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Abstract

Recent studies have suggested that maternal high-fat (HF) diet caused inflammation

changes in adipose tissue; however, it remains unclear if maternal diet intervention before

pregnancy rescues such effects in offspring. To address this question, female mice were

continued on a normal-fat (NF group), or a HF diet (HF group) or transitioned from a HF diet

to a NF diet at 1 (H1N group), 5 (H5N group) or 9 weeks (H9N group) prior to pregnancy.

Among the three intervention groups, the H9N offspring displayed less and steady body

weight gain, and maintained glucose tolerance, whereas the H1N and H5N offspring

showed exacerbate these phenotypes. The H1N and H5N, but not the H9N offspring, dis-

played adipocyte hypertrophy associated with increased expression of genes involved in fat

deposition. The H1N and H5N, but not the H9N adipose tissue, displayed increased macro-

phage infiltration with enhanced expression of inflammatory cytokine genes. In addition,

overactivation of the NF-κB and the JNK signaling were observed in the H1N adipose tissue.

Overall, our study showed that a long-term but not a short- or medium-term diet intervention

before pregnancy released offspring adipose tissue inflammation induced by maternal HF

diet, which adds details in our understanding how the maternal environment either promotes

or discourages onset of disease in offspring. Clinically, this study is of great value for provid-

ing evidence in the design of clinical trials to evaluate the urgently required intervention strat-

egies to minimize the intergenerational cycle of obesity.

Introduction

To date, approximately 41 million children globally are affected by childhood obesity, an

increase of roughly 9 million children since the year 1990 [1–5]. These rates are expected to
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continue to increase at an alarming rate, and diagnosis of chronic diseases which have previ-

ously been identified only in adults, such as type 2 diabetes mellitus (adult-onset) and nonalco-

holic fatty liver disease, are now being reported in pediatric clinical settings [2, 6]. By current

estimates, the proportion of women who are of both childbearing age and overweight or obese

(BMI>25) is two-third [7]. Maternal Pre-pregnancy BMI as well as percent ideal body weight

are both significantly associated with increased risk of large for gestational weight babies and

adolescent obesity [8–10].

It is well established that in-utero and early life exposure to under-nutrition or over-nutri-

tion can disrupt normal growth and development, thus changing the offspring phenotype to

one that might lead to future disease [11–17]. Recent studies have put more effort on elucidat-

ing maternal over-nutrition, which reflects the dietary habits of the Western society. In

humans, babies exposed to over-nutrition during gestation have increased risks of obesity, dia-

betes and other complications including NAFLD [18–21]. A 3% increase in likelihood of ado-

lescent obesity has been correlated to every 1 Kg increment in excessive gestational weight

gain when children were tracked to age seven [22], indicating an urgent need to develop

healthy life styles to maintain a normal body weight before pregnancy, in order to reduce the

risks for offspring obesity.

Obesity has been considered a disease condition with low-grade chronic inflammation [23,

24]. The central role of adipocytes and adipose tissue macrophages (ATMs) in triggering and

promoting the systemic inflammation and insulin resistance has been demonstrated recently

[25]. With the theory that individual adipocyte has a threshold capacity for storage of lipid, the

lipotoxicity caused by “lipid spillage” results in increased recruitment of macrophages which

further change their localization and inflammatory features during obesity [26]. Thus, the

enlarged adipose tissue with excessive triglycerides stored and the increased ATMs are concur-

rently responsible to altered release of adipokines and cytokines that control local and systemic

inflammatory processes and interfere with insulin signaling [25].

With the relationship between HF diet and obesity and the incidence of adipose tissue

inflammation, recent studies have collected data to understand how a maternal high-fat diet

influences the inflammatory status. In animal models, offspring of mothers exposed to over-

nutrition have common phenotypes that include catch-up growth, increased adiposity,

impaired glucose tolerance, impaired insulin sensitivity and liver dysfunction [17, 27–30].

These pathophysiological changes are associated with induced cytokines in maternal serum

and placenta involving IL-1β, TNF-α and MCP-1[31, 32]. In offspring, there is enhanced level

of TNF-α in adipocytes [33] and higher IL-6, TNF-α in liver [34, 35].

Although progress has been made to understand the physiological origin of inflammation

with in utero exposure to over-nutrition, there are very few of studies aiming on if and how

maternal diet interventions impacts on offspring adipose tissue inflammation, which may fur-

ther promote or inhibit the development of offspring obesity. This research aims to lay a

framework for identifying if maternal diet intervention before pregnancy may alter adipogenic

and inflammatory regulation in visceral adipose tissue of offspring. Elucidation of key regula-

tory mechanisms and modeling of in utero programming offers further information as to how

the maternal environment either promotes or discourages onset of disease in offspring.

Materials and methods

Experimental design

Detailed experimental design is described previously (Table 1) [36]. Four-week-old female

mice of mixed background (B6/129/SvEv) were selected for study and fed either a normal fat

diet (10% kcal from fat) or a high fat diet (60% kcal from fat) for 12 weeks. The breeding pairs
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administered a high fat diet continued this diet through gestation and lactation (the HF group)

or were transitioned to a normal fat diet at either a one-week (the H1N group), five-week (the

H5N group) or nine-week (the H9N group) time window prior to pregnancy followed through

gestation and lactation (at least three litters for each group). From each litter, male offspring

mice were given a high fat diet for 12 weeks after weaning, to promote weight gain before

being sacrificed. A separate group, birthed of the breeders who adhered to the NF diet, were

continuously fed the NF diet through 12 weeks, and utilized as a reference control group. The

mice were sacrificed by CO2 inhalation for more than 2 minutes and were subjected to cervical

dislocation to ensure death. Mouse experiments were completed according to a protocol

reviewed and approved by the Institutional Animal Care and Use Committee of the University

of North Dakota and Texas A&M University, in compliance with the USA Public Health Ser-

vice Policy on Humane Care and Use of Laboratory Animals.

Diet composition

Diet was purchased from Research Diets, LLC (New Brunswick, NJ). The normal fat diet

(Cat#D12450B) had an energy density of 3.771 kcal/g (10% fat energy, 70% carbohydrate

energy, and 20% protein energy). The HF diet (Cat#D12492) had an energy density of 5.157

kcal/g (60% fat energy, 20% carbohydrate energy, and 20% protein energy). The fat source is

composed of 92% of lard and 8% of soybean oil.

Energy consumption and body weight

Mice remained singly housed throughout the study and were weighed periodically. Food con-

sumption was recorded once a week for the 12-week postnatal period as previously described

(42). Both logs were tracked throughout the 12-week post-weaning HFD feeding portion of

the study.

Antibodies

Antibodies against NF-kappaB, phospho-NF-kappaB, JNK and phospho-SAPK/JNK (Thr183/

Tyr185) and GAPDH were purchased from Cell Signaling Technology (USA).

Fat mass and organ to body ratio

After the 12-week timepoint concluded, mice were humanely sacrificed with CO2 asphyxiation

followed by cervical dislocation. Fat pads were excised from the visceral region and were

weighed immediately, before being snap frozen in LN2. Fat pad mass was normalized against

individual murine body weight.

Table 1. Study design.

Maternal Diet Offspring Diet

Diet Groups Pre-Pregnancy Pregnancy & Lactation Post-Weaning

-9 Weeks Transition Stage Until Weaning +12 Weeks

REF NF / NF NF

Normal Fat (NF) NF / NF HF

High Fat (HF) HF / HF HF

H1N HF -1 week NF HF

H5N HF -5 week NF HF

H9N HF -9 week NF HF

https://doi.org/10.1371/journal.pone.0209053.t001
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Adipose tissue analysis

Divided adipose tissue samples were fixed in 10% formalin/PBS. Tissue processing followed

standard protocol. Briefly, tissues embedded in paraffin blocks after processing completion

and then cut into 5-μm-thick slices using a microtome (Leica). Tissue was mounted either on

positive pre-charged slides for HE staining, or on non-charged slides (TRU-BOND380) for

IHC. HE staining was completed with Harris-modified Hematoxylin and Eosin-Y solution

and staining visualized with a Leica M165FC camera at 200X magnification and Leica Applica-

tion Suite X. Adipocyte diameter was measured using Image J software. Two hundred cells

were randomly counted in each sample. The adipocytes of five animals from each group were

counted. An average diameter was recorded for each animal.

Occupation of tissue with crown like structures was calculated using the threshold tool in

the Fiji Plugin of ImageJ software. Briefly, two distinct HE stained adipose tissue images per

sample (n = 5-7samples/group) were converted to an 8-bit grayscale image. A threshold was

applied to measure the background occupation of crown like structures and was evaluated as

percent area.

F4/80 Antibody (Cell Signaling Technology, Danvers MA) was immunostained using a

VECTASTAIN Elite ABC kit for rabbit IgG (Vector Laboratory, Burlingame CA). Staining of

tissue was visualized with a D2500 microscope (Leica) and images captured using a Leica

M165FC camera. Percent area from 5 animals per group was calculated using the Fiji plugin of

ImageJ software. Briefly, H-Dab stained slides were color deconvoluted and then a threshold

applied similar to the crown like structure measurement protocol, which determined percent

area. Group averages were normalized against the REF group.

Western blots

Briefly, total protein (10 μg) was extracted from adipose tissue and standardized against a stan-

dard curve using a Peirce BCA kit (ThermoFisher, Waltham, MA). Agarose gels were run

under standard conditions and transferred using a TurboBlot transfer (BioRad Laboratories,

Hercules CA) system onto PVDF membranes. Membranes were imaged using a Chemidoc

chemiluminescence imaging system (BioRad Laboratories, Hercules CA) and ECL reagents

(EMD Millipore, Burlington MA)

Real time PCR

Total RNA was extracted from visceral adipose tissue using Trizol reagent (Invitrogen). cDNA

was synthesized using Ready Script cDNA synthesis mix (Sigma Aldrich, St. Louis, MO).

Primers used were listed in Table 2. Realtime PCR was performed using a POWER SYBER

Green PCR master mix from Applied Biosystems on a CFX384 Touch Real-Time PCR Detec-

tion System (BioRad Laboratories, Hercules CA). The ΔCT values were used for statistical

analysis for real-time-PCR experiments. The standard deviation of the fold change in gene

expression for real-time-PCR data was derived by the delta method [37].

Statistical analysis

Measurements for single time points were analyzed by Fishers’ least significant difference test

so multiple comparisons of differences between groups REF, NF, HF, H1N, H5N and H9N

were considered. Fisher’s least significant difference test was performed by firstly carrying out

one-way analysis of variance for all treatment groups. For the longitudinal data such as body

weight and food consumption, a linear mixed model was used for the analysis of repeated mea-

sures with each individual mouse as a random effect. For QPCR data, all groups were
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normalized against the REF group. Adipocyte diameter, F4/80 quantification, and CLS calcula-

tions were firstly normalized against the REF group, and then compared using a Fisher’s least

significant difference using one-way analysis of variance. A P value less than 0.05 is considered

significant difference, while a P value less than 0.1 is considered marginal significance. All

analyses were carried out by using SAS JMP software (SAS Institute Inc., Cary, NC, USA).

Results

A long-term, but not the medium-term or a short-term transition from

high fat diet to normal fat diet before pregnancy slowed down offspring

body weight gain and blocked the glucose intolerance induced by 12-week

post-weaning HF diet

To address if the different maternal diet intervention differentially affects the energy consump-

tion of the offspring, the weekly energy intake of the offspring was recorded starting from

weaning. As expected, the REF group had the lowest post-weaning energy intake, because this

group is the only one exposed to post-weaning NF diet. There was no significant difference in

energy intakes among the other groups on post-weaning HF diet (Fig 1A), indicating that off-

spring energy consumption was not dependent upon different maternal diet intervention.

At birth, there were no statistically significant differences between body weights in all

groups except for the H5N group (Fig 1B). The REF group maintained the lowest body weight

throughout the 12-week postnatal timepoint, correlating with continued adherence to the

post-weaning NF diet. The NF group was slightly but not significantly elevated compared to

the REF group by the analysis of repeated measures. Although was weaned at a significantly

lower body weight, the H5N offspring seemed to experience a catch-up growth so that its body

weight was similar to the NF group, but significantly higher than the REF group by the analysis

of repeated measures. Both the HF and H9N consistently grew with the similar pace during

Table 2. Primers used for the real-time-PCR (5’ to 3”).

Acacb-F GAACCGGCTTCCTGGTTG

Acacb-R TCCTCCCCTATGCCGAAA-GA

Cd36-F TGGAGGCATTCTCATGCC-AG

Cd36-R TTGCTGCTGTTCTTTGCC-AC

Fabp-F GTGGTCCGCAATGAGTTC-AC

Fabp-R GCTTGACGACTGCCTTGA-CT

Fas F GGAGGTGGTGATAGCCGG-TAT

FAS F TATCAAGGAGGCCCATTT-TGC

IL10 F GCTCTTACTGACTGGCATGAG

IL10 R CGCAGCTCTAGGAGCATGTG

IL1b F GCAACTGTTCCTGAACTCAACT

IL1b R ATCTTTTGGGGTCCGTCAACT

IL6 F TGCCTTCTTGGGACTGAT-GC

IL6 R CTGTTGTTCAGACTCTCTCCCT

PPARg-1F TGGTTCAAATATGCCACC-AG

PPARg-1R CCAAGTGCTGGGATTAAA-GG

SREBP-1c F AGCAGTCACCAGCTTCAG-TC

SREBP-1c R GGTCATGTTGGAAACCAC-GC

Tnf F CCCTCACACTCAGATCATCTTCT

Tnf R GCTACGACGTGGGCTACAG

https://doi.org/10.1371/journal.pone.0209053.t002
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the 12-week postnatal period, which were significantly elevated compared to the NF group

(Fig 1B). Interestingly, the H1N group deviated in body weight beginning at week 5 and

maintained a consistent and significant increase in body weight compared to all other groups

(Fig 1B).

To evaluate how maternal diet effected visceral adiposity, we next measured amounts of rel-

ative visceral adipose mass when visceral adipose tissue mass was normalized against total

murine body weight (Fig 1C). Clearly, the maternal HF diet significantly increased adipose tis-

sue mass in the HF offspring comparing to the NF offspring. The H1N group had the highest

level of relative adipose tissue among all treatment groups, while the relative adipose tissue of

the H5N and H9N group was significantly reduced compared to the H1N group. Interestingly,

both the H9N and H5N offspring retained similar amount of relative adipose tissue mass as

the NF or HF offspring, however was greater than the REF offspring (Fig 1C).

Glucose tolerance was measured by performing IPGTT before termination at week 12. Fast-

ing glucose was not significantly different between any groups. Although the glucose levels of

all offspring peak between 30- to 60-minute after glucose injection, those of the H1N and H5N

offspring were significantly higher than the normal level indicated in the REF group (Fig 1D).

Moreover, the glucose level of the H5N group was not able to return to the basal level at 120

minutes. By evaluating the area under the curve (AUC), both the NF and HF groups were glu-

cose tolerant at week 12 (Fig 1E). However, the H1N and H5N offspring displayed significant

glucose intolerance (p<0.01), while the H9N offspring were able to maintain glucose

tolerance.

Fig 1. Different maternal diet intervention differentially affected the offspring body weight gain, adipose tissue mass and glucose tolerance. (A) Energy intake of

the male mice from wean until week 12 showed significantly lower consumption of energy in REF group-the only post-weaning group administered NF diet. Data is

reported as Mean±SEM, n = 6–10 (B) Body weight of male offspring from wean to week 12. Data is reported as Mean±SEM, n = 6–10. (C) Visceral adipose tissue mass

was normalized against individual murine body weight to eliminate outliers. Data is reported as Mean±SEM, n = 6–10. Different letter indicates significance level of

P<0.05 between any two groups. (D) IPGTT at week 12, H1N and H5N group had impaired glucose tolerance. Data is reported as Mean±SEM. n = 6–10 (E) H1N and

H5N had significantly increased AUC (p< .01) as compared to other groups. Data is reported as Mean±SEM, n = 6–10.

https://doi.org/10.1371/journal.pone.0209053.g001
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A long term, but not a short- or medium-term transition recovered

offspring adipocyte hypertrophy induced by post-weaning HF diet

We next measured the size of adipocytes of each group to determine how different duration of

maternal diet intervention effected the enlargement of adipocyte (Fig 2). We did not observe

enlarged adipocytes of the NF offspring comparing to the REF mouse, however the maternal

HF diet significantly increased the size of adipocytes (HF offspring). Not surprisingly, we

observed that the H1N offspring further enlarged the size of their adipocytes comparing to the

NF or the HF group, while the H5N adipocyte reduced its diameter to a level similar as the HF

adipocyte. Unlike the H5N offspring, the H9N group further reduced adipocyte diameter to a

level that was the same as the REF and NF group.

Fig 2. Different maternal diet intervention differentially affected the size of the offspring adipocyte. (A-F) HE staining of

visceral adipose tissue. (n = 5–7) (G) Cell diameter measurements of adipocyte normalized against REF group. Data is reported as

Mean±SEM, n = 5–7. Different letter indicates significance level of P<0.05 between any two groups.

https://doi.org/10.1371/journal.pone.0209053.g002
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A long term, but not a short- or medium-term transition recovered

overexpression of key modulator genes for fat deposition

Next, we measured the expression of key modulator genes for adipogenesis and lipid transpor-

tation in adipose tissue, aiming to identify the molecular associations between maternal diet

intervention and offspring fat deposition (Fig 3). Ppar-γ is considered to work as a primary

regulator of adipogenesis [38]. Srebp1c is highly expressed in adipose tissue and influences adi-

pocyte differentiation by acting upon Ppar-γ [39]. We observed significantly enhanced expres-

sion of both Ppar-γ in the adipose tissue of HF, H1N or H5N offspring comparing to the

normal level of REF offspring, although no higher than the NF or HF offspring (Fig 3A). The

HF and H1N offspring also had higher expression of Srebp1 than the NF offspring; however,

the Srebp1 expression in H5N offspring was the same as the NF. Unlike the other treatment

groups, the H9N offspring had the same level of Ppar-γ and Srebp1 as the NF group (Fig 3A

and 3B).

