottom panel). C) DE male (top panel),
but not female (bottom panel), offspring have elevated insulin levels after 6 wk of HFD. Data are means 	 se; n � 4–8/group.
*P � 0.05 vs. all other groups, #P � 0.05 for HFD vs. LFD.
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treatment � adult diet interaction [F (1, 39)�6.14,
P�0.02]. Post hoc tests revealed that males on HFD had
overall higher leptin levels than males on LFD, regard-
less of prenatal treatment, in agreement with their
increased body weight at the end of the diet [main
effect of adult diet, F (1, 19)�69.36, P�0.001; Fig. 6B,
top panel]. In addition, we found that DE females on
HFD had higher leptin levels than FA females on HFD
and both LFD groups, which, like males, is also in
agreement with their higher body weight at the end of
the 6-wk diet [trend for an interaction of prenatal
treatment � adult diet [F (1, 20)� 3.82, P�0.07; post
hoc, P�0.03; Fig. 6B, bottom panel]. As leptin was
assayed in nonfasting animals, feeding behavior may
have influenced the results. However, previous studies
have shown a high correlation between fasting and
nonfasting leptin measures (29), suggesting that non-
fasting leptin is sufficient for the analyses required
here.

DE male, but not female, offspring on HFD have
elevated insulin levels

We analyzed the influence of diet on the nonfasting
serum insulin levels of DE and FA offspring at the end
of the 6-wk diet and found a significant sex � prenatal
treatment � adult diet interaction [F (1, 39)�4.73,
P�0.04]. Post hoc tests revealed that DE males on HFD
had significantly higher insulin levels than FA males on
HFD, and both LFD groups [prenatal treatment �
adult diet interaction, F (1, 19)�5.66, P�0.03; post hoc,
P�0.05; Fig. 6C, top panel]. In contrast, there were no
significant differences in insulin levels in females due to
DE exposure or HFD (Fig. 6C, bottom panel). Again,
feeding behavior may have had some influence on the
observed differences in nonfasting insulin levels, but
previous observations of moderate correlations be-
tween fasting and nonfasting insulin levels (29) suggest
that nonfasting insulin levels are sufficient for this
initial analysis.

Microglial activation is increased in DE offspring on
HFD in a sex- and brain region-specific manner

We analyzed the influence of diet on microglial cell
surface antigen (Iba1) expression as a marker of micro-
glial activation in the HYP of DE and FA offspring at the
end of the 6-wk diet and found a significant prenatal
treatment � adult diet interaction [F (1, 39)�20.22,
P�0.001] and a significant sex � adult diet interaction
[F (1, 39)�4.17, P�0.05]. Post hoc tests revealed that DE
males on HFD had significantly higher levels of Iba1
expression than FA males on HFD and both LFD
groups, which did not differ from each other [prenatal
treatment � adult diet interaction, F (1, 19)�18.88,
P�0.001; post hoc, P�0.006; Figs. 7 and 8A, left panel].
Similarly, DE females on HFD had significantly higher
levels of Iba1 expression than all other groups [prena-
tal treatment � adult diet interaction, F (1, 20)�4.50,
P�0.05; post hoc, P�0.006; Figs. 7 and 8A, right panel].

We analyzed the influence of diet on Iba1 expression
in the AMY of DE and FA offspring and found a trend
for a sex � prenatal treatment � adult diet interaction
[F (1, 39)�2.53, P � 0.1] that guided us to subdivide
the data by sex for further analysis. We found that DE
males on HFD had significantly higher levels of Iba1
expression than FA males on HFD and both LFD
groups, which did not differ from each other [prenatal
treatment � adult diet interaction, F (1, 19)�4.56,
P�0.05; post hoc, P�0.05; Fig. 8B, left panel]. However,
in females, we found no significant differences in Iba1
expression (Fig. 8B, right panel).

