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Maternal high-fat diet programs white and brown adipose
tissue lipidome and transcriptome in offspring in a sex- and
tissue-dependent manner in mice
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OBJECTIVE: The prevalence of overweight and obesity among children has drastically increased during the last decades and
maternal obesity has been demonstrated as one of the ultimate factors. Nutrition-stimulated transgenerational regulation of key
metabolic genes is fundamental to the developmental origins of the metabolic syndrome. Fetal nutrition may differently influence
female and male offspring.
METHODS: Mice dam were fed either a control diet or a high-fat diet (HFD) for 6-week prior mating and continued their respective
diet during gestation and lactation. At weaning, female and male offspring were fed the HFD until sacrifice. White (WAT) and brown
(BAT) adipose tissues were investigated in vivo by nuclear magnetic resonance at two different timepoints in life (midterm and
endterm) and tissues were collected at endterm for lipidomic analysis and RNA sequencing. We explored the sex-dependent
metabolic adaptation and gene programming changes by maternal HFD in visceral AT (VAT), subcutaneous AT (SAT) and BAT of
offspring.
RESULTS:We show that the triglyceride profile varies between adipose depots, sexes and maternal diet. In female offspring, maternal
HFD remodels the triglycerides profile in SAT and BAT, and increases thermogenesis and cell differentiation in BAT, which may prevent
metabolic complication later in life. Male offspring exhibit whitening of BAT and hyperplasia in VAT when born from high-fat mothers,
with impaired metabolic profile. Maternal HFD differentially programs gene expression in WAT and BAT of female and male offspring.
CONCLUSION: Maternal HFD modulates metabolic profile in offspring in a sex-dependent manner. A sex- and maternal diet-
dependent gene programming exists in VAT, SAT, and BAT which may be key player in the sexual dimorphism in the metabolic
adaptation later in life.

International Journal of Obesity (2022) 46:831–842; https://doi.org/10.1038/s41366-021-01060-5

INTRODUCTION
The drastic increase in consumption of high caloric diets worldwide
with high levels of modified fat by the food industry associated with
a sedentary lifestyle, has dramatically challenged humans’ metabo-
lism. Most importantly, the increased prevalence of obesity and
overweight women in reproductive age has urged the need to
better understand the impact on the fetus health [1]. Recently,
several studies have demonstrated the noteworthy sensitivity of the
offspring to nutritional environment during the prenatal, neonatal
and postnatal periods, which facilitates the development of
metabolic complications in adulthood [2–4]. The intrauterine
programming of obesity in offspring adulthood relies on genetic
regulation as a key mechanism [5]. Genetic modifications by
maternal high-fat diet (moHF) lead to a cyclical transgenerational
transmission that soon may become a heavy burden worldwide.
Moreover, sex-dependent metabolic adaptation to moHF has been

recently described by our group and others, but the underlying
mechanism remains to be elucidated [4, 6, 7].
Adipose tissue (AT) is a complex and highly metabolically active

organ essential for metabolic homeostasis [8]. In mammalians, white
and brown adipocytes tune energy balance according to the calorie
intake and the energy expended. The development of AT occurs at
an early stage, during prenatal and postnatal periods [9], hence moHF
may have an impact on programming offspring AT function [10].
In the current study, we first explored how moHF prior and

throughout pregnancy and lactation can predispose white and
brown AT in offspring fed with the HFD (i.e., obese offspring) to
metabolic dysfunctions. This was achieved by (1) characterizing
in vivo the metabolic response to moHF in offspring at two
different timepoints and (2) exploring the transcriptome and
lipidome of visceral (VAT), subcutaneous (SAT), and brown (BAT)
AT. Second, we focused on the biological and transcriptional sex-
specific response to moHF. Our results showed that moHF does
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not affect global adiposity in obese offspring but remodeled
triglycerides (TG) in AT in a sex-dependent manner. Moreover, we
observed sex- and AT-dependent gene regulation by moHF in
offspring which may balance AT lipidome and physiology and
contribute to the sex-dependent metabolic adaptations in
adulthood.

RESULTS
Maternal HFD alters adipocyte morphology and adipose
transcriptional activity in offspring in a sex-dependent
manner
At the age of 5 weeks, C57bl/6 dams were fed with the control
diet (CD) or the high-fat diet (HFD) for 6 weeks prior mating,
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during pregnancy and lactation. F0 sires were fed with the CD.
After weaning, all F1 offspring were fed with the HFD. Prior
mating, the HFD-dam (moHF) weighted significantly more than
CD-dam (moC) (Fig. 1a). At weaning, offspring body weight was
sex- and maternal diet-dependent. At midterm (MID) and endterm
(END) males from moHF (M-moHF) weighted more than females
from moHF (F-moHF) (Fig. 1b). The food intake was higher in
M-moC than in F-moC; moHF increased the food intake in females
only (Fig. 1c). We used in vivo magnetic resonance imaging to
measure total adiposity in offspring in short (MID) or/and long
(END) term. At MID, M-moHF accumulated less fat than M-moC
and females had more fat than males at END (Fig. 1d, e). Only at
MID, females had lower proportion of VAT and higher of SAT than
males (Fig. 1f, g).
Changes in AT morphology can trigger tissue dysfunction [8].

H&E staining revealed that M-moHF showed hyperplasia and
reduced hypertrophy compared to M-moC and F-moHF (Fig. 1h, i).
In SAT, males showed hypertrophy and reduced hyperplasia
compared to females (Fig. 1j, k). Analysis from smart-Seq2
revealed that the number of differentially expressed gene (DEG)
between VAT and SAT in M-moC was smaller than in F-moC and
almost negligible in moHF (Fig. 1l, m). We then explored the DEG
between sexes. In moC, most of the DEG between sexes were in
SAT (Fig. 1n). Surprisingly, moHF considerably reduced the
number of DEG only in SAT (Fig. 1o). Collectively, our results
reveal that moHF affects the offspring transcriptome in a sex- and
adipose depot-specific manner.