Acacβ and Fasn are two genes encoding two rate-limiting enzymes for fatty acid synthesis.

The results showed that the post-weaning HF diet remarkably enhanced the adipocyte expres-

sion of Fasn but not the Acacβ in the NF offspring (Fig 3C and 3D, NF group). We also

observed significantly higher expression of Fasn in HF than the NF offspring (Fig 3C). While

the H1N offspring expressed significantly enhanced Acacβ in adipose tissue than the REF, NF

or the HF offspring (Fig 3D), the H5N offspring had enhanced Acacβ level similar as the NF

but higher than the REF offspring. In contrast, the H9N offspring had totally recovered level of

both genes at a level same as the REF offspring (Fig 3C and 3D).

We further measured the expression of Fabp4 for fatty acid transportation in adipose. The

Fabp4 level was significantly increased in the HF, the H1N and the H5N groups as compared

to the NF group. In contrast, the H9N offspring had completely recovered Fabp4 expression

Fig 3. Different maternal diet intervention differentially affected the expression of genes involved in adipogenesis and lipid

transportation. (A-E)The adipose tissue expression of Ppar-γ, Srebp1, Fasn, Acacβ, and Fabp4 was measured by real-time PCR. The

expression level was normalized against the REF group. Data is reported as Mean±SEM, n = 3–5. The “�” symbol indicates P<0.05

versus the NF group. The “#” symbol indicates P<0.05 versus the HF group. The “&” symbol indicate P<0.05 versus the REF group.

https://doi.org/10.1371/journal.pone.0209053.g003
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(Fig 3E). The expression level of all groups ranks from the higher to lower level as HF>H1N>

H5N>H9N�NF.

A long term, but not a short- or medium-term diet transition recovered

macrophage infiltration and reduced presence of crown like structures

(CLS) in visceral adipose tissue

CLS are pockets of lipid spillage resulting from cellular or oxidative damage to adipocyte cell

membranes. Consistent with the previous reports [26], the CLS were not visible in the REF off-

spring. The significantly increased presence of CLS was not observed in any of the three treat-

ment groups, the HF, H1N or H5N groups, comparing to the NF group, although a trend of

increasing was noticed. However, The H9N group had a significantly decreased presence of

CLS compared to both the HF and NF groups (Fig 4A and 4C).

F4/80 is indicative of activated macrophage presence in adipose tissue [40]. We observed

significantly more ATMs of the HF, H1N and H5N offspring than the NF offspring, while the

Fig 4. Different maternal diet intervention differentially affected the number of macrophages infiltration. (A) HE staining used to identify CLS

(n = 5–7). There was no evident presence of CLS or F4/80 in the REF group. Red arrows indicate CLS. (B) F4/80 staining used to indicate pro-

inflammatory macrophages. Green arrows indicate F4/80 present in CLS. Blue arrows indicate F4/80 presence on cell membrane. (C) Absolute percent

area of CLS present in visceral adipose tissue determined H9N had a significant decrease compared to both NF and HF groups (n = 5–7, mean ±SEM).

(D) Both HF and H5N groups were significantly increased compared to NF group. Data is reported as Mean±SEM, n = 3–5. The “�” symbol indicates

P<0.05 versus the NF group. The “#” symbol indicates P<0.05 versus the HF group.

https://doi.org/10.1371/journal.pone.0209053.g004
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ATM number of the H9N offspring was significantly reduced to an amount similar to the NF

offspring (Fig 4B and 4D). Moreover, the expression of F4/80 in the HF, H1N and H5N adipose

tissue predominantly localized to the regions of CLS indicating activated pro-inflammatory

response of macrophage infiltration. In contrast, the ATMs of the H9N offspring was found

both accumulating within the CLS and dissipating around the adipocyte membrane, similar to

what occurs in resident macrophage populations of healthy adipose tissue (Fig 4B and 4D).

A long-term but not a medium- or short-term diet transition reduced the

expression of pro-inflammatory cytokines Tnf-α and Il-6 in visceral

adipose tissue

We further assessed inflammatory activity by evaluating the gene expression of inflammatory

cytokines involving Il-6, Il-1β, Tnf-α and Il-10 (Fig 5). We observed enhanced expression of

Tnf-α but not the other three genes in the NF offspring, suggesting a role of post-weaning HF

diet on inducing inflammatory response. Comparing to the NF offspring, the HF offspring

had further enhanced Tnf-α and Il-1β (Fig 5A and 5C). The H1N offspring had lower Il-1β
expression in its adipose tissue than the HF offspring, which was at the normal level as of the

REF group (Fig 5A). In contrast, the H5N offspring had an enhanced Il-1β expression higher

than the normal but lower than HF offspring, while the Il-1β expression of the H9N offspring

was the same as the HF offspring. For the Il-6 level, the adipose tissue had higher level in H1N

offspring than in the NF offspring, while it was only higher than the REF level in the H5N off-

spring. Unlike the H1N and H5N offspring, the H9N adipose tissue expressed a normal level

of Il-6 (Fig 5B). For Tnf-α, the HF offspring expressed increased level in adipose tissue than

the NF offspring, which was similar as the H1N offspring (Fig 5C). While the H5N adipose tis-

sue expressed a lower than HF but higher than REF level of Tnf-α, the H9N adipose tissue

expressed normal level of it. Interestingly, we also observed an extremely high level of Il-10 in

the H1N offspring, which was higher than any experimental group. Similar as the H1N, the

H5N adipose tissue also enhanced its expression of Il-10 to level greater than REF but similar

to the NF offspring (Fig 5D). Unlike the H1N and H5N offspring, the H9N offspring had nor-

mal level of Il-10.

A long-term but not a medium- or a short-term diet transition recovered

over-activation of pro-inflammatory signaling pathways

Activation of the JNK and NF-κB signaling pathways are responsible for the increased inflam-

mation [41, 42]. Although we did not observe overactivation of NF- κB signaling indicated by

Fig 5. Different maternal diet intervention differentially affected the adipose tissue expression of inflammatory cytokine genes. (A-D)The gene expression level of

Il-1β, Il-6, Tnf-α and Il-10 was measured by real-time PCR. The expression level was normalized against the REF group. Data is reported as Mean±SEM, n = 3–5. The “�”

symbol indicates P<0.05 versus the NF group. The “#” symbol indicates P<0.05 versus the HF group. The “&” symbol indicate P<0.05 versus the REF group.

https://doi.org/10.1371/journal.pone.0209053.g005
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enhanced level of NF-κB and p- NF-κB in both the NF and HF offspring, we did find that the

p- NF-κB / NF-κB ratio was significantly higher in H1N group (Fig 6A and 6B).

We did not observe different ratio of pJNK/JNK in the HF offspring between REF, NF or

HF offspring (Fig 6A and 6C). The ratio of pJNK/JNK was significantly increased in the H1N

group when comparing to the REF, NF or HF offspring. Surprisingly, the JNK activity was

depressed in the H5N adipose tissue than compared to the HF offspring (Fig 6A and 6C). The

JNK signaling in H9N and H5N adipose tissue was the same as the REF and the NF offspring

(Fig 6A and 6C).

Discussion

Our previous study has indicated that a maternal short-term dietary transition prior to preg-

nancy (1 week) in female mice significantly exacerbated dysregulated insulin signaling and

glucose tolerance induced by post-weaning HF diet in both hepatocytes and adipocytes, more

so than treatment with HFD alone [43]. The early onset of symptoms in our mice, independent

of maternal glucose intolerance or obesity, prompted the question as to how this maternal diet

transition time point may contribute to in-utero metabolic programming, as well as whether

longer gaps in transition prior to gestation may play a feasible role in reducing metabolic com-

plications in offspring. Our current study answered that a longer-, but not a medium- or

short-term maternal diet intervention resulted in slower body weight gain, maintained glucose

tolerance associated with recovered adipocyte hypertrophy and less chronic inflammation in

adipose tissue of the male offspring mice challenged with 12-week post-weaning HF diet.