We analyzed the influence of diet on Iba1 expression
in the hippocampus of DE and FA offspring and found
a significant subregion � sex � adult diet interaction [F
(2, 78)�6.06, P�0.005], a significant subregion �
sex � prenatal treatment interaction [F (2, 78)�4.39,

AMY
HYP

DG

CA1

CA3

FA/LFD DE/LFD

DE/HFDFA/HFD

A

B

C

Figure 7. Microglia appear more activated in DE offspring
on HFD. A) Regions of interest for Iba1 density analysis
[adapted from (54)]. B) Representative Iba1 staining (�10
view) in the HYP of mice from each treatment group.
C) Representative Iba1 staining (�40 view) in the boxed
regions in B of FA/HFD vs. DE/HFD mice. Scale bars �
100 �m (B); 25 �m (C).
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P�0.02], and a significant subregion � prenatal treat-
ment � adult diet interaction [F (2, 78)�19.78,
P�0.001], which justified subdividing the data by sub-
region for further analysis.

Within DG, there was a significant sex � adult diet
interaction [F (1, 39)�6.00, P�0.02], a significant sex �
prenatal treatment interaction [F (1, 39)�5.04, P�0.02],
and a significant prenatal treatment � adult diet interac-
tion [F (1, 39)�13.81, P�0.002]. Post hoc tests revealed
that DE males on HFD had greater Iba1 expression than
FA males on HFD and DE males on LFD [prenatal
treatment � adult diet interaction, F (1, 19)�11.13,
P�0.004; post hoc, P�0.05; Fig. 8C, left panel]. Similarly,
DE females on HFD had greater Iba1 expression than FA
females on HFD and both LFD groups [prenatal treat-
ment � adult diet interaction, F (1, 20)�4.79, P�0.05;
post hoc, P�0.01; Fig. 8C, right panel].

Within CA1, there was a significant sex � prenatal
treatment � adult diet interaction [F (1, 39)�11.70,
P�0.002]. Post hoc tests revealed that DE males on HFD
had greater Iba1 expression than FA males on HFD and
DE males on LFD [prenatal treatment � adult diet
interaction, F (1, 19)�12.62, P�0.003; post hoc, P�0.05;
Fig. 8D, left panel]. In contrast, we found that females on
HFD had overall greater Iba1 expression than LFD fe-
males, regardless of prenatal treatment [main effect of
adult diet, F (1, 20)�4.92, P�0.04; Fig. 8D, right panel].

Within CA3, there were no significant effects or
interactions (Fig. 8E).

DISCUSSION

Emerging evidence suggests that environmental chemical
exposures may contribute to the escalating prevalence of
obesity by altering several aspects of metabolism. We have
demonstrated that environmentally relevant concentra-
tions of diesel exposure in utero markedly affects offspring
body weight, metabolic hormones, activity, food intake,
and microglial activation in ways that are adult diet- and
sex-dependent. The field of metabolic programming has
increasingly shown that the intrauterine environment has
important metabolic consequences for offspring through-
out the life span. However, the vast majority of these
studies have manipulated maternal diet in isolation. For
example, maternal HFD during gestation induces greater
susceptibility to diet-induced obesity and exacerbates met-
abolic problems (hyperleptinemia, hyperinsulinemia, etc.)
in adult offspring (30). Notably, maternal HFD also alters
basal microglial morphology within the offspring of the
brain and increases their reactivity to an adult inflamma-
tory challenge (19), indicative of long-term changes in
microglial function that may underlie changes in neural
function and behavior. Our data demonstrate for the first
time that the interaction between inflammation and
obesity is likely bidirectional, as prenatal DE exposure
strikingly increased cytokine and chemokine expression
within the fetal brain and increased vulnerability to the
HFD later in life across a number of measures. Notably,
prenatal cytokine expression has also been strongly linked
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Figure 8. Denser Iba1 staining, a constitutive microglial marker, is
observed in DE offspring on HFD in a sex- and brain region-specific
manner. A, C) Both male (left panel) and female (right panel) DE
offspring have denser Iba1 staining in the HYP (A) and dentate
gyrus of the hippocampus (C) after 6 wk of HFD. B) Male DE
offspring have denser Iba1 staining in the AMY after 6 wk of HFD
(left panel), whereas female DE offspring do not (right panel). D)
Male DE offspring have denser Iba1 staining in area CA1 of the
hippocampus after 6 wk of HFD (left panel), whereas female DE
and FA offspring both have denser Iba1 staining in CA1 after 6 wk
of HFD (right panel). E) There are no significant differences
between FA and DE offspring in Iba1 staining in area CA3 of the
hippocampus after 6 wk of HFD. Data are expressed as means 	 se;
n � 4–8/group. *P � 0.05 vs. all other groups, **P � 0.05 vs.
DE/LFD and FA/HFD, #P � 0.05 for HFD vs. LFD.
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to long-term programming of neural function and behav-
ior, for instance in the context of maternal viral infection
(20, 31).