Maternal HFD modulates offspring susceptibility to insulin
resistance and inflammation in a sex-dependent manner
To assess biological parameters indicative of metabolic dysfunctions,
we measured fasting glucose and insulin levels (Table 1). At MID,
glucose was similar between sexes in moC but higher in M-moHF
than in F-moHF. Insulin level and homeostatic model assessment
(Homa) index were higher in males than in females but was
increased by moHF in females only. Matsuda index, a marker of
whole-body insulin sensitivity, was higher in females than males;
moHF reduced it in females at MID. At END, the ratio AUCins:AUCglc,
a marker of β-cell function, was impaired in M-moC compared to F-
moC, but moHF impaired females at END (Table 1).
Obesity alters AT function and activates basal systemic

inflammation, which in turn promotes the development of insulin
resistance. Pathway analysis and chord plot was performed to
show a detailed relationship between the regulation of the genes
(left semicircle) between sexes (1-sex differences in moC and 2-sex
differences in moHF) and between maternal diet (3-moHF effect in
females and 4-moHF effect in males) and their enriched pathways
(right semicircle). Males showed induced insulin resistance and
reduced insulin signaling pathway activity with moHF, in VAT and
SAT respectively. F-moHF showed increased expression of insulin
signaling genes in VAT (Pck1, Slc27a1, and Insr). Inflammatory
pathways were upregulated in VAT (higher expression of Ccl9,
Dock2, Ifngr1, and Tnfrsf1a), and downregulated in SAT in M-moC
compared to F-moC, but moHF increased inflammatory pathways
in males only (Figs. 1p, q and S1a, b and S2a, b).

Fig. 1 Sex and maternal diet effects on white adipose physiology and biology in male and female offspring. a Experimental setting of the
study, two-way ANOVA statistical comparisons with sex and maternal diet as two variables, and pre-gestational body weight of dam-F0 in CD
group (moC, n= 6) (open bar) and HFD group (moHF, n= 6) (stripped bar). b Body weight of female and male offspring at weaning, midterm
(MID) and endterm (END) (F-moC, n= 10, M-moC, n= 11, F-moHF, n= 11 and M-moHF, n= 12). c Average food intake (Kcal/day/mouse). d
Representative axial MRI images of the lower abdominal region in female and male offspring (F-moC, n= 5, M-moC, n= 7, F-moHF, n= 6 and
M-moHF, n= 5). e Total fat (% body weight), f visceral fat (VAT, % total fat), and g subcutaneous fat (SAT, % total fat). Representative images of
H&E staining in h VAT (F-moC, n= 4, M-moC, n= 4, F-moHF, n= 6 and M-moHF, n= 2) and j SAT (F-moC, n= 5, M-moC, n= 5, F-moHF, n= 6
and M-moHF, n= 3) from moC and moHF offspring. Adipocyte number (hyperplasia) and size (hypertrophy) quantification in i VAT and k SAT.
Volcano plots displaying differently expressed genes (DEG) between VAT and SAT in l moC (n= 5/sex) and in m moHF (females, n= 6 and
males, n= 3). Venn diagram of DEG between sexes in n moC and o moHF VAT and SAT. Significantly (FDR < 0.1) upregulated (red dots) and
downregulated (blue dots) expressed transcripts over log2foldchange >1 and <−1. Orange dots indicate the significantly regulated genes
(FDR < 0.1) and the black dots the not significant genes. Bubble charts showing the sex- and maternal diet effects on the selected insulin and
inflammatory KEGG pathways in p VAT and q SAT (F-moC, n= 5, M-moC, n= 5, F-moHF, n= 6 and M-moHF, n= 3). The white background
represents the sex comparison and the gray background the mother diet comparison. The color of the bubbles indicates the maximum
estimate score (MES) between the groups where red indicates upregulation in males and blue upregulation in females (sex effect). The green
color indicates upregulation in moC and purple indicates upregulation in moHF (maternal diet effect). The size of the bubble indicates the
level of significance. F females and M males. Two-way ANOVA (sex (S), mother diet (D), interaction (I) between sex and diet) followed by a
Tukey’s multiple comparisons test when significant (p < 0.05) in b, c, e–g, i and k. Benjamini–Hochberg correction with FDR < 0.1 and p < 0.05
was used for l–q. *males vs females and #moHF vs moC (p < 0.05); **p < 0.01; ***p < 0.001. RPKM reads per kilo base per million mapped reads.

Table 1. Plasma parameters in female (F) and male (M) offspring.

MIDTERM ENDTERM

Diet moC moHF moC moHF

Sex F M F M F M F M

Glucose (mM) 8.9 ± 0.5 10.8 ± 0.4 7.6 ± 0.5 13.0 ± 01.2*** 8.7 ± 0.1 11.7 ± 0.6** 7.5 ± 0.5 12.4 ± 1.2***

Insulin (ng/ml) 0.69 ± 0.08 2.24 ± 0.25*** 1.40 ± 0.17# 3.89 ± 1.22** 0.61 ± 0.10 5.43 ± 1.08** 1.37 ± 0.20## 7.27 ± 1.17***

Homa index 0.27 ± 0.03 1.07 ± 0.12** 0.47 ± 0.07# 2.81 ± 0.87***# 0.24 ± 0.04 2.89 ± 0.62** 0.48 ± 0.10# 3.98 ± 0.64***

Matsuda index 1412 ± 143 387 ± 45*** 806 ± 84## 289 ± 80*** 1644 ± 285 265 ± 97*** 994 ± 169 149 ± 48***

AUCins:AUCglc 0.06 ± 0.01 0.17 ± 0.02*** 0.15 ± 0.02 0.17 ± 0.02 0.06 ± 0.01 0.33 ± 0.06** 0.20 ± 0.03## 0.36 ± 0.07

Plasma levels and markers of insulin sensitivity in female and male moC and moHF offspring. For glucose mice were fasted for 6 h and for insulin mice were
fasted for 4 h prior to the blood sampling from the tail. Data are presented as mean ± SEM. For F-moC, n= 7; for M-moC, n= 8; for F-moHF, n= 7; for M-moHF,
n= 8.
F female, M male, Homa homeostatic model assessment.
*M vs F and #moHF vs moC. #p < 0.05; ** or ##p < 0.01; ***p < 0.001.
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Maternal HFD modulates triglycerides composition in visceral
and subcutaneous adipose tissue in a sex-dependent manner
Sex-specific TG composition in fat depot could trigger the sex-
dependent differences in obesity. Therefore, we performed in vivo
proton magnetic resonance spectroscopy (1H-MRS) in WAT of
offspring (Fig. 2a).

In VAT, no differences of mean chain length (MCL) were
observed between all groups and at both timepoints, despite
higher expression of Elovl3 in M-moC and Elovl6 in F-moC (Figs. 2b
and S3a). In contrast, in SAT at MID, moHF reduced MCL in males
to a lower level than in females. At END, F-moC had longer MCL
than M-moC, and higher expression of Elovl6 and Elovl7; moHF
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increased MCL and Elovl7 expression in males (Figs. 2c and S3b). In
VAT, at MID the fraction of saturated lipids (fSL) was higher in
F-moC than in M-moC; moHF respectively decreased and
increased the fSL in females and males (Fig. 2d). In SAT at MID,
M-moHF had lower fSL than F-moHF and M-moC (Fig. 2e). At END,
the fSL was higher in M-moC than in F-moC, with lower expression
of Elovl6 (Figs. 2e and S3b). In VAT at MID, F-moHF increased the
fraction of monounsaturated lipid (fMUL) to a higher level than
M-moHF (Fig. 2f). In SAT, fMUL was increased by moHF in males at
MID (Fig. 2g). In VAT, moHF reduced the fraction of polyunsatu-
rated lipid (fPUL) in males at MID (Fig. 2h). In SAT, the fPUL was
higher in F-moC than in M-moC but moHF reduced the fPUL in
females at END (Fig. 2i). In sum, moHF provokes TG remodeling in
VAT and SAT at MID in a sex-dependent manner, but at END, TG
profile is modulated only in SAT.

Maternal HFD modulates the white adipose transcriptome
differently between sexes and between adipose depots
PCA plots showed a distinct separation of the two fat pads
demonstrating a clear heterogeneity in the transcriptome
characteristics (Fig. S4a). Sexes separately clustered in VAT and
SAT, with an effect of moHF in males (Fig. S4b, c). We then
inspected the number of DEG by moHF in VAT and SAT.
Interestingly, most of the DEG by moHF were sex-specific; moHF
modulated the transcriptional activity in male’s SAT while 50% of
DEG were found in VAT in both sexes (Fig. 2j, k).
Understanding the adipose specific TG synthesis and hydrolysis/

oxidation is critical to better predict the development of obesity.
In VAT and SAT, the oxidative phosphorylation pathway and
oxidative gene expression (Tcirg1, Atp6v0e, and Atp6v0d2) were
upregulated in M-moC compared to F-moC (Figs. 2l, m and S1a
and S2a). In VAT, moHF upregulated lipolysis and downregulated
PPAR signaling and FA synthesis pathways in females (Fig. 2l). In
SAT, moHF upregulated the oxidative phosphorylation pathway
but downregulated the citrate cycle pathway in females and
downregulated all oxidative pathways in males (Fig. 2m). In SAT,
lipid metabolism pathways were upregulated in M-moC compared
to F-moC together with Mgll, Pnpla2, Cpt2, and Me1 genes (Figs.
2m and S2a). moHF repressed most of the lipid pathways in males.
In VAT, moHF reduced and induced the expression of the Dgat2
gene (involved in TG re-esterification) in females and males
respectively (Fig. 2n). Inversely, moHF induced and reduced Sfrp4
expression (involved in adipogenesis) in females and males
respectively, with higher expression level in F-moHF than
M-moHF in both fat pads (Fig. 2n, o). In sum, we reveal that
moHF alters the TG profile in AT in a sex-dependent manner, likely
due to sex-specific reprogramming of genes involved in the
elongation and desaturation of the TG.

Maternal HFD alters triglycerides composition and gene
expression in the brown adipose tissue of female offspring
Adiposity is balanced depending on energy intake and energy
expenditure. Energy intake was modified in F-moHF with

unchanged global adiposity. BAT is distinguished from WAT by a
high level of mitochondria containing UCP1, a unique protein
disconnecting the oxidative phosphorylation from ATP synthesis
and inducing thermogenesis [11]. When activated, thermogenesis
has a major impact on local and systemic energy balance. MRI
revealed that males showed twice as big BAT than females,
containing 20% more TG with higher expression of Cd36, Cpt1, Plin2,
and Fabp1 (Fig. 3a–d). In obesity, modulation of BAT activity and TG
profile has been associated to insulin resistance [12] and to be sex-
specific [13]. We performed a lipidomic analysis of harvested BAT
and quantified ten TG classes. TG classes were classified into low,
moderate, and high abundance. TG40-TG50 were more abundant
and TG52 and TG56 less abundant in F-moC than M-moC (Fig. 3e–g).
TG50 abundance was decreased and TG54 increased in F-moHF only
(Fig. 3g). These results show that in addition to sex differences,
moHF selectively modulates TG classes in BAT.
We next dissected the 54 TG species detected (Fig. S5a) and

found that 17 of 54 are characterized with sex-differences in moC
but only 2 of 54 in moHF. These changes were attributed to a
remodeling of TG species with moHF in females (15 of 54); as
favored by increased expression of Lpl, Pltp, Dbi, and Elovl3 genes by
moHF (Fig. 3d). Metabolic diseases are associated with the degree of
hydrogen atom bond saturation within the FA contained into TG
molecules [14]. The saturation profile was highly sex dependent in
moC but, moHF altered the saturation level in females only (Fig. 3h).
FA as signaling molecules may contribute to metabolic dysfunction
in obesity. Ten FA species were detected, C18:3ω6 relative level was
lower in M-moC than F-moC, and two FA were modified by moHF in
both sexes (Fig. S5b). Total ω3-FA and ω6-FA levels were higher in
females than in males in moHF and moC respectively. The ω6:ω3
ratio was increased by moHF in males, indicator of impaired
metabolic profile [15] (Fig. S5c).
PCA plots of the RNA-seq data showed a distinct separation of

the WAT and BAT with clear heterogeneity in the transcriptome
characteristics between them (Fig. S4a). In BAT, PCA clustered
females from moC and moHF separately, while males were more
spread (Fig. S4d). We then inspected the number of DEG by moHF
in females and males and the interrelation between sexes. Most of
the DEG were found in females (80%) with only seven DEG shared
between sexes (Fig. 3i). However, analysis revealed that moHF
modulated lipid pathway activity in males only (Fig. 3j). Interest-
ingly, 71% of the DEG between sexes were found in moC, while
only 26% in moHF group (Fig. 3k).

Maternal HFD oppositely regulates inflammation and
oxidative phosphorylation pathways between sexes in
offspring’s BAT
To further investigate the effect of moHF and sex on the activity
of transcriptional pathways in BAT offspring, we extracted the top
10 significantly up- and downregulated KEGG pathways. In
females, moHF downregulated metabolic and oxidative phos-
phorylation processes, while upregulated immune inflammatory
processes and insulin secretion (Fig. 4a). In males, moHF

Fig. 2 Sex and maternal diet modulate triglycerides composition in white adipose tissue of offspring. a Sagittal image of the whole-body
fat and one representative 1H-localized spectrum for in vivo quantification of fatty acids composition of the triglyceride molecule in offspring’s
WAT (F-moC, n= 5, M-moC, n= 7, F-moHF, n= 6 and M-moHF, n= 5). Medium chain length (MCL) in b VAT and c SAT. Fraction of saturated
lipids (fSL) in d VAT and in e SAT; Fraction of monounsaturated lipids (fMUL) in f VAT and in g SAT; Fraction of polyunsaturated lipids (fPUL) in h
VAT and in i SAT. Venn diagram displaying the DEG by moHF in female and male offspring in j VAT and in k SAT. Bubble charts showing the sex-
and maternal diet effects on the oxidative and lipid metabolism KEGG pathways in l VAT and in m SAT. Boxplot of the selected genes of the
lipid metabolism in n VAT and o SAT (log10(RPKM)). For RNA sequencing analysis F-moC, n= 5, M-moC, n= 5, F-moHF, n= 6 and M-moHF, n=
3. The white background represents the sex comparison and the gray background the mother diet comparison. The color of the bubbles
indicates the maximum estimate score (MES) between the groups where red indicates upregulation in males and blue upregulation in females
(sex effect). The green color indicates upregulation in moC and purple indicates upregulation in moHF (maternal diet effect). The size of the
bubble indicates the level of significance. F females and M males. Two-way ANOVA (sex (S), mother diet (D), interaction (I) between sex and
diet) followed by a Tukey’s multiple comparisons test when significant (p < 0.05) in b–i. Benjamini–Hochberg correction with FDR < 0.1 and p <
0.05 was used for j–o. *males vs females and #moC vs moHF (p < 0.05), **, ##p < 0.01; ***,###p < 0.001. RPKM reads per kilo base per million
mapped reads.
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downregulated cell proliferation and cell survival processes and
upregulated metabolic pathways (Fig. 4b). In moC, we found
lower oxidative phosphorylation and catabolic processes activity
and higher metabolic and cell signaling activity in males than in
females (Fig. 4c). In moHF, males showed lower ErbB and
Rap1 signaling pathways and cell survival processes and higher

glucose and lipid metabolism pathway activity compared to
females (Fig. 4d). Altogether these results indicate that BAT
transcription of genes in offspring is sex-specific and that moHF
reprograms the BAT transcriptome in offspring in a sex-
dependent manner, which may contribute to the sex dependent
BAT biology.
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Further, we extracted selective KEGG metabolic pathways that
are fundamental for the intracellular activity of the brown
adipocyte and in turn for the metabolism of the BAT (Fig. 4e).
moHF upregulated insulin secretion but downregulated insulin
signaling pathway in females and, downregulated all insulin
pathways in males (Fig. 4e). Females showed higher expression of
the insulin pathways than males and, enrichment of genes
clustered in metabolic pathways such as Irs1, Ppp1cb, Hk2, Foxo1,
Acaca, and Prka (Fig. 3d). The glucose pathway was higher
expressed in F-moC than M-moC, but moHF down- and
upregulated the pathways in females and males, respectively
(Fig. 4e). Transcriptional activity of several genes (Pppc1cb, Prkab1,
Pygl, Adcy3, Atp1a2, Acaca, Acss2, Aldoa, Dlat, Eno1, Pdhb, Aldh9a1,
Gadph, Ldha, and Adh5) of the insulin and glucose pathways was
altered in females by moHF, which reduced the differences
between sexes (Fig. 3d). Inflammatory pathways were higher
expressed in M-moC than in F-moC, and moHF oppositely
regulated them between sexes. moHF induced inflammatory
pathways in females, together with induced expression of Ccl9,
Cxcl12, Tyrobp, and Cebpb genes (Figs. 3d and 4e). The oxidative
pathways were oppositely regulated between sexes and in
response to moHF (Fig. 4e). Expression level of Atp5k, Cox8b,
Cox7a1, and Ndufa3 genes of the phosphorylation pathways was
higher in F-moC than M-moC. However, moHF enhanced their
expression levels in males only (Fig. 3d).
BAT has the unique ability to burn TG through the thermogenic

pathways. In males, moHF induced expression of Cidea and Pparγ but
decreased the expression of Ucp1. In females, moHF induced the
expression of Ucp1, Dio2, Pparα, and Pparγ, and decreased the
expression of Pgc1α (Fig. 4f). Males showed higher expression levels of
Cidea but lower levels of Dio2, Pgc1α and Prdm16 than females in
moHF. In female, moHF increased the expression of the β3-adrenergic
receptor (Adrβ3), a key player in energy consumption and lipolysis
(Fig. 3d) [16–18]. BAT expresses the major sex hormone receptors Ers1
and Ar, supporting the hypothesis that differences in sex hormone
receptor levels may contribute to the sexual dimorphism in BAT
activity. The expression of Ers1 was higher in F-moC compared to
F-moHF and M-moC, but not Ar (Fig. 4g). To sum, moHF increases the
susceptibility to thermogenesis in female offspring and to inflamma-
tion and oxidative phosphorylation in males.

Sex chromosome-linked genes contribute to the sexual
dimorphism in offspring adipose transcriptome
Sex chromosomes are important for the physiological develop-
ment and influence a plethora of complex attributes. To dissect
the contribution of sex chromosome complement in offspring
health, we presented the X- and Y-linked DEG between sexes
involved in the metabolic and embryonic development pathways.
In VAT, X-linked genes involved in glucose metabolism (G6pdx,

Pfkb1, and Fmr1) [19, 20] and for the expansion and differentiation
of AT (Kdm5c) [21], were induced in F-moC compared to M-moC

(Fig. 5a). Egfl6, a growth factor upregulated in obesity and
involved in AT growth in humans [22], was higher expressed in
females than males. The adipogenic gene Arxes1 [23] was
upregulated and Ar, involved in fat accumulation [24] was
downregulated in M-moHF compared to F-moHF (Fig. 5b). In
SAT, we identified several X-linked DEG involved in adipogenesis
and beiging processes (Itm2a, Flna, Cited1, Arxes1/2 and cox7b)
[23, 25–27] (Fig. 5c). However, in moHF the number of X-linked
DEG was reduced dramatically (Fig. 5d). In BAT, few X-linked DEG
were detected between sexes. In moC, the inflammatory gene
Kdm6a [28] was upregulated, and Bgn, involved in insulin
signaling, was downregulated in females. In moHF, Pdha
mitochondrial gene was upregulated in males (Fig. 5e, f).
Overall, the results of this study establish that moHF modulates

lipid metabolism differently in female and male offspring as
summarized in Fig. 6. We demonstrate that in response to moHF,
both WAT and BAT undergo to transcriptional, biological and
physiological modifications in a sex- and tissue-dependent
manner. Female offspring born from obese mothers modulate
AT function to maintain metabolic balance, i.e., TG remodeling in
SAT and BAT, and increase brown adipocyte differentiation and
thermogenesis. Oppositely, male offspring increase hyperplasia in
VAT, and induce inflammatory response in both VAT and SAT. In
BAT, moHF drives whitening and increases ω6/ω3 ratio and
inflammation which in turn impairs metabolic profile.

DISCUSSION
The recent discovery of the changes in the transcriptional and
posttranscriptional pathways in utero and during lactation [29], that
increase the susceptibility to develop metabolic disorders in
offspring later in life [30, 31] has urge the need to better understand
the mechanisms behind. In this study, we show that stressing dams
with HFD during preconception, gestation and lactation has major
effects on the developmental programming of AT in F1 offspring.
These changes may determine the risk for developing metabolic
complications later in life. While several studies have demonstrated
the deleterious effect of moHF on offspring metabolism [7, 29, 32–
34], the novelty of the present study is the combination of advanced
physiological in vivo and molecular ex vivo techniques to further
dissect the sex-dependent changes exerted by moHF on the
offspring AT. Moreover, we highlighted complex transcriptional and
posttranscriptional mechanisms by which these biological and
physiological adaptations are sex- and adipose depot-dependent
which may predispose differently female and male offspring to
metabolic alterations later in life.
The embryo and fetus development are highly sensitive to its

biological environments, and in late gestation, many fetal
homeostatic adaptations can be readily perceived. BW of male
offspring at weaning was altered by moHF, but not after 5-weeks
post-weaning of HFD as opposed to offspring fed a CD [4, 6]. In

Fig. 3 Brown adipose tissue offspring metabolism is altered by maternal obesity. a MRI images of the interscapular brown adipose tissue
(BAT) in female and male offspring. b Quantification of BAT on total fat (BAT:TF) ratio based on MRI images (F-moC, n= 5, M-moC, n= 7, F-
moHF, n= 6 and M-moHF, n= 5). c Total lipid content in BAT (in percent of the total mass) (n= 4/group). d Chord plot displaying the DEG
clustered into selected pathways in BAT. Female vs male (sex comparison) in (1) moC and (2) moHF, and moC vs moHF (diet comparison) in (3)
females and (4) males. Low abundant e Moderate abundant f and High abundant g TG classes (n= 4/group). h TG saturation profile. Venn
diagram showing the relationship between the DEG by i moHF in females and males and by k sexes in moC and moHF. j Bubble chart
showing the sex- and maternal diet-dependent regulation of selected KEGG lipid metabolic pathways in BAT. For RNA sequencing analysis F-
moC, n= 5, M-moC, n= 5, F-moHF, n= 6 and M-moHF, n= 3. The white background represents the sex comparison and the gray background
the mother diet comparison. The color of the bubbles indicates the maximum estimate score (MES) between the groups where red indicates
upregulation in males and blue upregulation in females (sex effect). The green color indicates upregulation in moC and purple indicates
upregulation in moHF (maternal diet effect). The size of the bubble indicates the level of significance. F females and M males. Two-way ANOVA
(sex (S), mother diet (D), interaction (I) between sex and diet) followed by a Tukey’s multiple comparisons test when significant (p < 0.05) in b,
c, e–g. Differences between two groups in h (sexes, F vs M; maternal diet, moC vs moHF) were determined by unpaired t-test corrected for
multiple comparisons using the Holm–Sidak method, with alpha= 5.000%. *males vs females and #moHF vs moC (p < 0.05); **,##p < 0.01; ***,
###p < 0.001. Benjamini–Hochberg correction with FDR < 0.1 and p < 0.05 was used for d, i–k.

C. Savva et al.

837

International Journal of Obesity (2022) 46:831 – 842



the current study, the lipid load of the HF-fed offspring may
counteract the lipid load received in utero from moHF. When the
storage capacity of SAT is reduced, in high caloric overload, it
leads to fat accumulation in other tissues including VAT and BAT,
which promotes insulin resistance [35] and low-grade inflamma-
tion [36]. Males showed lower SAT and higher VAT accumulation

(together with hyperplasia) than females at early-stage develop-
ment, as well as whitening of the BAT, correlated with metabolic
imbalance [8, 12]. At early stage, moHF impaired hepatic insulin
sensitivity in females but this was normalized at END together
with reduced inflammatory pathway activity in SAT, as also
demonstrated in CD-fed female offspring [7, 37, 38].
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Interestingly, the food intake was higher in F-moHF than F-moC
with similar fat accumulation. This is likely compensated by an
activation of BAT metabolism with increased Ucp1, Pparα/γ, and
Adrβ3 expression levels and TG remodeling in females, in line with
others [39]. These results would support a protective mechanism
in obese female offspring born from obese mothers, as opposed
to males. The mechanisms by which moHF would modulate
pathways in utero to prevent female, but not male, offspring from
metabolic dysfunction later in life remains to be elucidated.
Both distribution and composition of the TG molecules into the

adipocytes have consequences for metabolic risks. We show that
there is a sex-dependent lipid profile in WAT at MID, but sex has a

long-term effect (END) on the saturation level in SAT only, possibly
due to readily available TG from the diet. Additionally, females
redistribute TG profile in BAT. These major changes in AT lipid
composition may be the result of the sex-dependent transcrip-
tional activity between sexes as shown [13, 40]. Indeed, DEG
analysis revealed that few genes were differently expressed
between SAT and VAT in M-moHF, as opposed to females. This
would indicate that males do not differentiate the transcriptional
activity in the two white adipose depots which, in turn, will
promote VAT growth and local inflammation.
Sex-dependent obesity-associated metabolic complications has

been correlated to sex-dependent modulation of two major genes

−4 −2 0 2 4

0
10

15

log2FoldChange

−l
og

10
(p

va
lu

e)

−4 −2 0 2 4

0
10

15

log2FoldChange

−l
og

10
(p

va
lu

e)

−4 −2 0 2 4

0
5

10
15

log2FoldChange

−l
og

10
(p

va
lu

e)

−4 −2 0 2 4

0
5

10
15

log2FoldChange

−l
og

10
(p

va
lu

e)

−4 −2 0 2 4

0
5

10
15

log2FoldChange

−l
og

10
(p

va
lu

e)

VAT

moC moHF

SAT

BAT

moHF

moC moHF

Eif2s3xCited1

Kdm5d

Uty
Ddx3y
Eif2s3y

Xist

Uty
Ddx3y
Eif2s3y

Xist

Egfl6

Fmr1

Dnase1l1

Pfkfb1

G6pdx

Eif2s3x

Gpr34

Rab9 Srpx

Kdm5d

Maged1
Kdm5c

Nsdhl

Egfl6

Fmr1

Fhl1

Pak3 Arxes1

Capn6

5530601H04Rik

Pfkfb1
Stk26

Itm2a

Chrdl1
Eda2r

Eif2s3x
ArxAr

P2ry10b

Kdm5d

Uty
Ddx3y
Eif2s3y

Xist

Xist Uty
Ddx3y
Eif2s3y

Ddx3x Bcap31

Adgrg2

Eif2s3x

Kdm5d

Kdm6a Bgn

Xist Uty
Ddx3y
Eif2s3y

Ddx3x

Fhl1

Pdha1

Eif2s3x

−4 −2 0 2 4

0
5

10
15

log2FoldChange

−l
og

10
(p

va
lu

e)

Fhl1

Arxes2

Arxes1

Kdm5d

Ssr4

Rab9

Idh3g
Bcap31
Slc25a5

Hsd17b10
Cox7b

Timm8a1

Gpr50Pin4

Rbmx
Itm2a

Chrdl1

Pak3

Flna

Eif2s3x

Cited1

Gpr174
5530601H04Rik

Ddx3x

Dlg3

Avpr2 OgtKdm6a

SmsIl2rg
Klhl13Cxcr3

Ftx
Atrx

G6pdx

Xist

Uty
Ddx3y
Eif2s3y

5
5

moC

X-linked genes 
Y-linked genes 
FDR <0.1

Higher in Females

Higher in Males

FDR >0.1

a b

c d

e f

Fig. 5 Sex-linked chromosomes contribute to the sexual dimorphism in offspring adipose transcriptome. Volcano plots of the DEG
between females and males in a moC and b moHF in VAT; in c moC and in d moHF in SAT and in e moC and in f moHF in BAT with selected
genes linked to the X and Y chromosomes involved in metabolism and embryonic development. Genes residing on the X-chromosome are
marked in red and those on the Y-chromosome are marked in light blue. The pink background indicates upregulation in females and the blue
background indicates upregulation in males. Gray dots indicate significantly deregulated genes (FDR < 0.1) and black dots indicate non-
significant genes. Genes that are highly significant with foldchange outside the range of the graph are placed in boxes on the side in the
graph. F-moC, n= 5, M-moC, n= 5, F-moHF, n= 6 and M-moHF, n= 3.

C. Savva et al.

839

International Journal of Obesity (2022) 46:831 – 842



involved in adipogenesis (Sfrp4) [41] and in TG synthesis (Dgat2)
[42]. In SAT, F-moHF promoted Fabp4 (positive factor in FA
signaling) and Cited1 (X-chromosome-linked gene and a marker
for beige cells) compared to M-moHF [26, 43]. In BAT, F-moHF
repressed Kng2 (blunt thermogenesis) [44] and induced Elovl3 and
Mgll (FA elongation and degradation), as opposed to M-moHF.
Although the precise mechanism remains to be established, our
results suggest that moHF reprograms AT toward more energy
dissipation (Increased Ucp1, Adrβ3 and decreased Kng2) and lipid
oxidation (increased Noct, Acad11 and Ephx2) in females. In males,
reprogramming of AT led to an induction of WAT inflammation
(induced Ccl5/12/19 and Cxcl12/15), associated with impaired
thermogenic function of BAT [45].
Moreover, another possible mechanism that could explain the

sexual dimorphism is through the expression of X- and Y-linked
specific genes. We have identified genes that escape the
X-inactivation or have a Y paralog in offspring coming from both
moC and moHF in the three metabolic tissues. Females showed
higher expression of Eif2s3x, Kdm6a, Kdm5c and Ddx3x known as
potential key regulators of adiposity [21, 46]. In male, Y-linked genes
such as Ddx3y and Eif2s3y involved in cell-embryos development
were upregulated in males, which would suggest a Y-chromosome
signature that could contribute to the sexually dimorphism in
offspring [47]. However, further research to define the role of X- and
Y-linked genes in metabolism are necessary to elucidate the
regulation of sexual dimorphic characteristics in response to moHF.
In conclusion, these novel findings may help to better prevent

metabolic alterations in offspring and strongly support the
concept that adipose depots have different metabolic functions
due to different transcriptional regulation. In addition, we present
further evidence that male and female offspring metabolic
adaptation to moHF occurs in a sex- and adipose depot-
dependent manner, which may set the basis for targeted
medicine. These results provide unique information for the
development of precision medicine for early identification of at-

risk individuals according to the sex, and the development of
novel therapeutic strategies to anticipate the development of
obesity-related metabolic disorders.

MATERIALS AND METHODS
More detailed description of the methods is included in the Supplemen-
tary Material.

Mice and diet
All animal procedures were approved by the local Ethical Committee of the
Swedish National Board of Animal Experiments. Four-week-old virgin dams
and sire C57Bl6/J were ordered and recovered for one week before F0
dams were randomized to CD (moC; D12450H, Research Diets, NJ, USA;
10% kcal fat from soybean oil and lard; n= 6) or to HFD (moHF; D12451,
Research Diets, NJ, USA; 45% kcal fat from soybean oil and lard; n= 6) for
6 weeks before mating. Sires remained on CD until mating. During this
short mating period (up to 5 days) sires were on the same HFD as moHF
dams (experimental unit). We assumed that the sires spermatozoa were
unlikely affected by the HFD as sperm maturation time is ~35 days [48].
After mating, F0 sir and pregnant dams were separated. F0 dams were
exposed to their respective diets until weaning. The F1 offspring
were weaned at postnatal day 21 (3-week); male and female offspring
were separated. Three to five animals were randomly housed per cage and
fed with the HFD until the end of the study (Fig. 1a). The group of offspring
born from HFD fed dams were named moHF and the group of offspring
born from CD fed dams were named moC. All mice were housed in a 23 °C
temperature-controlled 12 h light/dark room, with free access to water and
food unless specified. The average food intake (per cage) in offspring was
recorded twice a week for two weeks at around 4-month of age.

In vivo magnetic resonance imaging and spectroscopy
The magnetic resonance imaging experiments were conducted on the
same mouse at week 14 and week 25 using a 9.4 T horizontal bore magnet
(Varian Yarnton UK) equipped with a 40mm millipede coil, as previously
described [49]. Localized 1H-MRS from visceral and subcutaneous fat
depots were acquired from 2 × 1.5 × 1.5 mm3 voxels positioned in the
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upper gonadal abdominal fat (as representative of visceral fat) and in the
inguinal abdominal fat (as representative of the subcutaneous fat) (Fig. 2a).

Hematoxylin and eosin staining
Snap frozen AT samples were thawed in 4% paraformaldehyde and
embedded, sectioned, and stained with hematoxylin-eosin according to
standard procedures.

Biochemical analysis of plasma
Glucose level was measured instantly via tail-nick one-touch glucometer.
Extra blood was collected in a capillary tube for insulin measurement,
using a commercial Insulin Elisa kit (EZRMI-13K).

LC-MS analysis of triglycerides and gas chromatography fatty
acid analysis
Total lipid extracts were separated using a high-performance liquid
chromatography (HPLC) system (Ultimate 3000 Dionex, Thermo Fisher
Scientific, Bremen, Germany). The identification of each TG species was
validated by analysis of the MS/MS spectra. The MS/MS spectra of [M+
NH4]

+ ions of TGs allowed the assignment of the fatty acyl substituents on
the glycerol backbone [50].
For fatty acids, total lipid extracts were obtained using a modified Bligh and

Dyer method [51] and after transmethylation, the fatty acids were analyzed by
gas chromatography with a flame ionization detector, adapted from [52].

RNA isolation, qPCR, and sequencing
Total RNA was extracted from harvested tissues using QIAGEN miRNeasy
Mini Kit (217004, Qiazol) and RNase-Free DNase Set (79254).
cDNA libraries were prepared for the bulk RNA sequencing in triplicates

according to the Smart-Seq2 protocol [53]. Subsequently, the libraries were
pooled into one lane for sequencing at a HiSeq3000 sequencer (Illumina),
using sequencing format of dual indexing and single 50 base-pair reads.
For qPCR, cDNA was synthesized using a cDNA Synthesis Kit (product no.

1708891, Biorad) and was analyzed by qPCR using SYBR Green
(SsoAdvanced™ Universal SYBR Green Supermix, product no. 172-5274,
Biorad). The expression levels of the genes were normalized to house-
keeping genes β-Actin and Gapdh.

Bulk RNA-seq mapping and differential gene analysis
All raw sequence reads available in FastQ format was mapped to the
mouse genome (mm10) using Tophat2 with Bowtie2 option [54, 55], where
adapter sequences were removed using trim galore before read mapping.
BAM files containing the alignment results were sorted according to the
mapping position. Raw read counts for each gene were calculated using
featureCounts from Subread package [56].
DEseq2 was used to perform the analysis of differential gene expression,

where genes with raw counts as input [57]. The differentially expressed
genes (DEG) were identified by adjust p value for multiple testing using
Benjamini–Hochberg correction with false discovery rate values <0.1.

Pathway analysis
The pathway analysis, also called Gene Set Enrichment Analysis [58], was
performed using the KEGG pathways dataset.

Statistical analyses
Differences between offspring sex and mother diet groups were
determined using two-way ANOVA with diet (D) and sex (S) as
independent variables, followed by Tukey’s multiple comparison post
hoc test when significant (p < 0.05). Differences between two groups
(sexes, F vs M; maternal diet moC vs moHF) were determined by t-test
corrected for multiple comparisons using the Holm–Sidak method, with
alpha= 5.000%. Samples size have been defined based on previous
experiments. We assumed that we have sampled our data from a
population that follows the Gaussian distribution.

DATA AVAILABILITY
The raw data generated for RNA sequencing are available as described. For VAT and
SAT SRA data: PRJNA662930 and BAT SRA data: PRJNA692177.

REFERENCES
1. Chen C, Xu X, Yan Y. Estimated global overweight and obesity burden in preg-

nant women based on panel data model. PLoS ONE. 2018;13:e0202183.
2. de Almeida Faria J, Duque-Guimaraes D, Carpenter AA, Loche E, Ozanne SE. A

post-weaning obesogenic diet exacerbates the detrimental effects of maternal
obesity on offspring insulin signaling in adipose tissue. Sci Rep. 2017;7:44949.

3. Gambineri A, Conforti A, Di Nisio A, Laudisio D, Muscogiuri G, Barrea L, et al.
Maternal obesity: focus on offspring cardiometabolic outcomes. Int J Obes Suppl.
2020;10:27–34.

4. Savva C, Helguero LA, Gonzalez-Granillo M, Couto D, Melo T, Li X, et al. Obese
mother offspring have hepatic lipidic modulation that contributes to sex-
dependent metabolic adaptation later in life. Commun Biol. 2021;4:14.

5. Elshenawy S, Simmons R. Maternal obesity and prenatal programming. Mol Cell
Endocrinol. 2016;435:2–6.

6. Park S, Jang A, Bouret SG. Maternal obesity-induced endoplasmic reticulum stress
causes metabolic alterations and abnormal hypothalamic development in the
offspring. PLoS Biol. 2020;18:e3000296.

7. Litzenburger T, Huber EK, Dinger K, Wilke R, Vohlen C, Selle J, et al. Maternal high-
fat diet induces long-term obesity with sex-dependent metabolic programming
of adipocyte differentiation, hypertrophy and dysfunction in the offspring. Clin
Sci. 2020;134:921–39.

8. Choe SS, Huh JY, Hwang IJ, Kim JI, Kim JB. Adipose tissue remodeling: its role in
energy metabolism and metabolic disorders. Front Endocrinol. 2016;7:30.

9. Desai M, Ross MG. Fetal programming of adipose tissue: effects of intrauterine
growth restriction and maternal obesity/high-fat diet. Semin Reprod Med.
2011;29:237–45.

10. Dias-Rocha CP, Almeida MM, Santana EM, Costa JCB, Franco JG, Pazos-Moura CC,
et al. Maternal high-fat diet induces sex-specific endocannabinoid system
changes in newborn rats and programs adiposity, energy expenditure and food
preference in adulthood. J Nutr Biochem. 2018;51:56–68.

11. Cannon B, Nedergaard J. Brown adipose tissue: function and physiological sig-
nificance. Physiol Rev. 2004;84:277–359.

12. Raiko J, Holstila M, Virtanen KA, Orava J, Saunavaara V, Niemi T, et al. Brown
adipose tissue triglyceride content is associated with decreased insulin sensitiv-
ity, independently of age and obesity. Diabetes Obes Metab. 2015;17:516–9.

13. Hoene M, Li J, Haring HU, Weigert C, Xu G, Lehmann R. The lipid profile of brown
adipose tissue is sex-specific in mice. Biochim Biophys Acta. 2014;1842:1563–70.

14. Sears B, Perry M. The role of fatty acids in insulin resistance. Lipids Health Dis.
2015;14:121.

15. Simopoulos AP. An increase in the Omega-6/Omega-3 fatty acid ratio increases
the risk for obesity. Nutrients. 2016;8:128.

16. Cypess AM, Weiner LS, Roberts-Toler C, Franquet Elia E, Kessler SH, Kahn PA, et al.
Activation of human brown adipose tissue by a beta3-adrenergic receptor ago-
nist. Cell Metab. 2015;21:33–8.

17. Lowell BB, Flier JS. Brown adipose tissue, beta 3-adrenergic receptors, and obe-
sity. Annu Rev Med. 1997;48:307–16.

18. Inokuma K, Okamatsu-Ogura Y, Omachi A, Matsushita Y, Kimura K, Yamashita H,
et al. Indispensable role of mitochondrial UCP1 for antiobesity effect of beta3-
adrenergic stimulation. Am J Physiol Endocrinol Metab. 2006;290:E1014–21.

19. Leboucher A, Pisani DF, Martinez-Gili L, Chilloux J, Bermudez-Martin P, Van Dijck
A, et al. The translational regulator FMRP controls lipid and glucose metabolism
in mice and humans. Mol Metab. 2019;21:22–35.

20. Hecker PA, Mapanga RF, Kimar CP, Ribeiro RF Jr, Brown BH, O’Connell KA, et al.
Effects of glucose-6-phosphate dehydrogenase deficiency on the metabolic and
cardiac responses to obesogenic or high-fructose diets. Am J Physiol Endocrinol
Metab. 2012;303:E959–72.

21. Link JC, Wiese CB, Chen X, Avetisyan R, Ronquillo E, Ma F, et al. X chromosome
dosage of histone demethylase KDM5C determines sex differences in adiposity. J
Clin Invest. 2020;130:5688–702.

22. Oberauer R, Rist W, Lenter MC, Hamilton BS, Neubauer H. EGFL6 is increasingly
expressed in human obesity and promotes proliferation of adipose tissue-derived
stromal vascular cells. Mol Cell Biochem. 2010;343:257–69.

23. Prokesch A, Bogner-Strauss JG, Hackl H, Rieder D, Neuhold C, Walenta E, et al.
Arxes: retrotransposed genes required for adipogenesis. Nucleic Acids Res.
2011;39:3224–39.

24. McInnes KJ, Smith LB, Hunger NI, Saunders PT, Andrew R, Walker BR. Deletion of
the androgen receptor in adipose tissue in male mice elevates retinol binding
protein 4 and reveals independent effects on visceral fat mass and on glucose
homeostasis. Diabetes. 2012;61:1072–81.

25. Ota A, Kovary KM, Wu OH, Ahrends R, Shen WJ, Costa MJ, et al. Using SRM-MS to
quantify nuclear protein abundance differences between adipose tissue depots
of insulin-resistant mice. J Lipid Res. 2015;56:1068–78.

26. Sharp LZ, Shinoda K, Ohno H, Scheel DW, Tomoda E, Ruiz L, et al. Human BAT
possesses molecular signatures that resemble beige/brite cells. PLoS ONE. 2012;7:
e49452.

C. Savva et al.

841

International Journal of Obesity (2022) 46:831 – 842



27. Davies SJ, Ryan J, O’Connor PBF, Kenny E, Morris D, Baranov PV, et al. Itm2a
silencing rescues lamin A mediated inhibition of 3T3-L1 adipocyte differentiation.
Adipocyte. 2017;6:259–76.

28. Chen J, Xu X, Li Y, Li F, Zhang J, Xu Q, et al. Kdm6a suppresses the alternative
activation of macrophages and impairs energy expenditure in obesity. Cell Death
Differ. 2021;28:1688–704.

29. Monks J, Orlicky DJ, Stefanski AL, Libby AE, Bales ES, Rudolph MC, et al. Maternal
obesity during lactation may protect offspring from high fat diet-induced
metabolic dysfunction. Nutr Diabetes. 2018;8:18.

30. Seki Y, Suzuki M, Guo X, