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Chronic maternal inflammation or high-fat-feeding programs
offspring obesity in a sex-dependent manner
A Dudele1, KS Hougaard2, M Kjølby3, M Hokland4, G Winther5, B Elfving5, G Wegener5, AL Nielsen4, A Larsen4, MK Nøhr6,7,
SB Pedersen6,7, T Wang1 and S Lund8

BACKGROUND/OBJECTIVES: The current world-wide obesity epidemic partially results from a vicious circle whereby maternal
obesity during pregnancy predisposes the offspring for accelerated weight gain and development of metabolic syndrome. Here we
investigate whether low-grade inflammation, characteristic of the obese state, provides a causal role for this disastrous fetal
programming in mice.
METHODS: We exposed pregnant and lactating C57BL/6JBom female mice to either high-fat diet (HFD), or continuous infusion of
lipopolysaccharide (LPS), a potent trigger of innate immunity, and studied offspring phenotypes.
RESULTS: Both maternal LPS or HFD treatments rendered the offspring hyperphagic and inept of coping with a HFD challenge
during adulthood, increasing their adiposity and weight gain. The metabolic effects were more pronounced in female offspring,
while exposed male offspring mounted a larger inflammatory response to HFD at adulthood.
CONCLUSIONS: This supports our hypothesis and highlights the programming potential of inflammation in obese pregnancies.
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INTRODUCTION
Maternal obesity significantly increases complication risk during
pregnancy and at delivery, and exerts detrimental long-term
consequences for the health of the offspring.1 Offspring born to
obese mothers are at higher risk of becoming obese and
developing metabolic syndrome already in childhood, with dire
consequences for their future health.2–4 These effects are
particularly important in the context of the staggering global
obesity epidemic that affects an increasing proportion of young
women.5 By 2012 one-third of women of childbearing age in the
USA were obese6 implicating a substantial risk of exposure to
maternal obesity during prenatal development for a large part of
the future population.
Animal studies clearly demonstrate that obesity and consump-

tion of diets rich in saturated fat during pregnancy or lactation
increase the risk for obesity and metabolic syndrome in the
offspring, even when they consume normal diets throughout
adulthood.7 These effects are further exacerbated when the
offspring themselves consume a high-fat diet (HFD).8–10 Conse-
quently, this may propagate development of a vicious circle,
where the prevalence of obesity and resulting diseases are
reinforced in the following generations. While the association
between maternal and offspring obesity is rather well described
by epidemiological and animal studies, the underlying mechan-
isms remain elusive.
Obesity is strongly associated with a state of low-grade, chronic

inflammation that has been put forward as the culprit in
development of insulin resistance, atherosclerosis and

cardiovascular disease.11 The exact source of inflammation in
obesity is yet to be identified, but gut derived endotoxemia—
increased level of lipopolysaccharide (LPS) in the circulation—may
be an important contributor. LPS is naturally present in the
intestinal lumen as a component of the cell wall of Gram-negative
bacteria and is a potent trigger of the innate immune system.12,13

Following ingestion of a meal, LPS can be translocated across the
intestinal wall into the circulation along with uptake of nutrients,
thereby initiating a transient postprandial endotoxemia.14,15

Frequent consumption of HFD chronically elevates LPS in the
circulation and thus contributes to propagation of the low-grade
inflammation characteristic to obesity.13,14,16,17

Low grade, chronic inflammation characteristic to obesity18 has
emerged as a compelling underlying factor capable of program-
ming offspring obesity and metabolic syndrome by maternal
obesity.19 This is backed by evidence that elevated levels of
inflammatory markers or an induced inflammatory event during
pregnancy can alter metabolism and future health of the
offspring.20–22 Due to the proposed role of LPS in obesity-
related inflammation, it is applicable to use chronic infusion of LPS
to experimentally induce enduring, low-grade inflammation in
animal models. This allows for investigation of the role of obesity-
related inflammation in the etiopathophysiology of associated
comorbidities in absence of other co-variates.14,23 Chronic
intraperitoneal administration of LPS mimics the origin of
endotoxemia from the gut without affecting glucose tolerance
in mice and rats.24–26 Hence chronic intraperitoneal infusion of LPS
during pregnancy and/or lactation can be used to evaluate the
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mediating role of low level, chronic inflammation in programming
of offspring phenotype by maternal obesity or high-fat feeding in
absence of other confounding factors.
We hypothesized that exposing female mice to chronic low

