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DNA hypomethylation of inflammation-associated genes in
adipose tissue of female mice after multigenerational high
fat diet feeding
Y Ding1,2,6, J Li1,2,6, S Liu1, L Zhang1, H Xiao1, J Li1, H Chen3, RB Petersen4, K Huang3,5 and L Zheng1,2

OBJECTIVE: Maternal obesity significantly increases the susceptibility of offspring to develop obesity and chronic diseases in
adulthood. The offspring of obese mothers are shown to prefer high fat diet (HFD) due to their altered neural circuitry, creating a
‘feed-forward cycle’ across generations. We hypothesized that the ‘feed-forward cycle’ caused by multigenerational HFD feeding
would have exacerbated effects in adipose tissue of the offspring.
METHODS: Three generations (F0, F1 and F2) of HFD (60% Kcal fat)-fed and corresponding normal chow (NC)-fed C57BL/6 mice
were generated. Body weight (BW) and food intake were monitored weekly. Parametrial adipose tissue (pAT) weight and endocrine
parameters were measured in 9-month-old female offspring. Gene expression microarray, quantitative RT-PCR and bisulfite
sequencing were performed using pAT.
RESULTS: BW and pAT weight increased in female mice across generations under continuous HFD stress, with the most severe
phenotype found in the F2 generation. Genes involved in inflammatory response showed increased expression across generations
in the pAT, accompanied by increased macrophage infiltration. The promoters of Toll-like receptor 1 (Tlr1), Tlr2 and linker for
activation of T cells (Lat) were hypomethylated in the HF groups compared with the NC group, with additional hypomethylation on
some specific CpG sites in the F2 generation.
CONCLUSIONS: A feed-forward cycle exists in female mice after continuous HFD stress as demonstrated by increased adiposity and
progressive inflammation in adipose tissue across generations. DNA hypomethylation over generations lead to epigenetically
altered expression of Tlr1, Tlr2 and Lat, which may contribute to the inflammation in adipose tissue. Our study provides a potential
mechanism for enhanced inflammation in adipose tissue under multigenerational HFD-fed stress.
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INTRODUCTION
One-third of the world’s adult population was overweight or
obese in 2005, and it is estimated that half of the world’s adult
population will be overweight or obese by 2030.1 As a conse-
quence, the economic burden of obesity is rising dramatically,
mostly due to obesity-related chronic diseases, including diabetes,
cardiovascular disease and cancer.2

Furthermore, the onset of obesity is occurring at much younger
ages in the past decade than in previous generations.2 This
disproportionate early onset of obesity can be partially explained
by Baker’s ‘fetal origins of adult disease’ hypothesis,3 which is
supported by the fact that high fat diet (HFD) intake during
pregnancy and lactation increases the rates of obesity and
metabolic disorders in the offspring.4 Moreover, the offspring of
obese mothers are shown to prefer HFD due to their altered
neural circuitry,5,6 which generates the next generation of obese
mothers and the corresponding obese grand-offspring.
This multigenerational HFD-driven obesity is regarded as a

‘feed-forward cycle’, which may be responsible for the global
pandemic of overweight and obesity over the past three decades.
Studies have suggested that a ‘feed-forward cycle’ exists in

rodents, as continuously feeding animals with HFD results in
increased body weight (BW) and exacerbated metabolic syn-
dromes over generations.7–9 However, the exact mechanism(s)
underlying these exacerbated phenotypes over generations
remain unclear.
In the present study, continuous HFD-fed stress was set up in

C57BL/6 mice as previously reported.7 The multigenerational
impacts on adipose tissue after continuous HFD feeding were
studied in the female offspring, as the accumulation of white fat
weight over generations was observed in the females but not in
the males. Genome-wide screening for multigenerational effects
of HFD on gene expression was performed and verified. The
changes in DNA methylation on the promoters of some genes
whose expression was altered over generations were investigated.
We found that continuous over-nutrition for three generations
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resulted in enhanced inflammatory gene expression and macro-
phage infiltration in adipose tissue through accumulated DNA
hypomethylation in the promoters of these genes over multiple
generations, especially in the grand-offspring. Our study provides
a potential epigenetic mechanism for the epidemic of obesity,
which indicates that without urgent and effective intervention,
this situation may get worse in successive generations.

METHODS
Mice and animal care
C57BL/6 breeding pairs were obtained from the Wuhan University Animal
Laboratory and fed with normal chow (NC) to generate the F0 generation
for the present study. The female mice of the F0 generation were fed either
NC or HFD (60% Kcal fat, D12492, Research Diets Inc, New Brunswick, NJ,
USA) for 1 month after weaning and then randomly mated with males fed
with NC to generate NC/HF F1 generation. After weaning, female offspring
of NC-fed or HFD-fed mothers were continuously fed with NC or HFD,
respectively. Two-month-old F1 females were randomly mated with NC-fed
males to generate NC/HF F2 generation (A schematic chart of experimental
design is provided in Supplementary Figure S1). BW and food intake were
monitored weekly except during the mating, pregnancy and lactation
periods. In all, 4–8 litters were obtained from each female in the present
study. All mice used in the present study were under five generations from
the original stock mice. All animals were housed in ventilated microisolator
cages with 12 h/12 h light/dark cycle and free access to water according to
the Guidelines of the China Animal Welfare Legislation, as approved by the
Committee on Ethics in the Care and Use of Laboratory Animals of College
of Life Sciences, Wuhan University, Wuhan, People’s Republic of China.
Nine-month-old female offspring were killed and the organs were
dissected and weighted. Visceral parametrial adipose tissue (pAT) was
used in the present study, because the visceral fat pads have been shown
to have stronger correlation with metabolic diseases than subcutaneous
fat pads.10,11 The gonadal fat pad is easy to locate and is consequently the
most studied fat pad. The right side of pATs were stored at � 80 1C until
use, and the left side of pATs were fixed for histological study.

Serum levels of insulin and leptin
Serum samples were collected for insulin and leptin analysis. Measure-
ments were performed using an insulin ELISA Kit (Millipore Corporation,
Billerica, MA, USA) and a leptin ELISA Kit (Millipore Corporation) according
to the manufacturers’ instructions.

Adipocyte size analysis
pAT was fixed with HISTOCHOICE TISSUE FIXATIVE (Amresco, Solon, OH,
USA), embedded in paraffin, sectioned and stained with Periodic acid-
Schiff. High-resolution (� 200 magnification) pictures of six different areas
from 1–2 sections per sample were taken using an Olympus BX60
microscope equipped with a digital CCD (Olympus Corporation, Tokyo,
Japan). Total areas of adipocytes were traced manually and analyzed with
Image-Pro Plus 6.0 (Media Cybernetics, Silver Spring, MD, USA) as
previously described.12 For each sample, 400–1000 adipocytes were
counted.

Immunohistochemical study
Fat sections were deparaffinized and rehydrated in decreasing concentra-
tions of ethanol. Sections were incubated with 3% H2O2 for 5min to
quench endogenous peroxidase activity.13 After blocking with 5% bovine
serum albumin, sections were incubated with primary antibody against
F4/80 (1:200 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
overnight at 4 1C. After extensive washing, sections were incubated with
biotinylated anti-rat immunoglobulin G (Zhongshan Goldenbridge
Biotechnology Co., Beijing, China) for 1 h at room temperature. Staining
was visualized by DAB (3,30diaminobenzidine) substrate (Vector laboratories,
Burlingame, CA, USA) following the ABC kit (Vector laboratories). Slides were
counterstained with hematoxylin (Beyotime Institute of Biotechnology,
Shanghai, China). Negative controls were set up in parallel without applying
primary antibody. For each individual adipose tissue, 5–10 different high-
resolution (� 200 magnification) fields from 1–2 sections were analyzed. The
percentage of macrophages was calculated as the number of nuclei of F4/
80þ cells divided by the total number of nuclei in the section as previously
described.14