Increased adipocyte size is characteristic of hypertrophy and is an indication of obesity and

increased fat mass, which correlates with insulin resistance and aberrant insulin signaling [8,

26, 44, 45]. In our study, both the H1N and H5N offspring but not the H9N offspring displayed

hypertrophic adipocytes at different grade and displayed glucose intolerance. Clearly, the adi-

pocyte hypertrophy in H1N and H5N, as well as the HF group correlates with the high expres-

sion of adipogenesis genes involving Ppar-γ, Fasn and Acaaβ, suggesting the importance of

these genes to predispose offspring adiposity through different maternal diets. Interestingly,

the increased amount of visceral adipose tissue was noticed in H9N offspring while adipocyte

hypertrophy was not found. This result suggests to us that the adipocyte hyperplasia may be

present in the H9N offspring. Hyperplasia is the differentiation of new adipocytes from pre-

cursor cells, which primarily occurs in early development [26]. An emerging phenotype of

obesity, the “metabolically healthy obese” is thought to have adipose depots with higher rates

of hyperplasia and a lower ratio of lipid to cell as compared to traditional models of obesity,

indicating that hyper-plasticity of adipose tissue may play a protective role [33, 46–48]. Even

though we do not have direct evidence to show that H9N offspring had adipocyte hyperplasia,

the normal expression level of adipogenesis gene and the normal size of adipocyte despite of

larger amount of visceral adipose tissue highly suggested this possibility. Future study will

focus on testing this hypothesis by measuring the activity of IGF-1 signaling and Wnt signaling

in adipose tissue of H9N offspring [49–52].

Ours and other’s studies have provided evidence that adipocytes and macrophages interact

to promote adipogenesis and pro-inflammatory cytokine-genesis [53–57]. Macrophage infil-

tration and the presence of CLS are potent indicators of inflammation in adipose tissues [58,

59]. Previous studies have shown that maternal HF-diet predispose offspring obesity and

inflammatory changes in the adipose tissue and liver [31, 33]. In our study, significantly more

macrophage infiltration, associated with higher adipocyte expression of Il-1β and Tnf-α, were

found in HF group than the NF group suggests that maternal HF-diet predisposes the adipose

tissue for inflammation. Interestingly, the H1N and H5N diet did not recover the macrophage
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Fig 6. The pro-inflammatory pathways, NF-κB and JNK pathways activation in the offspring adipose tissue was

differentially affected by different maternal diet interventions. (A) The expressions of Phospho-NF-κB (65 kDa),

NF-κB (65 kDa), JNK (54 kDa) and Phospho-JNK (54 kDa) were detected by Western Blots (n = 3 per group). (B) The

Phospho-NF-κB/ NF-κB ratio was calculated and used for statistical analysis. The expression level was normalized

against the REF group. Data is reported as Mean±SEM, n = 3–4. The “�” symbol indicates P<0.05 versus the NF group.

The “#” symbol indicates P<0.05 versus the HF group. The “&” symbol indicate P<0.05 versus the REF group. (C) The

Phospho-JNK/JNK ratio was calculated and used for statistical analysis. Data is reported as Mean±SEM, n = 3–4. The

“�” symbol indicates P<0.05 versus the NF group. The “#” symbol indicates P<0.05 versus the HF group. The “&”

symbol indicate P<0.05 versus the REF group.

https://doi.org/10.1371/journal.pone.0209053.g006
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infiltration or overexpression of proinflammatory cytokine genes, which were correlated with

the abnormal body weight gain, adipocyte hypertrophy and glucose intolerance. However, the

H9N offspring had reduced macrophage recruitment and recovered expression of Il-6, Tnf-α,

and Il-10 associated with retrieved glucose tolerance. These results suggest to us that the mater-

nal diet intervention with a longer-transition period avoids the changes of adipose tissue

inflammation and the key pro-inflammatory genes, Il-6 and Tnf-α, are the potential re-pro-

gramming targets of maternal diet intervention for adipose tissue inflammation.

In our attempt to determine the important molecular signaling pathways perturbed by

maternal diet intervention contributing to adipose tissue inflammation, we showed an overac-

tivation of NF-κB and JNK signaling in H1N adipose tissue, but not the other groups. Having

observed a high level of chronic inflammation in adipose tissue of the HF and H5N offspring,

our results suggested to us that NF-κB and JNK signaling were not the key signaling pathways

responsible for adipose tissue inflammation triggered by these two maternal diet interventions.

Nonetheless, our data suggested to us that different maternal diet interventions differentially

regulate the overexpression of inflammatory cytokines through different molecular signaling.

In addition, activated NF-κB and JNK signaling correlates with the more severe adipose tissue

inflammation observed in H1N offspring than in the NF offspring, evidenced by more ATMs

and higher expression of Il-1β, Il-6, Tnf-α and Il-10. Previous studies have demonstrated an

essential role of the Toll-like receptor-4 signaling pathway in triggering and promoting meta-

bolic inflammation [23, 60–64]; hence, this will be a focus of our future study.

Our study provides evidence that a long-term maternal diet intervention can avoid the off-

spring adipose tissue inflammation. A relationship between adipose tissue macrophage accu-

mulation and adipocyte size has been demonstrated in many adipose tissue depots [59]. The

recruitment of adipose tissue macrophages is triggered when fat cells reach a critical size [59,

65, 66]. According to this theory, the effect of H9N to avoid adipose tissue inflammation might

be due to the smaller size of adipocyte. Consistently, the H9N offspring had lower expression

of genes involved in adipogenesis associated with less amount of adipose tissue macrophages.

On the other hand, the HF, H5N and H1N offspring all enlarged the adipocyte size associated

with increased expression of adipogenesis genes and more macrophage infiltration. Thus, re-

programing the adipocyte by maternal diet intervention seems to be an earlier step than re-

programming the adipose tissue inflammation. However, re-programming the adipose tissue

inflammation is obviously not dependent on the size of the adipocytes, evidenced by the fact

that the H5N had the most macrophage infiltration, however only moderately increased the

gene expression of the adipogenesis and pro-inflammatory cytokines. Recent elegant studies

have linked epigenetic regulation, especially the DNA methylation, with adipose tissue inflam-

mation [67–69]. Thus, identifying key genes in adipose tissue inflammation, responsible for

different maternal diet interventions, will be one of the focus of our future study.

Metabolic memory, is theorized as the memory the body retains of a metabolic insult such

as prolonged changes in microcirculation due to hyperglycemia in diabetes, even after recov-

ery such as when blood glucose becomes better controlled, [70]. This theory has been

researched for its importance to promote more aggressive and earlier treatment for deterring

advancement of metabolic diseases [70]. In our study, we witnessed the recovery of a distinct

metabolic phenotype, which effectively reversed the damaging effects of maternal HFD admin-

istration via a maternal diet intervention with a long-term transition period before gestation.

A stepwise reduction in phenotype between the H1N, H5N, and H9N groups would be

observed if maternal metabolic memory was time-dependent. Yet the H5N group displayed

exacerbated glucose intolerance and increased macrophage infiltration compared to all

other groups. Literature has noted that HFD intake immediately prior to conception has

longstanding influences on activation of maternal lipogenesis genes in the placenta, leptin
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generation and circulation, and adiposity affecting offspring long term, that may provide a

more concrete characterization of how alterations in maternal diet influence reprogramming

in utero [71–73].

Overall, our study was first to evaluate how maternal diet transition at different time points

prior to pregnancy effects offspring outcomes of inflammation and obesity in the visceral adi-

pose tissue. Visceral adipose tissue is a driver of metabolic complications such as Type 2 diabe-

tes mellitus, non-alcoholic fatty liver disease, and metabolic syndrome. Understanding how

maternal dietary intake affects offspring risk, via either exacerbating or recovering inflamma-

tory phenotype, has potent implications for reducing intergenerational risk of disease. Our

work demonstrates the ability of properly timed maternal diet intervention to reduce risk yet

effectively illustrates that maternal diet, if poorly timed, can exacerbate negative offspring phe-

notypes, in some instances more so than without intervention.

Author Contributions

Conceptualization: Linglin Xie.

Data curation: Linglin Xie.

Formal analysis: Ke K. Zhang, Linglin Xie.

Funding acquisition: Ke K. Zhang, Linglin Xie.

Investigation: Michelle Summerfield, Yi Zhou, Ke K. Zhang, Linglin Xie.

Project administration: Linglin Xie.

Supervision: Chaodong Wu, Gianfranco Alpini, Linglin Xie.

Writing – original draft: Michelle Summerfield, Linglin Xie.

Writing – review & editing: Tianhao Zhou, Chaodong Wu, Gianfranco Alpini, Linglin Xie.

References
1. Ickes MJ, McMullen J, Haider T, Sharma M. Global school-based childhood obesity interventions: a

review. Int J Environ Res Public Health. 2014; 11(9):8940–61. Epub 2014/08/30. https://doi.org/10.

3390/ijerph110908940 PMID: 25170684; PubMed Central PMCID: PMCPMC4198999.

2. Wall A. The global effect of childhood obesity A whole systems approach is needed. J Fam Health.

2017; 27(1):17–9. Epub 2017/01/01. PMID: 29727077.