doses of LPS during pregnancy and lactation will have similar
programming effects on offspring phenotype as maternal
consumption of HFD. We exposed female mice to either control
diet and LPS (chronically delivered for a period of 60 days via
intraperitoneal slow release pellet), or ad libitum access to HFD
during pregnancy and lactation. We kept the offspring on a
control diet from weaning until 19 weeks of age, and then
switched them onto a diet rich in saturated fat (HFD). While
consuming control diet, female offspring from LPS and HFD
groups were only slightly heavier than controls, but the
consequent HFD challenge uncovered the phenotypic differences
induced by maternal treatments. The challenge rendered LPS and
HFD offspring hyperphagic, obese and altered their inflammatory
phenotype in comparison to control offspring, emphasizing the
programmed impaired capacity to cope with a post-natal HFD
exposure. The resulting similarities between offspring phenotypes
induced by maternal LPS or HFD provide experimental evidence
that inflammation can be a key programming factor in
pregnancies affected by such multifactorial conditions as obesity
and HFD.

MATERIALS AND METHODS
The experiments were approved by The Danish Animal Experiments
Inspectorate, permit # 2012-15-2934-00042.

Maternal treatment
Six-week old (w.o.) female (n= 28), virgin C57BL/6JBomTac mice (Taconic,
Lille Skensved, Denmark) were group-housed at 24 °C, 12:12 h light:dark
with lights on at 0630 hours, at 60% humidity and fed laboratory chow.
Food and water were available ad libitum at all times, except when food
was removed for 6 h before oral glucose tolerance test (OGTT) and 4 h
before euthanasia. After 2 weeks of acclimation, females were weighed
and divided into 3 groups with similar body mass (mean 19.8 ± 0.3 g,
n= 9–10). Custom-made slow release pellets (Innovative Research of
America, Sarasota, FL, USA) lasting 60 days to cover pregnancy and
lactation, and designed to deliver a constant dose of LPS (6.45 μg day−1,
Escherichia coli 055:B5, Sigma-Aldrich, Brøndby, Denmark) or only the
biodegradable pellet matrix, were implanted intraperitoneally. Nine mice
received LPS pellet, while only pellet matrix was implanted in control
(n=9) and HFD (n= 10) mice. The LPS dose was chosen to resemble the
level of endotoxemia induced by high-fat feeding in mice.14 Immediately
after surgery, control and LPS mice were switched onto control diet
(#D12450B, 10% kcal from fat), whereas the remaining 10 mice were
switched onto a lard-based HFD (#D12492, 60% kcal from fat, both diets
from Research Diets Inc., New Brunswick, NJ, USA). Mice were housed
individually until mating and were kept on the corresponding diets during
post-surgical recovery, mating, pregnancy and lactation.
One week after pellet implantation each female was placed in a cage

with an age matched, 9 w.o. C57BL/6JBomTac male. Until breeding all
males consumed control diet, but during mating males were feeding on
the same diet as the corresponding females. Females were weighed twice
a week, and the male was removed from the cage during the last week of
pregnancy. Females were allowed to give birth and the day of birth was
recorded. The offspring were weaned at the age of 24 days, and the
mothers were subjected to OGTT. They were euthanized 4 days later.