Quality control and preprocessing of microarray data
Total RNA was extracted from pAT using RNAiso Plus (Takara Biotechnology
Co., Dalian, China) according to the manufacturer’s instructions and
quantified using a NanoDrop 2000 spectrometer (Thermo Scientific Inc.,
Wilmington, DE, USA). Pooled total RNA samples from each group were
obtained by randomly picking and combining an equal amount (1mg total
RNA per sample) at a designated n number from each group (NC group:
n¼ 3; HF F0 group: n¼ 4; HF F1 group: n¼ 4; HF F2 group: n¼ 4) and were
used for microarray analysis. Pooling RNA samples for microarray has been
used to get an appropriate and statistical estimate of the mean changes
among the different experimental groups.15,16 Mouse WG-6 v2.0
Expression BeadChips (catalog no. BD-201-0202, Illumina Inc., San Diego,
CA, USA) were used. The raw intensity was scanned and extracted using
BeadArray Reader (Illumina), with the data corrected by background
subtraction and normalized using GenomeStudio V2010.2 module
(Illumina). Individual mRNAs were examined using the detection P-value
metric provided by Illumina in which the signal generated from each
mRNA is compared with negative controls. A threshold of Po0.05 was
used as a cutoff. The mRNAs that did not reach this threshold were not
analyzed further.

Microarray data analyses for genes altered across generations
The gene expression levels of different HFD-fed groups were normalized to
those of the NC group. Genes of interest were identified as the genes’
whose ratios were altered greater than 1.5-fold and the detection P-values
wereo0.05. Heat maps were drawn by R (http://www.R-project.org),17 and
Gene Ontology term enrichments were analyzed by DAVID (http://
david.abcc.ncifcrf.gov).18 Categories enriched in each list as compared
with the Mus musculus background were identified by the DAVID P-value,
and those DAVID P–value o0.05 were selected for subsequent analysis.
DAVID was also used to determine genes enriched in KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathways.

Quantitative real-time PCR
cDNA of pAT from each sample was generated using the M-MLV First
Strand Kit (Invitrogen, Carlsbad, CA, USA; 1mg total RNA per sample).19

Transcript-specific primers were designed using Primer 3.0,20 and the
sequences of primers used in the present study are listed in Supplementary
Table S5. Gapdh (glyceraldehyde 3-phosphate dehydrogenase) was used as
the internal control.21 Quantitative real-time PCRs were run using a CFX96
Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The
relative differences were expressed as fold changes of the different HFD-fed
groups over NC group using the 2�DDCT method.22

Bisulfite sequencing
Genomic DNA from pAT was prepared by standard phenol/chloroform
extraction and ethanol precipitation. Bisulfite modification of extracted
DNA was performed using the EZ DNA Methylation Gold Kit (Zymo
Research, Orange, CA, USA) according to the manufacturer’s instructions.
The promoters (� 1200bp to þ 200 bp relative to the þ 1 transcription
start site) of linker for activation of T cells (Lat), Toll-like receptors (Tlr1) and
Tlr2 were amplified using specific primers designed with MethPrimer
(Supplementary Table S6).23 PCRs were performed using ZymoTaq
Polymerase (Zymo Research). The PCR fragments were purified from
agarose gels and cloned into the pMD18-T vector (Takara Biotechnology
Co.). At least 10 clones of each sample were selected and sequenced by
the Beijing Genomics Institute (BGI) (www.genomics.org.cn).

Statistical analysis
Differences between the groups were analyzed using an analysis of
variance post hoc test. Statistical significance was defined as Pp0.05, and
changes were considered to be trends when 0.05oPo0.07.

Accession numbers
All microarray data used in this study have been deposited to the Gene
Expression Omnibus web site (http://www.ncbi.nlm.nih.gov/geo; accession
no. GSE37238).
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RESULTS
Physiological characteristics of different experimental groups
As there was no significant difference observed among the NC-fed
F0, F1 and F2 females in their basic physiological characteristics
(Supplementary Table S1), the three NC-fed female groups were
combined into one NC group. BW, pAT weight and body mass
index (BMI) were gradually increased in the female offspring across
generations under continuous HFD stress, with the heaviest BW,
pAT weight and the largest BMI found in the HF F2 group at 9
months of age (Figures 1a and b; Supplementary Table S2). The
highest amount of food intake was consistently observed in the HF
F2 group (Figure 1c). However, the BWs of 19-day-old female pups
were similar between the HF F1 and the HF F2 groups (Figure 1d).
Serum levels of insulin and leptin in the HF groups were

elevated compared with the NC group, and these levels were
further significantly increased in the HF F1 and HF F2 groups
compared with the HF F0 group (Figures 2a and b), indicating
much more severe insulin and leptin resistance in the HF F1 and
HF F2 groups compared with the HF F0 group at 9 months of age.
However, there was no difference in the non-fasted blood glucose
levels among the three HFD-fed groups (Supplementary Table S2).

Morphological changes in the white adipose tissue over
generations under continuous HFD stress
Compared with the NC group, the average adipocyte size of the
HF F0, HF F1 and HF F2 groups was increased by 5.0-, 4.6- and 4.3-
fold, respectively, in 9-month-old females (Figures 3a and b). An
unexpected mild, but significant, decrease in the average
adipocyte size was observed in the HF F2 group compared with
the HF F0 group (Figures 3a and b) due to a significant increase in
the population of small-size adipocytes (area o2500 mm2) and a
significant decrease in the population of large-size adipocytes
(area 44900 mm2) in the HF F2 group compared with the HF F0
group (Figures 3c and d).
Infiltrating macrophages, which formed crown-like structures

around dead adipocytes, are the major histological feature of
inflamed adipose tissue.24 Immunochemistry of F4/80, a well-
known macrophage marker,25 was performed to investigate
macrophage infiltration in the sections of adipose tissue. Crown-
like structures appeared with greater frequency in the HF F0 and

HF F1 groups compared with the NC group, with a further increase
in the HF F2 group compared with the HF F0 and the HF F1 groups
at 9 months of age (Figure 4a). The number of macrophages in the
HF F0, HF F1 and HF F2 groups was elevated by 5.5-, 5.7- and
9.5-fold, respectively, compared with the NC group (Figure 4b).

Alteration of gene transcripts in the white adipose tissue over
generations under continuous HFD stress
Genome-wide microarray was performed. When the data were
analyzed with the threshold set at a 1.5-fold change, 270 genes

Figure 1. Physiological characteristics of the three HFD groups compared with the NC group. (a) BW of the four groups. (b) Average
parametrial fat weight of the four groups. (c) Food intake per day for the different HFD-fed groups (data were obtained from 30–36-week-old
animals). (d) BW of 19-day-old female offspring of F1 and F2 generation fed with NC or HFD. Data are expressed as means±s.d. n¼ 5B14 per
group. wPo0.05 compared with the NC mice; zPo0.05 compared with the HF F0 mice; yPo0.05 compared with the HF F1 mice.

Figure 2. Serum insulin (a) and leptin (b) levels of the four
groups. Data are expressed as means±s.d. n¼ 5B14 per group.
wPo0.05 compared with the NC mice; zPo0.05 compared with the
HF F0 mice.
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were identified that consistently changed over the generations,
among which 183 genes were upregulated and 87 genes were
downregulated (Figure 5a). Using Gene Ontology enrichment
analysis, some interesting categories were enriched over genera-
tions, including response to external stimulus (Po3.7� 10� 9),
high-density lipoprotein particle (Po7.5� 10� 6), immune system
process (Po1.1� 10� 5), leukocyte activation (Po1.8� 10� 5) and
inflammatory response (Po2.2� 10� 5) (Supplementary Table S3).
KEGG pathway analysis of the genes altered over generations
revealed the involvement of peroxisome proliferator–activated
receptor signaling pathway, type 2 diabetes mellitus, B-cell and
T-cell receptor signaling pathways, TLR signaling pathway and
cytokine–cytokine receptor interaction (Supplementary Table S4).
The levels of some genes whose expression was altered over

generations were further verified by quantitative real-time PCR
(Figures 5b–e). Besides the well-known inflammatory genes,
inhibitor of kappaB kinase beta (Ikbkb) and tumor necrosis factor
(Tnf), the levels of NLR family, CARD domain containing 4 (Nlrc4)
and serine (or cysteine) peptidase inhibitor, clade A, member 1A
(Serpina1a) were also found to be gradually upregulated over
generations (Figure 5b). Moreover, a drastic elevation of Lat, which
has a critical role in T-cell activation,26 was observed in the HF F2
group (Figure 5b). Interestingly, the mRNA levels of TLRs, such as
Tlr1, Tlr2, Tlr4, Tlr7 and Tlr8 were also elevated over generations
(Figure 5c). In addition, the mRNA levels of apolipoprotein families,
including apolipoprotein A-I (Apoa1), apolipoprotein A-II (Apoa2)
and apolipoprotein C-IV (Apoc4), were elevated over generations
(Figure 5d). Moreover, decreases in the mRNA levels of uncoupling
protein 1 (Ucp1) and cytosolic phosphoenolpyruvate carboxyki-
nase (Pck1) over generations were observed (Figure 5e).
In addition, using Tlr1 and Tlr2 as examples, the mRNA levels of

these two genes were not significantly changed between the NC
F1 and the NC F2 groups (Supplementary Figure S2), which
indicated that the transcriptional levels of inflammatory genes are
relatively stable over generations under NC feeding.

Decreased DNA methylation in inflammatory genes over
generations under continuous HFD stress
DNA methylation is one of the key mechanisms that regulate gene
transcription and is also a stable epigenetic marker17 that we

hypothesize may be responsible for the observed changes in gene
expression after multigenerational HFD-fed stress. Bisulfite
sequencing was performed to determine the methylation status
of the promoters of Tlr1, Tlr2 and Lat (Figures 6a–c). Remarkably,
the promoters of Tlr1 and Tlr2 not only showed significant
hypomethylation in the HF F2 group compared with the NC group
but also showed a significant hypomethylation on specific CpG
sites compared with the HF F0 group or the HF F1 group (Figures
6a and b). In addition, specific CpG sites on the promoter of Lat
also showed significant hypomethylation in the HF F2 group
compared with the NC group (Figure 6c). Moreover, using Tlr2 and
Lat as examples, DNA methylation status was not altered between
the NC F0 and the NC F2 groups (Supplementary Figure S3), which
confirmed that the alterations in DNA methylation status were
caused by continuous HFD feeding stress.
The mRNA levels of DNA methyltransferases were also

investigated. DNA methyltransferase 1 (Dnmt1) was upregulated
in the HF F0 and the HF F1 groups compared with the NC group,
with a further increase in the HF F2 group compared with the HF
F0 and HF F1 groups (Figure 6d). Dnmt3a showed a trend toward
increase in all the three HFD groups compared with the NC group,
while the mRNA levels of Dnmt3b was similar among all the
experimental groups (Figure 6d).

DISCUSSION
Maternal obesity is a well-known risk factor that significantly
increases the susceptibility of offspring to develop obesity and
other chronic metabolic diseases.4 As food is readily available in
many countries these days, and obese mothers are likely to offer
more food to their children,27 humanity is facing continuous over-
nutrition stress worldwide. We demonstrated in the present study
and in our previous study7 that continuous HFD feeding stress on
mothers show accumulated effects to their offspring, which
suggests that, in the future, humanity may face not only an
alarming prevalence of obesity but also increased severity of
metabolic diseases.
As the BW and pAT weight of 9-month-old female offspring

were gradually increased over generations under continuous HFD
stress with the most severe phenotype found in the F2 generation

Figure 3. Characteristics of the parametrial white adipose tissue of the three HFD groups compared with the NC group. (a) Periodic
acid-Schiff (PAS)-stained adipocyte of the four groups. (b) Average adipocyte size of the four groups. (c, d) Adipocyte size distribution analysis
of the four groups. n¼ 4B5 per group. Data are expressed as means±s.e.m. wPo0.05 compared with the NC mice; zPo0.05 compared with
the HF F0 mice.
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(grand-offspring; Figures 1a and b), and the BWs of 19-day-old
female pups are similar between the HF F1 and HF F2 groups
(Figure 1d), the accumulation of adiposity we found in this study is
likely not simply due to developmental over-nutrition (during
pregnancy and lactation stages) but also reflects over-nutrition in
the adult stage.
In the present study and our previous study,7 we found that

both male and female offspring showed increased BW and BMI
over generations under multigenerational HFD feeding stress.
Sexual dimorphism in weight accumulation of different organs
was also observed. Increased liver weight, but not the weight of
white adipose tissue, was previously demonstrated by us in the
male offspring under multigenerational HFD feeding stress.7

Under the same stress, the weight of white adipose tissue, but
not the liver, was increased over generations in the female
offspring (Figure 1b and Supplementary Table S2). Consistent with
our data, the weight of white adipose tissue was also increased
over generations in the ICR females, but not in the males, under
multigenerational over-nutrition.8 Compared with female mice,
male mice are usually more susceptible to diet-induced obesity in
the F0 generation at young ages.28,29 However, a recent study
using C57BL/6N mice demonstrated that although males have
heavier weights than females before 20 weeks when they are fed
the obesity-promoting HFD, females and males show comparable
weights at 35 weeks, with more severe fat accumulation and
larger adipocytes found in females.30 Furthermore, the maternal

obesity models suggested the female offspring are preferentially
affected by maternal diets.31,32 Sex hormone may be one of the
players that contribute to this interesting phenomenon; however,
the exact mechanism under this multigenerational over-nutrition
feeding stress-induced sexual dimorphism requires further
investigation.
The contribution of inflammation to obesity-associated insulin

resistance has been well documented.33 The major cluster of
upregulated genes caused by multigenerational HFD feeding
stress in female mice is related to inflammation (Figures 5a–c;
Supplementary Tables S3 and S4), with the histological demon-
stration of elevated infiltrating macrophages over generations
(Figures 4a and b). These infiltrated macrophages have been
reported to release a variety of proinflammatory cytokines, which
cause decreased insulin sensitivity.33 Interestingly, we also noticed
the multigenerational elevation of Nlrc4 and Tlrs, both of which are
innate immune receptors sensing pathogen-associated molecular
patterns.34 Nlrc4 is a critical component in the formation of the
inflammasome, which has been demonstrated to have important
roles in inflammation and insulin sensitivity.35 Knockout of Tlr2 or
Tlr4 has been shown to protect mice against HFD-induced
inflammation in adipose tissue.36,37 Furthermore, Tlr4 has a
critical role in the inhibition of Pck1 expression in adipose tissue
after multiple inflammatory injuries.38 Consistent with this report,
the mRNA levels of Pck1 were found to be downregulated over
generations in the present study (Figure 5e). Future study is
needed to investigate whether downregulation of Tlrs or Nlrc4 can
disrupt the ‘feed-forward cycle’.
In the adipose tissue, white adipocytes and brown adipocytes

are intermingled and can transdifferentiate with each other.39 The
white adipocyte has a large unilocular lipid droplet, which serves
as an energy storage place.40 The brown adipocyte has
multilocular lipid droplets and large mitochondria.40 UCP1 is a
protein expressed in the internal membrane of brown adipocyte
mitochondria and is responsible for heat production.41 The mRNA
levels of Ucp1 in the interscapular brown fat are four magnitudes
higher than that found in the pAT (unpublished data by Yingwen
Ding and Ling Zheng). The downregulation of Ucp1 found in the
present study (Figure 5e) may indicate that the adipose tissue
gradually lost the ‘brown’ characteristics over generations.
Epigenetic regulation, including DNA methylation and histone

modification, has provided new insights into the multigenera-
tional inheritance of disease risk.42 Previously, studies indicated
that maternal obesity induces alterations of metabolic genes in
the F1 generation by epigenetic modifications.5,43,44 We also
found multigenerational alteration of histone methylation in the
livers of male offspring after three generations of over-nutrition.7