3. Friedrich MJ. Global Obesity Epidemic Worsening. JAMA. 2017; 318(7):603. Epub 2017/08/16. https://

doi.org/10.1001/jama.2017.10693 PMID: 28810033.

4. Gregg EW, Shaw JE. Global Health Effects of Overweight and Obesity. N Engl J Med. 2017; 377

(1):80–1. Epub 2017/06/13. https://doi.org/10.1056/NEJMe1706095 PMID: 28604226.

5. An R, Ji M, Zhang S. Global warming and obesity: a systematic review. Obes Rev. 2018; 19(2):150–63.

Epub 2017/10/05. https://doi.org/10.1111/obr.12624 PMID: 28977817.

6. Friedman JE. Obesity and Gestational Diabetes Mellitus Pathways for Programming in Mouse, Monkey,

and Man-Where Do We Go Next? The 2014 Norbert Freinkel Award Lecture. Diabetes Care. 2015; 38

(8):1402–11. Epub 2015/07/25. https://doi.org/10.2337/dc15-0628 PMID: 26207051; PubMed Central

PMCID: PMCPMC4512131.

7. Frew PM, Saint-Victor DS, Isaacs MB, Kim S, Swamy GK, Sheffield JS, et al. Recruitment and retention

of pregnant women into clinical research trials: an overview of challenges, facilitators, and best prac-

tices. Clin Infect Dis. 2014; 59 Suppl 7:S400-7. Epub 2014/11/27. https://doi.org/10.1093/cid/ciu726

PMID: 25425718; PubMed Central PMCID: PMCPMC4303058.

8. Brumbaugh DE, Tearse P, Cree-Green M, Fenton LZ, Brown M, Scherzinger A, et al. Intrahepatic fat is

increased in the neonatal offspring of obese women with gestational diabetes. J Pediatr. 2013; 162

(5):930–6 e1. Epub 2012/12/25. https://doi.org/10.1016/j.jpeds.2012.11.017 PMID: 23260099; PubMed

Central PMCID: PMCPMC3610780.

Early maternal diet intervention prevented offspring adipocyte inflammation

PLOS ONE | https://doi.org/10.1371/journal.pone.0209053 December 18, 2018 14 / 18

https://doi.org/10.3390/ijerph110908940
https://doi.org/10.3390/ijerph110908940
http://www.ncbi.nlm.nih.gov/pubmed/25170684
http://www.ncbi.nlm.nih.gov/pubmed/29727077
https://doi.org/10.1001/jama.2017.10693
https://doi.org/10.1001/jama.2017.10693
http://www.ncbi.nlm.nih.gov/pubmed/28810033
https://doi.org/10.1056/NEJMe1706095
http://www.ncbi.nlm.nih.gov/pubmed/28604226
https://doi.org/10.1111/obr.12624
http://www.ncbi.nlm.nih.gov/pubmed/28977817
https://doi.org/10.2337/dc15-0628
http://www.ncbi.nlm.nih.gov/pubmed/26207051
https://doi.org/10.1093/cid/ciu726
http://www.ncbi.nlm.nih.gov/pubmed/25425718
https://doi.org/10.1016/j.jpeds.2012.11.017
http://www.ncbi.nlm.nih.gov/pubmed/23260099
https://doi.org/10.1371/journal.pone.0209053


9. Lawlor DA, Benfield L, Logue J, Tilling K, Howe LD, Fraser A, et al. Association between general and

central adiposity in childhood, and change in these, with cardiovascular risk factors in adolescence: pro-

spective cohort study. BMJ. 2010; 341:c6224. Epub 2010/11/27. https://doi.org/10.1136/bmj.c6224

PMID: 21109577; PubMed Central PMCID: PMCPMC2992109.

10. Wells CS, Schwalberg R, Noonan G, Gabor V. Factors influencing inadequate and excessive weight

gain in pregnancy: Colorado, 2000–2002. Matern Child Health J. 2006; 10(1):55–62. Epub 2006/02/24.

https://doi.org/10.1007/s10995-005-0034-2 PMID: 16496222.

11. Yang Z, Huffman SL. Nutrition in pregnancy and early childhood and associations with obesity in devel-

oping countries. Maternal & child nutrition. 2013; 9 Suppl 1:105–19. Epub 2012/11/28. https://doi.org/

10.1111/mcn.12010 PMID: 23167588.

12. Muhlhausler BS, Ong ZY. The fetal origins of obesity: early origins of altered food intake. Endocrine,

metabolic & immune disorders drug targets. 2011; 11(3):189–97. Epub 2011/08/13. PMID: 21831032.

13. Rooney K, Ozanne SE. Maternal over-nutrition and offspring obesity predisposition: targets for preven-

tative interventions. Int J Obes (Lond). 2011; 35(7):883–90. Epub 2011/05/19. https://doi.org/10.1038/

ijo.2011.96 PMID: 21587200.

14. Simar D, Chen H, Lambert K, Mercier J, Morris MJ. Interaction between maternal obesity and post-natal

over-nutrition on skeletal muscle metabolism. Nutrition, metabolism, and cardiovascular diseases:

NMCD. 2012; 22(3):269–76. Epub 2011/01/07. https://doi.org/10.1016/j.numecd.2010.11.007 PMID:

21208789.

15. Le Clair C, Abbi T, Sandhu H, Tappia PS. Impact of maternal undernutrition on diabetes and cardiovas-

cular disease risk in adult offspring. Canadian journal of physiology and pharmacology. 2009; 87

(3):161–79. Epub 2009/03/20. https://doi.org/10.1139/y09-006 PMID: 19295658.

16. Metges CC. Early nutrition and later obesity: animal models provide insights into mechanisms.

Advances in experimental medicine and biology. 2009; 646:105–12. Epub 2009/06/19. https://doi.org/

10.1007/978-1-4020-9173-5_11 PMID: 19536668.

17. Williams L, Seki Y, Vuguin PM, Charron MJ. Animal models of in utero exposure to a high fat diet: a

review. Biochim Biophys Acta. 2014; 1842(3):507–19. Epub 2013/07/23. https://doi.org/10.1016/j.

bbadis.2013.07.006 PMID: 23872578; PubMed Central PMCID: PMC3895417.

18. Charlton M. Nonalcoholic fatty liver disease: a review of current understanding and future impact. Clin

Gastroenterol Hepatol. 2004; 2(12):1048–58. Epub 2004/12/31. PMID: 15625647.

19. Tenenbaum-Gavish K, Hod M. Impact of maternal obesity on fetal health. Fetal diagnosis and therapy.

2013; 34(1):1–7. Epub 2013/06/19. https://doi.org/10.1159/000350170 PMID: 23774085.

20. Leddy MA, Power ML, Schulkin J. The impact of maternal obesity on maternal and fetal health. Reviews

in obstetrics & gynecology. 2008; 1(4):170–8. Epub 2009/01/29. PMID: 19173021; PubMed Central

PMCID: PMC2621047.

21. Whitaker RC, Wright JA, Pepe MS, Seidel KD, Dietz WH. Predicting obesity in young adulthood from

childhood and parental obesity. The New England journal of medicine. 1997; 337(13):869–73. Epub

1997/09/26. https://doi.org/10.1056/NEJM199709253371301 PMID: 9302300.

22. Wrotniak BH, Shults J, Butts S, Stettler N. Gestational weight gain and risk of overweight in the offspring

at age 7 y in a multicenter, multiethnic cohort study. Am J Clin Nutr. 2008; 87(6):1818–24. Epub 2008/

06/11. https://doi.org/10.1093/ajcn/87.6.1818 PMID: 18541573.

23. Engin A. The Pathogenesis of Obesity-Associated Adipose Tissue Inflammation. Adv Exp Med Biol.

2017; 960:221–45. Epub 2017/06/07. https://doi.org/10.1007/978-3-319-48382-5_9 PMID: 28585201.

24. Stolarczyk E. Adipose tissue inflammation in obesity: a metabolic or immune response? Curr Opin

Pharmacol. 2017; 37:35–40. Epub 2017/08/28. https://doi.org/10.1016/j.coph.2017.08.006 PMID:

28843953.

25. Sun S, Ji Y, Kersten S, Qi L. Mechanisms of inflammatory responses in obese adipose tissue. Annu

Rev Nutr. 2012; 32:261–86. Epub 2012/03/13. https://doi.org/10.1146/annurev-nutr-071811-150623

PMID: 22404118; PubMed Central PMCID: PMCPMC4041712.

26. Choe SS, Huh JY, Hwang IJ, Kim JI, Kim JB. Adipose Tissue Remodeling: Its Role in Energy Metabo-

lism and Metabolic Disorders. Front Endocrinol (Lausanne). 2016; 7:30. Epub 2016/05/06. https://doi.

org/10.3389/fendo.2016.00030 PMID: 27148161; PubMed Central PMCID: PMCPMC4829583.