Offspring
Offspring were counted and weighed 3 days after birth. Litters with fewer
than 3 pups were culled on the 3rd day after birth (n= 1 in HFD group). All
other offspring remained with their mothers during lactation, and were
weighed twice per week. At the age of 24 days, when nursing is finished in
mice,27 a maximum of 2 male and 2 female offspring per litter were
randomly chosen and weaned onto control diet, and the rest of the litter
was euthanized. Female offspring were group-housed throughout the
experiment (3–6 females per cage), while all male offspring were

group-housed until 13 w.o. and most were then switched to single
housing to avoid aggressive behavior.
Until 19 w.o. all offspring were fed a control diet (#D12450B). From

weaning until 13 w.o. all offspring were weighed weekly but repeated
individual body mass development was not tracked, therefore data was
analyzed separately for each time point. After 13 w.o. caloric intake and
individual body mass were measured weekly until 19 w.o. when all
offspring were switched to HFD (#D12492), whereupon food intake and
individual body mass were measured twice a week.
OGTT was performed at 15 and 23 w.o. and body composition was

measured at 18 and 21 w.o. using echo magnetic resonance (MR) scanner
for rodents. All offspring were euthanized and tissue samples collected at
24 w.o.
Detailed description of the other methods used is provided in

Supplementary Material.

Data analysis
Data is presented as means± s.e.m. and ‘n’ refers to number mice included
in the analysis. Data from male and female offspring was always analyzed
separately and ‘Maternal ID’ was always included in the initial analysis as a
co-factor to control for litter effect, however it never had a significant
effect, and was then removed from further analysis.
Data was compared using one-way analysis of variance (ANOVA) to test

for the effect of maternal treatment and Tukey’s range test was used for
post hoc analysis. Area under the curve (AUC) was calculated for blood
glucose levels during OGTT and compared using ANOVA. Continuous
changes in body mass and food intake, the effect of post-natal diet on
body composition and same time point insulin levels before and after HFD
challenge, were compared using Repeated measures (RM) ANOVA. Fasting
and 15 min insulin within the same OGTT were compared using RM
ANOVA. Body mass, along with maternal treatment, was included as a co-
variate (ANCOVA) when analyzing plasma leptin and cholesterol levels.
Analyses were performed using JMP 13.0 (SAS Institute Inc., Cary, NC, USA).

RESULTS
Maternal phenotype and pregnancy outcomes
Post-operative body mass loss occurred in all experimental
groups, but was largest among LPS mice (Figure 1a), indicating
successful LPS delivery and resultant systemic immune response
and sickness behavior.28 Throughout pregnancy and lactation HFD
females gained more weight than control or LPS females
(Figure 1a, RM ANOVA: P= 0.0002, Tukey’s test: control vs HFD
Po0.01, Control vs LPS non-significant (n.s.), HFD vs LPS Po0.04).
HFD dams had impaired glucose tolerance (Figure 1b), and

increased visceral fat mass (Supplementary Table 3) compared
with controls and LPS, as well as increased plasma insulin levels
during fasting and 15 min after glucose gavage, compared with
LPS females that had the lowest insulin levels (Figure 1b).
We compared the level of inflammation induced by HFD or LPS

by measuring plasma levels of several pro-inflammatory markers
using Luminex assay, however did not find a statistically
significant effect of maternal treatment. Only plasma leptin was
significantly elevated in HFD females (Supplementary Table 4).
Even though the mean levels of inflammatory markers (assessed
by measuring relative mRNA expression) were almost two-fold
higher in livers of LPS mothers compared with controls, there was
no statistically significant effect of maternal treatment on relative
mRNA expression of TNF-α, interleukin (IL)-1β or CD14 in neither
liver, nor adipose tissue (Figure 1c).
Mating success (23 litters — nControl = 7, nLPS = 7, nHFD = 9 —

from 28 initial mating pairs), time from introducing the mating
pair to delivery (21.4 days) and litter size (6 pups) were not
affected by maternal treatment.