Correlational studies in humans have demonstrated
that maternal exposure to tobacco smoke (32) or pesti-
cides (33) is associated with elevated BMI trajectory in
offspring, but the effects of diesel exposure have been less
well studied. Recently, Rundle et al. (34) demonstrated
that maternal exposure to ambient air polycyclic aromatic
hydrocarbons (PAHs), a component of diesel exhaust, is
associated with childhood obesity, as well as lower IQ at
age 5 (35). Air pollution during pregnancy has been
associated with fetal growth restriction (36, 37), which, in
turn, is associated with later insulin resistance in offspring
(reviewed in ref. 38). However, in the current study, we
did not find a difference in birth weight due to prenatal
diesel exposure (in agreement with ref. 22), which sug-
gests that our findings are not simply a result of low birth
weight followed by compensatory growth (i.e., thrifty
phenotype), a phenomenon that has been well described
in the metabolic programming literature (reviewed in ref.
5). Therefore, when taken together, it is becoming clear
that exposure to environmental endocrine disrupters in
utero, including air pollution, plays a role in fetal meta-
bolic programming, although the mechanisms are still
being explored.

Microglia are the primary producers of cytokines within
the brain and likely mediators of risk or resilience to
inflammatory challenges, including air pollution and
HFD. These cells colonize the fetal brain during the latter
half of gestation, during which time, they play an active
role in several developmental processes, including the
phagocytosis of apoptotic cells and synaptic pruning (39,
40). Because microglia and their cytokine products are
critical for normal brain development, and because mi-
croglia are long-lived and capable of changing their
function long-term in response to activation (known as
sensitization or “priming”), we have hypothesized that
early development is a sensitive period for affecting their
function and thus long-term brain and behavioral func-
tion (20). Previous studies have demonstrated that DE
exposure in adult rats increases microglial activation and
cytokine production within the CNS (8). Notably, the
current study is the first to demonstrate that DE exposure
in utero can cause enduring changes in the microglia of
adult offspring. Other experiments have illustrated that
DE affects macrophage function in mice specifically via
TLR4 (41, 42), which is compelling, given that microglia
share a myeloid lineage with macrophages. Moreover,
fatty acids bind directly to TLR4 on microglia (16),
resulting in their activation. Thus, DE and HFD may
converge to affect microglia within the brain via a com-
mon innate immune pathway, although this remains to be
tested. Overall, we observed increased microglial activa-
tion only in the brains of animals that received two “hits”
(prenatal DE and adult HFD), with the exception of area
CA1 in females that was increased by HFD alone. This may
signify that microglia were primed during gestation by the
neuroinflammation caused by prenatal DE exposure, and
only displayed morphological changes (perhaps indica-

tive of increased reactivity) following HFD in adulthood.
An important caveat is that morphology alone cannot
fully describe or predict changes in microglial function.
Moreover, whether changes in microglial function under-
lie changes in metabolism or behavior remains to be
explored.