27. Ainge H, Thompson C, Ozanne SE, Rooney KB. A systematic review on animal models of maternal

high fat feeding and offspring glycaemic control. Int J Obes (Lond). 2011; 35(3):325–35. Epub 2010/08/

04. https://doi.org/10.1038/ijo.2010.149 PMID: 20680016.

28. Alfaradhi MZ, Ozanne SE. Developmental programming in response to maternal overnutrition. Frontiers

in genetics. 2011; 2:27. Epub 2012/02/04. https://doi.org/10.3389/fgene.2011.00027 PMID: 22303323;

PubMed Central PMCID: PMC3268582.

Early maternal diet intervention prevented offspring adipocyte inflammation

PLOS ONE | https://doi.org/10.1371/journal.pone.0209053 December 18, 2018 15 / 18

https://doi.org/10.1136/bmj.c6224
http://www.ncbi.nlm.nih.gov/pubmed/21109577
https://doi.org/10.1007/s10995-005-0034-2
http://www.ncbi.nlm.nih.gov/pubmed/16496222
https://doi.org/10.1111/mcn.12010
https://doi.org/10.1111/mcn.12010
http://www.ncbi.nlm.nih.gov/pubmed/23167588
http://www.ncbi.nlm.nih.gov/pubmed/21831032
https://doi.org/10.1038/ijo.2011.96
https://doi.org/10.1038/ijo.2011.96
http://www.ncbi.nlm.nih.gov/pubmed/21587200
https://doi.org/10.1016/j.numecd.2010.11.007
http://www.ncbi.nlm.nih.gov/pubmed/21208789
https://doi.org/10.1139/y09-006
http://www.ncbi.nlm.nih.gov/pubmed/19295658
https://doi.org/10.1007/978-1-4020-9173-5_11
https://doi.org/10.1007/978-1-4020-9173-5_11
http://www.ncbi.nlm.nih.gov/pubmed/19536668
https://doi.org/10.1016/j.bbadis.2013.07.006
https://doi.org/10.1016/j.bbadis.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/23872578
http://www.ncbi.nlm.nih.gov/pubmed/15625647
https://doi.org/10.1159/000350170
http://www.ncbi.nlm.nih.gov/pubmed/23774085
http://www.ncbi.nlm.nih.gov/pubmed/19173021
https://doi.org/10.1056/NEJM199709253371301
http://www.ncbi.nlm.nih.gov/pubmed/9302300
https://doi.org/10.1093/ajcn/87.6.1818
http://www.ncbi.nlm.nih.gov/pubmed/18541573
https://doi.org/10.1007/978-3-319-48382-5_9
http://www.ncbi.nlm.nih.gov/pubmed/28585201
https://doi.org/10.1016/j.coph.2017.08.006
http://www.ncbi.nlm.nih.gov/pubmed/28843953
https://doi.org/10.1146/annurev-nutr-071811-150623
http://www.ncbi.nlm.nih.gov/pubmed/22404118
https://doi.org/10.3389/fendo.2016.00030
https://doi.org/10.3389/fendo.2016.00030
http://www.ncbi.nlm.nih.gov/pubmed/27148161
https://doi.org/10.1038/ijo.2010.149
http://www.ncbi.nlm.nih.gov/pubmed/20680016
https://doi.org/10.3389/fgene.2011.00027
http://www.ncbi.nlm.nih.gov/pubmed/22303323
https://doi.org/10.1371/journal.pone.0209053


29. Masuyama H, Hiramatsu Y. Effects of a high-fat diet exposure in utero on the metabolic syndrome-like

phenomenon in mouse offspring through epigenetic changes in adipocytokine gene expression. Endo-

crinology. 2012; 153(6):2823–30. Epub 2012/03/22. https://doi.org/10.1210/en.2011-2161 PMID:

22434078.

30. Ornellas F, Souza-Mello V, Mandarim-de-Lacerda CA, Aguila MB. Programming of obesity and comor-

bidities in the progeny: lessons from a model of diet-induced obese parents. PLoS One. 2015; 10(4):

e0124737. Epub 2015/04/17. https://doi.org/10.1371/journal.pone.0124737 PMID: 25880318; PubMed

Central PMCID: PMC4399989.

31. Ashino NG, Saito KN, Souza FD, Nakutz FS, Roman EA, Velloso LA, et al. Maternal high-fat feeding

through pregnancy and lactation predisposes mouse offspring to molecular insulin resistance and fatty

liver. J Nutr Biochem. 2012; 23(4):341–8. https://doi.org/10.1016/j.jnutbio.2010.12.011 PMID:

21543214.

32. Frias AE, Morgan TK, Evans AE, Rasanen J, Oh KY, Thornburg KL, et al. Maternal high-fat diet disturbs

uteroplacental hemodynamics and increases the frequency of stillbirth in a nonhuman primate model of

excess nutrition. Endocrinology. 2011; 152(6):2456–64. Epub 2011/03/31. https://doi.org/10.1210/en.

2010-1332 PMID: 21447636; PubMed Central PMCID: PMCPMC3100625.

33. Murabayashi N, Sugiyama T, Zhang L, Kamimoto Y, Umekawa T, Ma N, et al. Maternal high-fat diets

cause insulin resistance through inflammatory changes in fetal adipose tissue. Eur J Obstet Gynecol

Reprod Biol. 2013; 169(1):39–44. Epub 2013/03/05. https://doi.org/10.1016/j.ejogrb.2013.02.003

PMID: 23453296.

34. Bruce KD, Cagampang FR, Argenton M, Zhang J, Ethirajan PL, Burdge GC, et al. Maternal high-fat

feeding primes steatohepatitis in adult mice offspring, involving mitochondrial dysfunction and altered

lipogenesis gene expression. Hepatology. 2009; 50(6):1796–808. https://doi.org/10.1002/hep.23205

PMID: 19816994.

35. Oben JA, Mouralidarane A, Samuelsson AM, Matthews PJ, Morgan ML, McKee C, et al. Maternal obe-

sity during pregnancy and lactation programs the development of offspring non-alcoholic fatty liver dis-

ease in mice. J Hepatol. 2010; 52(6):913–20. Epub 2010/04/24. https://doi.org/10.1016/j.jhep.2009.12.

042 PMID: 20413174.

36. Xu H, Fu Q, Zhou Y, Xue C, Olson P, Lynch EC, et al. A long-term maternal diet intervention is neces-

sary to avoid the obesogenic effect of maternal high-fat diet in the offspring. J Nutr Biochem. 2018;

62:210–20. Epub 2018/10/14. https://doi.org/10.1016/j.jnutbio.2018.09.008 PMID: 30316166.

37. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc.

2008; 3(6):1101–8. Epub 2008/06/13. PMID: 18546601.

38. Lefterova MI, Zhang Y, Steger DJ, Schupp M, Schug J, Cristancho A, et al. PPARgamma and C/EBP

factors orchestrate adipocyte biology via adjacent binding on a genome-wide scale. Genes Dev. 2008;

22(21):2941–52. Epub 2008/11/05. https://doi.org/10.1101/gad.1709008 PMID: 18981473; PubMed

Central PMCID: PMCPMC2577797.

39. Payne VA, Au WS, Lowe CE, Rahman SM, Friedman JE, O’Rahilly S, et al. C/EBP transcription factors

regulate SREBP1c gene expression during adipogenesis. Biochem J. 2009; 425(1):215–23. Epub

2009/10/09. https://doi.org/10.1042/BJ20091112 PMID: 19811452; PubMed Central PMCID:

PMCPMC2913385.

40. Ferrante AW Jr., Obesity-induced inflammation: a metabolic dialogue in the language of inflammation. J

Intern Med. 2007; 262(4):408–14. Epub 2007/09/19. https://doi.org/10.1111/j.1365-2796.2007.01852.x

PMID: 17875176.

41. Manna PR, Stocco DM. The role of specific mitogen-activated protein kinase signaling cascades in the

regulation of steroidogenesis. J Signal Transduct. 2011; 2011:821615. Epub 2011/06/04. https://doi.

org/10.1155/2011/821615 PMID: 21637381; PubMed Central PMCID: PMCPMC3100650.

42. Arkan MC, Hevener AL, Greten FR, Maeda S, Li ZW, Long JM, et al. IKK-beta links inflammation to obe-

sity-induced insulin resistance. Nat Med. 2005; 11(2):191–8. Epub 2005/02/03. https://doi.org/10.1038/

nm1185 PMID: 15685170.

43. Fu Q, Olson P, Rasmussen D, Keith B, Williamson M, Zhang KK, et al. A short-term transition from a

high-fat diet to a normal-fat diet before pregnancy exacerbates female mouse offspring obesity. Int J

Obes (Lond). 2016; 40(4):564–72. Epub 2015/11/27. https://doi.org/10.1038/ijo.2015.236 PMID:

26607040; PubMed Central PMCID: PMCPMC4821711.