Compared with the complex and dynamic changes in histone
modifications, DNA methylation is the only epigenetic marker on
DNA and is regarded as a more stable epigenetic marker.17 DNA
methylation patterns can be transmitted over one generation in
the germ line.45,46 To our knowledge, the present study
demonstrates, for the first time, a multigenerational effect on
DNA methylation in the offspring through the maternal linage.
The gradual hypomethylation in the promoters of inflammation-
related genes (Figures 6a–c) leads to multigenerationally exacer-
bated inflammation in adipose tissue under continuous HFD
feeding stress. We noticed, compared with the changes of the
mRNA levels, the alteration in DNA methylation is mild over
generations under the continuous HFD feeding stress. As there are
multiple methylation sites in the regulatory sequence of a gene, it
is possible that these subtle changes in DNA methylation have an
additive effect on the final expression level of the gene. Also a
larger sample size may be required to detect smaller effect sizes.
Furthermore, other epigenetic regulation such as histone mod-
ification may also contribute to enhanced inflammation over
generations in adipose tissue due to the complex cross-talk
between DNA methylation and histone modification.17 At the

Figure 4. Infiltrating macrophages in adipose tissue of the four
different groups. (a) Adipose tissue F4/80 staining of female
offspring from 30–36 weeks of age in the four different experimental
groups. (b) Macrophages as a percentage of all cells in pAT. n¼ 4B5
per group. Data are expressed as means±s.e.m. wPo0.05 compared
with the NC mice; zPo0.05 compared wih the HF F0 mice; yPo0.05
compared with the HF F1 mice.
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same time, we observed a multigenerational elevation of Dnmt1 in
adipose tissue under continuous HFD feeding stress (Figure 6d),
which suggests a genome-wide increase in DNA methylation.
Similarly, in cancer, DNA methylation status has been observed to
be different in the promoters of specific genes compared with the
whole genome.47

In summary, our data suggested that a feed-forward cycle
exists in female offspring after continuous HFD feeding stress as
demonstrated by multigenerational increased adiposity and

progressive inflammation in pAT in mice (Figure 6e). Multi-
generational changes in DNA hypomethylation on inflammatory
genes contribute to the increased inflammation in adipose tissue
over generations in mice (Figure 6e). Gonadal white adipose tissue
is the most studied fat pad in rodent models; however, it is only
exist in rodents. More studies are therefore necessary to
investigate the impact of multigenerational HFD stress on fat
accumulation in human by public health surveys and other
methods. However, the results presented in our study with mice

Figure 5. Gene expression levels altered over generations in the adipose tissue of the 9-month-old female offspring. (a) Heat map of 270
multigenerational altered genes in adipose tissue. (b) mRNA levels of Ikbkb, Tnf, Nlrc4, Serpina1a and Lat involved in inflammatory response.
(c) mRNA levels of Tlr1, Tlr2, Tlr4, Tlr7 and Tlr8 in the TLR family. (d) mRNA levels of Apoa1, Apoa2 and Apoc4 in the apolipoprotein family.
(e) mRNA levels of Ucp1 and Pck1. n¼ 4B7 per group. Data are expressed as means±s.e.m. wPo0.05 compared with the NC mice; zPo0.05
compared with the HF F0 mice; yPo0.05 compared with the HF F1 mice. 0.05oaPo0.07 compared with the NC mice; 0.05obPo0.07
compared with the HF F0 mice; 0.05ocPo0.07 compared with the HF F1 mice.

Figure 6. Alteration of DNA methylation contributes to the multigenerational changes in gene expression. DNA hypomethylation of Tlr1
promoter (a), Tlr2 promoter (b) and Lat promoter (c). (d) mRNA levels of Dnmt1, Dnmt3a and Dnmt3b in the adipose tissue of the four groups.
(e) Potential mechanisms by which DNA methylation contributes to the ‘feed-forward cycle’ in adipose tissue. n¼ 4B5 per group. Data are
expressed as means±s.e.m. wPo0.05 compared with the NC mice; zPo0.05 compared with the HF F0 mice; yPo0.05 compared with the HF F1
mice. 0.05oaPo0.07 compared with the NC mice.
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suggest a potential new mechanism for enhanced inflammation in
adipose tissue under continuous HFD stress that may provide new
insights on the pandemic obesity in human society.
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