Offspring body mass and body composition on control diet
Maternal treatment did not affect offspring body mass 3 days after
birth, however LPS and HFD female offspring, and HFD male
offspring gained significantly more body weight during lactation
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compared with controls (RM ANOVA: Female and male offspring
P=0.03; Tukey’s test, Females: LPS and HFD vs control Po0.03
between 11 and 15 days old, n.s. rest of time, LPS vs HFD n.s.
throughout lactation; Males: HFD vs control Po0.05 between 11
and 19 days old, LPS vs control and LPS vs HFD n.s.; Figure 2). From
weaning until 9 w.o. LPS and HFD female offspring retained the
higher body mass (3-13 w.o.: ANOVA: Po0.03 throughout the
period, Tukey’s test, 3-9 w.o.: control vs LPS Po0.05; control vs HFD
Po0.01; LPS vs HFD ns; 10–13 w.o.: control vs LPS n.s, control vs
HFD Po0.04, LPS vs HFD n.s.). However differences in
male offspring body mass disappeared already after 1.5 weeks
(3–4.5 w.o., ANOVA: Po0.001, thereafter n.s.). After 13.5 w.o. only
LPS and HFD female offspring retained elevated body mass (RM
ANOVA, Females: 13–18 w.o.: P=0.007, Tukey’s test: control vs HFD
Po0.04, control vs LPS P in range of 0.01–0.2, LPS vs HFD n.s.).
MR showed a statistically significant elevation of lean body

mass among female LPS and HFD offspring at 18 w.o. (Figure 3,
ANOVA, P= 0.01, Tukey’s test: control vs LPS and HFD Po0.03, LPS
vs HFD n.s.), but no significant changes in fat mass or fat percent
(17% fat for LPS and HFD female offspring, 15% fat for controls).
Male offspring lean body mass was not affected by maternal
treatment at the age of 18 weeks, and fat percent was similar
among all the groups (12%).

Offspring body mass and body composition on HFD
Post-natal HFD challenge increased offspring body mass in all
groups (Figure 2), but exposure to maternal LPS or HFD magnified
weight gain among female offspring (RM ANOVA: P= 0.0006,
Tukey’s test: LPS and HFD vs Control Po0.02, LPS vs HFD n.s.). The
rise in body mass stemmed from increased deposition of fat
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Figure 1. Maternal phenotype. (a) Maternal body mass throughout the experiment. (b) Maternal oral glucose tolerance test (OGTT) at the time
of weaning (24 days post-partum), calculated area under the curve (AUC) for plasma glucose, and plasma insulin before and 15 min after oral
glucose gavage. (c) Relative mRNA expression in liver and visceral adipose tissue of mothers 4 days after weaning the offspring. Data
presented as means± s.e.m. Body mass and plasma insulin were compared using RM ANOVA; AUC and relative gene expression were
compared using one-way ANOVA followed by Tukey’s test. e Indicates statistically significant difference (Po0.05) between LPS and Control,
f between HFD and control, and g between LPS and HFD. Bars not connected by the same letter, are statistically different (Tukey’s test,
Po0.05).
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(Figure 3, RM ANOVA, 18 vs 21 w.o. Po0.001) that was larger
among LPS and HFD females (Figure 3, Tukey’s test, 21 w.o.,
control vs LPS and HFD Po0.05, HFD vs LPS n.s.) and a small rise
in lean body mass (Figure 3, RM ANOVA, 18 vs 21 w.o. Po0.0001,
Tukey’s test, 21 w.o., control vs LPS and HFD Po0.001, LPS vs HFD
n.s.). This lead to a near-significant difference in fat percent
(control = 23.7 ± 1.9%, LPS = 28.8 ± 2.0%, HFD= 29.4 ± 1.8%;
ANOVA, P= 0.08) and an elevation of visceral fat mass at 24 w.o.
(Figure 3, ANOVA, P= 0.01, Tukey’s test, control vs LPS and HFD
Po0.03, LPS vs HFD n.s.). Male offspring showed a similar pattern
but did not reach significant differences between maternal
treatments.

Offspring energy intake
Maternal LPS or HFD increased daily caloric intake among female
offspring already on control diet (Figure 4, RM ANOVA: Po0.0001,
Tukey’s test: LPS vs control Po0.003 (14–19 w.o.), HFD vs control
Po0.001 (14–16 and 17–19 w.o.), LPS vs HFD Po0.001 (13–15 w.o.),
n.s. after 16 w.o.), but the HFD challenge further magnified the
differences. The switch to HFD increased caloric intake among all
females for the first 3 days, but LPS and HFD female offspring
retained the higher daily caloric intake throughout the experiment
(RM ANOVA: Po0.0001, Tukey’s test, LPS and HFD vs Control
Po0.0002 at all time points; HFD vs LPS n.s., Figure 4).
Maternal treatment did not affect daily caloric intake of males

on control diet (Figure 4), but HFD challenge elicited a similar but
lesser response as among female offspring. Caloric intake spiked
during the first 3 days among all groups, but in spite of a
significant effect of the overall maternal treatment (RM ANOVA:
P= 0.01) the statistical differences between treatments varied
throughout the period (Tukey’s test, n.s.).