44. Berndt J, Kovacs P, Ruschke K, Kloting N, Fasshauer M, Schon MR, et al. Fatty acid synthase gene

expression in human adipose tissue: association with obesity and type 2 diabetes. Diabetologia. 2007;

50(7):1472–80. Epub 2007/05/12. https://doi.org/10.1007/s00125-007-0689-x PMID: 17492427.

45. Boutens L, Stienstra R. Adipose tissue macrophages: going off track during obesity. Diabetologia.

2016; 59(5):879–94. Epub 2016/03/05. https://doi.org/10.1007/s00125-016-3904-9 PMID: 26940592;

PubMed Central PMCID: PMCPMC4826424.

Early maternal diet intervention prevented offspring adipocyte inflammation

PLOS ONE | https://doi.org/10.1371/journal.pone.0209053 December 18, 2018 16 / 18

https://doi.org/10.1210/en.2011-2161
http://www.ncbi.nlm.nih.gov/pubmed/22434078
https://doi.org/10.1371/journal.pone.0124737
http://www.ncbi.nlm.nih.gov/pubmed/25880318
https://doi.org/10.1016/j.jnutbio.2010.12.011
http://www.ncbi.nlm.nih.gov/pubmed/21543214
https://doi.org/10.1210/en.2010-1332
https://doi.org/10.1210/en.2010-1332
http://www.ncbi.nlm.nih.gov/pubmed/21447636
https://doi.org/10.1016/j.ejogrb.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23453296
https://doi.org/10.1002/hep.23205
http://www.ncbi.nlm.nih.gov/pubmed/19816994
https://doi.org/10.1016/j.jhep.2009.12.042
https://doi.org/10.1016/j.jhep.2009.12.042
http://www.ncbi.nlm.nih.gov/pubmed/20413174
https://doi.org/10.1016/j.jnutbio.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30316166
http://www.ncbi.nlm.nih.gov/pubmed/18546601
https://doi.org/10.1101/gad.1709008
http://www.ncbi.nlm.nih.gov/pubmed/18981473
https://doi.org/10.1042/BJ20091112
http://www.ncbi.nlm.nih.gov/pubmed/19811452
https://doi.org/10.1111/j.1365-2796.2007.01852.x
http://www.ncbi.nlm.nih.gov/pubmed/17875176
https://doi.org/10.1155/2011/821615
https://doi.org/10.1155/2011/821615
http://www.ncbi.nlm.nih.gov/pubmed/21637381
https://doi.org/10.1038/nm1185
https://doi.org/10.1038/nm1185
http://www.ncbi.nlm.nih.gov/pubmed/15685170
https://doi.org/10.1038/ijo.2015.236
http://www.ncbi.nlm.nih.gov/pubmed/26607040
https://doi.org/10.1007/s00125-007-0689-x
http://www.ncbi.nlm.nih.gov/pubmed/17492427
https://doi.org/10.1007/s00125-016-3904-9
http://www.ncbi.nlm.nih.gov/pubmed/26940592
https://doi.org/10.1371/journal.pone.0209053


46. Denis GV, Obin MS. ’Metabolically healthy obesity’: origins and implications. Mol Aspects Med. 2013;

34(1):59–70. Epub 2012/10/17. https://doi.org/10.1016/j.mam.2012.10.004 PMID: 23068072; PubMed

Central PMCID: PMCPMC3583231.

47. Goossens GH. The Metabolic Phenotype in Obesity: Fat Mass, Body Fat Distribution, and Adipose Tis-

sue Function. Obes Facts. 2017; 10(3):207–15. Epub 2017/06/01. https://doi.org/10.1159/000471488

PMID: 28564650; PubMed Central PMCID: PMCPMC5644968.

48. Munoz-Garach A, Cornejo-Pareja I, Tinahones FJ. Does Metabolically Healthy Obesity Exist? Nutri-

ents. 2016; 8(6). Epub 2016/06/04. https://doi.org/10.3390/nu8060320 PMID: 27258304; PubMed Cen-

tral PMCID: PMCPMC4924161.

49. Baglioni S, Francalanci M, Squecco R, Lombardi A, Cantini G, Angeli R, et al. Characterization of

human adult stem-cell populations isolated from visceral and subcutaneous adipose tissue. FASEB J.

2009; 23(10):3494–505. Epub 2009/07/09. https://doi.org/10.1096/fj.08-126946 PMID: 19584303.

50. Cleveland-Donovan K, Maile LA, Tsiaras WG, Tchkonia T, Kirkland JL, Boney CM. IGF-I activation of

the AKT pathway is impaired in visceral but not subcutaneous preadipocytes from obese subjects.

Endocrinology. 2010; 151(8):3752–63. Epub 2010/06/18. https://doi.org/10.1210/en.2010-0043 PMID:

20555032; PubMed Central PMCID: PMCPMC2940538.

51. Isakson P, Hammarstedt A, Gustafson B, Smith U. Impaired preadipocyte differentiation in human

abdominal obesity: role of Wnt, tumor necrosis factor-alpha, and inflammation. Diabetes. 2009; 58

(7):1550–7. Epub 2009/04/09. https://doi.org/10.2337/db08-1770 PMID: 19351711; PubMed Central

PMCID: PMCPMC2699851.

52. Roldan M, Macias-Gonzalez M, Garcia R, Tinahones FJ, Martin M. Obesity short-circuits stemness

gene network in human adipose multipotent stem cells. FASEB J. 2011; 25(12):4111–26. Epub 2011/

08/19. https://doi.org/10.1096/fj.10-171439 PMID: 21846837.

53. Xie L, Ortega MT, Mora S, Chapes SK. Interactive changes between macrophages and adipocytes.

Clin Vaccine Immunol. 2010; 17(4):651–9. Epub 2010/02/19. https://doi.org/10.1128/CVI.00494-09

PMID: 20164250; PubMed Central PMCID: PMCPMC2849320.

54. Xie L, Fu Q, Ortega TM, Zhou L, Rasmussen D, O’Keefe J, et al. Overexpression of IL-10 in C2D mac-

rophages promotes a macrophage phenotypic switch in adipose tissue environments. PLoS One. 2014;

9(1):e86541. Epub 2014/01/28. https://doi.org/10.1371/journal.pone.0086541 PMID: 24466141;

PubMed Central PMCID: PMCPMC3897709.

55. Ortega MT, Xie L, Mora S, Chapes SK. Evaluation of macrophage plasticity in brown and white adipose

tissue. Cell Immunol. 2011; 271(1):124–33. Epub 2011/07/16. https://doi.org/10.1016/j.cellimm.2011.

06.012 PMID: 21757190; PubMed Central PMCID: PMCPMC3168070.

56. Lumeng CN, Deyoung SM, Saltiel AR. Macrophages block insulin action in adipocytes by altering

expression of signaling and glucose transport proteins. Am J Physiol Endocrinol Metab. 2007; 292(1):

E166–74. Epub 2006/08/24. https://doi.org/10.1152/ajpendo.00284.2006 PMID: 16926380; PubMed

Central PMCID: PMCPMC3888778.

57. Lumeng CN, Deyoung SM, Bodzin JL, Saltiel AR. Increased inflammatory properties of adipose tissue

macrophages recruited during diet-induced obesity. Diabetes. 2007; 56(1):16–23. Epub 2006/12/29.

https://doi.org/10.2337/db06-1076 PMID: 17192460.

58. Huh JY, Park YJ, Ham M, Kim JB. Crosstalk between adipocytes and immune cells in adipose tissue

inflammation and metabolic dysregulation in obesity. Mol Cells. 2014; 37(5):365–71. Epub 2014/05/02.

https://doi.org/10.14348/molcells.2014.0074 PMID: 24781408; PubMed Central PMCID:

PMCPMC4044307.

59. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW Jr. Obesity is associated

with macrophage accumulation in adipose tissue. J Clin Invest. 2003; 112(12):1796–808. https://doi.

org/10.1172/JCI19246 PMID: 14679176; PubMed Central PMCID: PMCPMC296995.

60. Engin AB. Adipocyte-Macrophage Cross-Talk in Obesity. Adv Exp Med Biol. 2017; 960:327–43. Epub

2017/06/07. https://doi.org/10.1007/978-3-319-48382-5_14 PMID: 28585206.

61. Ghosh AK, O’Brien M, Mau T, Yung R. Toll-like receptor 4 (TLR4) deficient mice are protected from adi-

pose tissue inflammation in aging. Aging (Albany NY). 2017; 9(9):1971–82. Epub 2017/09/13. https://

doi.org/10.18632/aging.101288 PMID: 28898202; PubMed Central PMCID: PMCPMC5636669.

62. Gunasekaran MK, Virama-Latchoumy AL, Girard AC, Planesse C, Guerin-Dubourg A, Ottosson L, et al.

TLR4-dependant pro-inflammatory effects of HMGB1 on human adipocyte. Adipocyte. 2016; 5(4):384–

8. Epub 2016/12/21. https://doi.org/10.1080/21623945.2016.1245818 PMID: 27994953; PubMed Cen-

tral PMCID: PMCPMC5160392.