One of the most interesting findings of this study was
the sex difference we observed in almost every mea-
sured outcome. These data are consistent with increas-
ing recognition within the field of child health that
there are sex differences in multiple outcomes follow-
ing maternal inflammatory insults during pregnancy.
For example, male newborns are 20% more likely to
experience a poorer outcome following complications
during pregnancy, such as preeclampsia, preterm de-
livery, and intrauterine growth restriction (43), and
males also have a higher risk for poor perinatal out-
come when their mothers are diabetic (44). Further-
more, Alonso-Magdalena et al. (45) recently demon-
strated that bisphenol A (BPA) exposure during
pregnancy disrupts glucose homeostasis specifically in
adult male, but not female, offspring. Our data are
consistent with a male disadvantage, because overall, we
saw that female offspring developed fewer adverse
consequences than did male offspring, both in re-
sponse to prenatal DE alone, as well as following HFD
in adulthood. Specifically, DE female offspring failed to
develop insulin resistance, in contrast to male off-
spring, despite gaining comparable weight on the HFD
to DE males. Insulin resistance is considered to be more
serious than increased body weight alone, as it can lead
to the cluster of medical conditions that make up
metabolic syndrome, including type 2 diabetes, hyper-
tension, dyslipidemia, and cardiovascular disease (46).
In addition, DE female offspring did not show the
marked behavioral changes (increases in anxiety and
decreases in activity) that male offspring exhibited on
HFD, nor did they exhibit as global an increase in
microglial activation as males. Previous work from our
laboratory (47) has demonstrated that male rats have
overall more microglia than females early in neural
development (and we have replicated this finding in
mice as well; unpublished results), which may contrib-
ute to the greater vulnerability of males to glial priming
by inflammatory challenges early in life.

Furthermore, there may be an inherent sex differ-
ence in the response to an HFD. Although DE female
offspring gained as much weight on HFD as their male
counterparts, FA female offspring gained far less weight
on HFD than did matched males, even though they had
comparable energy intake. This suggests that females
exhibit some protection from the extent of the adverse
consequences of HFD observed in males. Similarly,
Hwang et al. (48) found that female mice put on an
HFD at weaning failed to develop any obvious weight
gain compared to control females until they had been
on the diet for 3 mo. Even after 9–12 mo on an HFD,
females still had far lower weight gains and showed
less hyperinsulinemia and hypercholesterolemia than
males. Interestingly, they also failed to show the deficits
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in learning and hippocampal synaptic plasticity that
male mice on an HFD exhibited, which is comparable
to the lack of change in activity or anxiety levels
observed in females in the current study. In addition,
estrogen has been shown to promote the accumulation
of subcutaneous fat deposits, instead of central (intra-
abdominal) fat deposits, which are more common in
males and have been linked with increased risk for
metabolic syndrome and cardiovascular disease (49,
50). Considering the relative lack of responsiveness of
normal female mice to an HFD, it is remarkable that we
observed such marked weight gains in the DE female
offspring in just 6 wk of HFD (much shorter than many
other diet studies), which suggests that the inherent
protection females typically have was abolished by
prenatal diesel exposure.

Alternatively, it is possible that females are simply
slower to respond to HFD than males, as normal
females typically gain weight more gradually than nor-
mal males on HFD (48, 51). Therefore, prenatal DE
exposure may accelerate body weight gain compared to
normal females, and with a longer diet, DE females may
have shown more serious metabolic and behavioral
consequences comparable to DE males. Interestingly,
female offspring on HFD did exhibit increased CORT
(similar to males) at the end of the 6-wk diet, which may
precede changes in anxiety-like behavior. HFDs have
been previously shown to cause increased basal gluco-
corticoid production (52), prompting the authors to
suggest that high fat intake can serve as a type of
chronic stressor. HFDs also cause increases in anxiety-
like behavior (53), but studies in this area commonly
use only male rats or mice, so the female behavioral
response to an HFD is less well-characterized.

In summary, prenatal diesel exhaust exposure during
pregnancy causes marked fetal brain cytokine re-
sponses, followed by an increased susceptibility to diet-
induced weight gain, and metabolic and behavioral
changes in adult offspring. Microglia primed by air
pollutant-induced neuroinflammation during gestation
may undergo exaggerated activation in response to an
HFD in adulthood, which may, in turn, mediate the
changes in body weight regulation and metabolic func-
tion. We also demonstrated that fetal programming
due to air pollution exposure in utero is sexually dimor-
phic, with more global detrimental effects in male
offspring, both basally and in response to an HFD.
Further research is needed to determine the mecha-
nism by which these marked sex differences in outcome
are caused in response to the same prenatal and adult
challenges. These findings may ultimately have impli-
cations for environmental policy regulations, as well as
for social and clinical interventions.
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