Offspring OGTT
Offspring glucose tolerance and insulin secretion were not
affected by maternal treatment at the age of 15 weeks
(Figure 5). After 4 weeks of HFD, glucose tolerance decreased
among all offspring, as indicated by increased AUC values
compared with the first OGTT (RM ANOVA, HFD exposure
Po0.0001 for males and females), however no differences
appeared between the treatment groups. Nevertheless, after the

HFD challenge LPS and HFD female offspring had higher fasting
plasma insulin levels than controls (ANOVA, P= 0.02, Tukey’s test,
LPS and HFD vs control Po0.04, LPS vs HFD ns., Figure 5b).

Offspring inflammatory markers
Maternal LPS significantly increased blood leukocyte count in
males (ANOVA: P= 0.01, Tukey’s test: LPS vs control P= 0.001, HFD
vs control n.s., LPS vs HFD n.s.) and had a similar trend in female
LPS and HFD offspring (ANOVA, P= 0.07; Figure 6). Despite this, no
differences were detected in plasma inflammatory cytokines
assessed by Luminex (Supplementary Table 4) with the exception
of IL-12 (p40) and IL-13 that were significantly higher in LPS
female offspring compared with controls.
We also used a Luminex assay to measure levels of

inflammatory markers in offspring hypothalamus. Here, LPS male
offspring had significantly higher levels of most measured
inflammatory markers, with HFD males being generally between
LPS and Controls, and Controls presenting with the lowest levels
of inflammatory markers (Supplementary Table 5). Hypothalamic
inflammatory markers were not affected by maternal treatment
among female offspring.
Despite the pronounced inflammation in the hypothalamus we

did not observe effects of maternal treatment on relative mRNA
expression of a selected set of inflammatory genes in offspring
liver or adipose tissue for male or female offspring (Supplementary
Figure 1).

Offspring leptin levels and tissue lipid content
At the age of 24 weeks LPS and HFD female offspring had
increased plasma leptin levels compared with controls (ANOVA,
P= 0.005, Tukey’s test, LPS and HFD vs control Po0.01, LPS vs
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HFD n.s., Supplementary Table 6). However inclusion of body mass
in the analysis as a co-variate revealed that plasma leptin was
associated with body mass rather than maternal treatment in both
female (ANCOVA, body mass: Po0.0001; maternal treatment: n.s.)
and male offspring (ANCOVA, body mass: Po0.0001; maternal
treatment: n.s.). Offspring muscle and liver lipid content was
not significantly affected by maternal treatment (Supplementary
Table 7).

DNA methylation in female offspring
To link the phenotypic changes induced by maternal treatment to
epigenetic alterations we examined overall DNA methylation
among female offspring, as they had a more pronounced
metabolic phenotype than male offspring. We measured Line-1
methylation and methylation patterns of candidate genes (insulin-
like growth factor 2 (Igf-2) –differential methylated region 2
(DMR2) and peroxisome proliferator-activated γ coactivator-1α
(PGC-1α), a transcriptional coactivator involved in mitochondrial
biosynthesis and oxidative metabolism) in muscle tissue, however
we did not observe effects of maternal treatment on any of the
measured parameters (Supplementary Figure 2).

DISCUSSION
Here we show that chronic maternal inflammation during early
development changes offspring phenotype at adulthood, and
worsens their ability to cope with a HFD challenge. Importantly,
offspring exposed solely to maternal inflammation resemble
offspring born to obese mothers. As their phenotypes are
programmed in the absence of many confounding factors
characteristic to maternal obesity (hyperleptinemia, hyperglyce-
mia, hyperinsulinemia or increased fat deposition), our study
demonstrates the potent programming role of chronic inflamma-
tion in early development.
Although maternal treatment did not affect birth weight, LPS

and HFD offspring became heavier during lactation (Figure 2). This
outcome could be partially explained by exposure to maternal
HFD during late lactation among HFD offspring, as mice pups start
consuming hard chow from ca. 17 days of age.27 As we weaned
the offspring onto control diet only at the age of 24 days to allow
for nursing to completely cease27 the pups were exposed to some
amounts of HFD for up to 7 days during late lactation, and it could
have affected their early body mass. LPS offspring, however, were
also heavier than controls during lactation, and as they only had
access to control diet, in addition to milk, these effects must stem
from maternal inflammation.
Maternal obesity or high-fat feeding does not universally induce

alterations in offspring body mass at adulthood when feeding a
normal post-weaning diet9,29 meaning that sometimes the
detrimental metabolic phenotype induced by maternal program-
ming may remain concealed. However, a HFD challenge, imposed
at adulthood, can unveil the programmed alterations.9 Similarly to
previous studies on male offspring exposed to maternal HFD and
then challenged with a HFD at adulthood9 we observed that HFD
female offspring gained more weight than controls (Figure 2) and
developed insulin resistance (Figure 5) following exposure to HFD
after the age of 19 weeks. Interestingly, LPS female offspring had a
very similar response to the HFD challenge—increased weight
gain and appetite, and development of insulin resistance
(Figures 2 and 5). This shows that maternal LPS or HFD induced
similar changes in offspring phenotype, rendering them less
capable to deal with high-fat challenge at adulthood. Response
among male HFD and LPS offspring was very similar to that
among female offspring, however it did not reach statistical
significance.
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Notably, the elevation of body mass among LPS and HFD
female offspring was accompanied by a large increase in body fat,
and particularly elevated visceral fat deposition (Figure 3). Again,
the pattern was similar, but not statistically significant among
affected male offspring (Figure 3). The increased visceral fat
deposition points to programming of a particularly ‘dangerous’
phenotype among LPS and HFD offspring, as visceral obesity is
tightly linked with insulin resistance and development of
metabolic syndrome.30,31 In line with this, the HFD challenge
increased fasting levels of insulin among LPS and HFD female
offspring indicating development of insulin resistance (Figure 5).32

In addition to increase in body weight, and body fat, we also
observed a consistent increase of lean body mass of all female
offspring, that was larger among LPS and HFD female offspring
(Figure 3). This is curious, as other studies have reported the
opposite—reduced offspring lean body mass in response to post-
natal HFD challenge.33 The underlying cause however remains to
be investigated.
The increase in offspring body mass and adiposity during a HFD

challenge was likely caused by altered appetite regulation or
increased preference for high-fat food. Both female and male LPS
and HFD offspring majorly increased their caloric intake when
exposed to HFD at adulthood (Figure 4). Maternal high-fat or ‘junk
food’ feeding during pregnancy and lactation increases offspring
appetite even on control diet7 and their preference for high-fat
food during adulthood.34 Here we show that maternal inflamma-
tion has a similar effect (Figure 4) and both factors are likely
contributors. The observed elevation of such appetite regulating
hormones as ghrelin, insulin and leptin in hypothalamus of LPS
and HFD male offspring (Supplementary Table 5) support altered
appetite regulation by maternal inflammation. Even though these
were assessed in the whole hypothalamus, and not differentiated
by hypothalamic nuclei, the general effects of ghrelin in appetite
stimulation and long-term anorexic effects of insulin and leptin are
universal.35 However as we observed differences in calorie intake
in both male and female offspring, but only observed alteration in
appetite hormones in male offspring, and hormones with opposite
action were upregulated, it is difficult to pinpoint the exact
interactions. It is therefore necessary to conduct further studies
including food preference tests, and calorie-adjusted pair feeding,
and more detailed analysis of central appetite regulation.
Male offspring showed chronic immune activation, with the

largest effects observed in LPS, and intermediate in HFD male
offspring evident from elevated leukocyte counts (Figure 6) and
increased levels of a number of pro-inflammatory cytokines in the
hypothalamus (Supplementary Table 5). A similar effect has been
previously induced by maternal obesity and high-fat feeding,
where male offspring developed a pro-inflammatory phenotype in
the adipose tissue even on control diet.29 Hypothalamic inflam-
mation can precede development of metabolic syndrome17,36 and
LPS and HFD male offspring had not only hypothalamic and
systemic inflammation, but also increased caloric intake, and
elevated levels of ghrelin, leptin and insulin during the HFD
challenge (Figures 3 and 6; Supplementary Table 5). This shows
that maternal LPS or HFD imposes programming effects on male
offspring phenotype at adulthood and affects their response to a
HFD challenge. We did not observe any effects of maternal
treatment on inflammatory measures among female offspring.
Sexual dimorphism is common in studies of maternal program-

ming, however the general direction of effects is still not clear.
Exposure to maternal inflammation during pregnancy has induced
obesity only in female offspring21 or in both sexes,20 while
maternal obesity or high-fat feeding has produced obese
phenotypes in both sexes,7,34,37 or only male offspring38 and
even resulted in some temporal variation.39 Here we observed a
more pronounced metabolic phenotype among female offspring,
and immune activation among male offspring. The underlying
mechanisms governing sexual dimorphism are not elucidated and

various actors have been suggested at play, for example, different
developmental vulnerabilities,38 altered neuroendocrine
regulation20 or placental and epigenetic effects.40 It is therefore
important to always investigate effects in both offspring sexes,
and conduct thorough meta-analyses that can aid in under-
standing the crucial factors.
Consumption of HFD or LPS injections in rodents exclusively

during pregnancy increase offspring adiposity and affect meta-
bolic phenotype21,38,41 while the lactation period is crucial for
programming of offspring appetite.42 Here we observed elevated
caloric intake among LPS and HFD offspring, especially during the
HFD challenge (Figure 4) indicating possible programming of
appetite regulation by maternal treatments. Maternal obesity
during pregnancy and lactation impairs appetite regulation
through offspring leptin resistance and the consequent hyper-
phagia that persists into adulthood.37,39 Offspring from LPS and
HFD groups presented with elevated central and peripheral leptin
levels indicating development of leptin resistance (Supplementary
Tables 5 and 6) resembling previous studies.39 The similarities
between LPS and HFD offspring phenotypes indicate involvement
of a convergent programming mechanism. Increased levels of pro-
inflammatory cytokines and immune cells in the milk are a
possible candidate because maternal obesity can increase milk’s
inflammatory properties in mice and humans.43–45 It is therefore
possible that both maternal HFD and LPS altered inflammatory
properties of the milk in the present study, thus imposing
programming effects during lactation, but this needs to be further
elucidated.
We attempted to link the marked metabolic changes among

female offspring to epigenetic alterations, but did not observe
changes in any of the investigated methylation patterns in muscle
tissue. This is unexpected, as PGC-1α, a key regulator of energy
metabolism46 is hyper-methylated in muscle tissue of female mice
exposed to maternal HFD during early development.47 In the
present animal model, maternal effects of LPS and HFD were likely
conveyed via different pathway.
Here we show that maternal low-grade, chronic inflammation

induced by LPS during pregnancy and lactation leads to long-term
programming of offspring phenotype rendering them more
susceptible to development of obesity and metabolic syndrome,
and less suited to deal with a HFD challenge even as adults. This
phenotype is highly similar to that induced by maternal HFD. The
similarities between offspring exposed to maternal LPS or HFD
strongly indicate that inflammation is a key mechanism under-
lying the observed programming effects. Pinpointing a single
programming effector in an otherwise multifactorial setting of
obesity allows for future development of targeted anti-
inflammatory interventions aimed at obese pregnancies that
may protect future generations from development of obesity and
metabolic syndrome. It is important to further identify the exact
programming window (pregnancy or lactation) as well as the
mechanism underlying programming by inflammation. It is also
important to study the effects of mild anti-inflammatory
interventions such as mild exercise48 and maternal food
supplements.49,50
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