63. Liu P, Huang G, Cao Z, Xie Q, Wei T, Huang C, et al. Haematopoietic TLR4 deletion attenuates perivas-

cular brown adipose tissue inflammation in atherosclerotic mice. Biochim Biophys Acta. 2017; 1862

(9):946–57. Epub 2017/06/06. https://doi.org/10.1016/j.bbalip.2017.05.012 PMID: 28579235.

Early maternal diet intervention prevented offspring adipocyte inflammation

PLOS ONE | https://doi.org/10.1371/journal.pone.0209053 December 18, 2018 17 / 18

https://doi.org/10.1016/j.mam.2012.10.004
http://www.ncbi.nlm.nih.gov/pubmed/23068072
https://doi.org/10.1159/000471488
http://www.ncbi.nlm.nih.gov/pubmed/28564650
https://doi.org/10.3390/nu8060320
http://www.ncbi.nlm.nih.gov/pubmed/27258304
https://doi.org/10.1096/fj.08-126946
http://www.ncbi.nlm.nih.gov/pubmed/19584303
https://doi.org/10.1210/en.2010-0043
http://www.ncbi.nlm.nih.gov/pubmed/20555032
https://doi.org/10.2337/db08-1770
http://www.ncbi.nlm.nih.gov/pubmed/19351711
https://doi.org/10.1096/fj.10-171439
http://www.ncbi.nlm.nih.gov/pubmed/21846837
https://doi.org/10.1128/CVI.00494-09
http://www.ncbi.nlm.nih.gov/pubmed/20164250
https://doi.org/10.1371/journal.pone.0086541
http://www.ncbi.nlm.nih.gov/pubmed/24466141
https://doi.org/10.1016/j.cellimm.2011.06.012
https://doi.org/10.1016/j.cellimm.2011.06.012
http://www.ncbi.nlm.nih.gov/pubmed/21757190
https://doi.org/10.1152/ajpendo.00284.2006
http://www.ncbi.nlm.nih.gov/pubmed/16926380
https://doi.org/10.2337/db06-1076
http://www.ncbi.nlm.nih.gov/pubmed/17192460
https://doi.org/10.14348/molcells.2014.0074
http://www.ncbi.nlm.nih.gov/pubmed/24781408
https://doi.org/10.1172/JCI19246
https://doi.org/10.1172/JCI19246
http://www.ncbi.nlm.nih.gov/pubmed/14679176
https://doi.org/10.1007/978-3-319-48382-5_14
http://www.ncbi.nlm.nih.gov/pubmed/28585206
https://doi.org/10.18632/aging.101288
https://doi.org/10.18632/aging.101288
http://www.ncbi.nlm.nih.gov/pubmed/28898202
https://doi.org/10.1080/21623945.2016.1245818
http://www.ncbi.nlm.nih.gov/pubmed/27994953
https://doi.org/10.1016/j.bbalip.2017.05.012
http://www.ncbi.nlm.nih.gov/pubmed/28579235
https://doi.org/10.1371/journal.pone.0209053


64. Poulain L, Richard V, Levy P, Dematteis M, Arnaud C. Toll-like receptor-4 mediated inflammation is

involved in the cardiometabolic alterations induced by intermittent hypoxia. Mediators Inflamm. 2015;

2015:620258. Epub 2015/04/16. https://doi.org/10.1155/2015/620258 PMID: 25873766; PubMed Cen-

tral PMCID: PMCPMC4383499.

65. Lumeng CN, DelProposto JB, Westcott DJ, Saltiel AR. Phenotypic switching of adipose tissue macro-

phages with obesity is generated by spatiotemporal differences in macrophage subtypes. Diabetes.

2008; 57(12):3239–46. https://doi.org/10.2337/db08-0872 PMID: 18829989; PubMed Central PMCID:

PMCPMC2584129.

66. Xie L, Zhang K, Rasmussen D, Wang J, Wu D, Roemmich JN, et al. Effects of prenatal low protein and

postnatal high fat diets on visceral adipose tissue macrophage phenotypes and IL-6 expression in Spra-

gue Dawley rat offspring. PLoS One. 2017; 12(1):e0169581. Epub 2017/02/01. https://doi.org/10.1371/

journal.pone.0169581 PMID: 28141871; PubMed Central PMCID: PMCPMC5283658.

67. Lecoutre S, Pourpe C, Butruille L, Marousez L, Laborie C, Guinez C, et al. Reduced PPARgamma2

expression in adipose tissue of male rat offspring from obese dams is associated with epigenetic modifi-

cations. FASEB J. 2018; 32(5):2768–78. Epub 2018/01/04. https://doi.org/10.1096/fj.201700997R

PMID: 29295860.

68. Yang X, Huang Y, Sun C, Li J. Maternal Prenatal Folic Acid Supplementation Programs Offspring Lipid

Metabolism by Aberrant DNA Methylation in Hepatic ATGL and Adipose LPL in Rats. Nutrients. 2017; 9

(9). Epub 2017/08/29. https://doi.org/10.3390/nu9090935 PMID: 28846595; PubMed Central PMCID:

PMCPMC5622695.

69. Lecoutre S, Petrus P, Ryden M, Breton C. Transgenerational Epigenetic Mechanisms in Adipose Tis-

sue Development. Trends Endocrinol Metab. 2018; 29(10):675–85. Epub 2018/08/15. https://doi.org/

10.1016/j.tem.2018.07.004 PMID: 30104112.

70. Testa R, Bonfigli AR, Prattichizzo F, La Sala L, De Nigris V, Ceriello A. The "Metabolic Memory" Theory

and the Early Treatment of Hyperglycemia in Prevention of Diabetic Complications. Nutrients. 2017; 9

(5). Epub 2017/04/30. https://doi.org/10.3390/nu9050437 PMID: 28452927; PubMed Central PMCID:

PMCPMC5452167.

71. Ludwig DS, Rouse HL, Currie J. Pregnancy weight gain and childhood body weight: a within-family com-

parison. PLoS Med. 2013; 10(10):e1001521. Epub 2013/10/17. https://doi.org/10.1371/journal.pmed.

1001521 PMID: 24130460; PubMed Central PMCID: PMCPMC3794857.

72. Mamun AA, O’Callaghan M, Callaway L, Williams G, Najman J, Lawlor DA. Associations of gestational

weight gain with offspring body mass index and blood pressure at 21 years of age: evidence from a birth

cohort study. Circulation. 2009; 119(13):1720–7. Epub 2009/03/25. https://doi.org/10.1161/

CIRCULATIONAHA.108.813436 PMID: 19307476.

73. Reynolds RM, Allan KM, Raja EA, Bhattacharya S, McNeill G, Hannaford PC, et al. Maternal obesity

during pregnancy and premature mortality from cardiovascular event in adult offspring: follow-up of 1

323 275 person years. BMJ. 2013; 347:f4539. Epub 2013/08/15. https://doi.org/10.1136/bmj.f4539

PMID: 23943697; PubMed Central PMCID: PMCPMC3805484.

Early maternal diet intervention prevented offspring adipocyte inflammation

PLOS ONE | https://doi.org/10.1371/journal.pone.0209053 December 18, 2018 18 / 18

https://doi.org/10.1155/2015/620258
http://www.ncbi.nlm.nih.gov/pubmed/25873766
https://doi.org/10.2337/db08-0872
http://www.ncbi.nlm.nih.gov/pubmed/18829989
https://doi.org/10.1371/journal.pone.0169581
https://doi.org/10.1371/journal.pone.0169581
http://www.ncbi.nlm.nih.gov/pubmed/28141871
https://doi.org/10.1096/fj.201700997R
http://www.ncbi.nlm.nih.gov/pubmed/29295860
https://doi.org/10.3390/nu9090935
http://www.ncbi.nlm.nih.gov/pubmed/28846595
https://doi.org/10.1016/j.tem.2018.07.004
https://doi.org/10.1016/j.tem.2018.07.004
http://www.ncbi.nlm.nih.gov/pubmed/30104112
https://doi.org/10.3390/nu9050437
http://www.ncbi.nlm.nih.gov/pubmed/28452927
https://doi.org/10.1371/journal.pmed.1001521
https://doi.org/10.1371/journal.pmed.1001521
http://www.ncbi.nlm.nih.gov/pubmed/24130460
https://doi.org/10.1161/CIRCULATIONAHA.108.813436
https://doi.org/10.1161/CIRCULATIONAHA.108.813436
http://www.ncbi.nlm.nih.gov/pubmed/19307476
https://doi.org/10.1136/bmj.f4539
http://www.ncbi.nlm.nih.gov/pubmed/23943697
https://doi.org/10.1371/journal.pone.0209053

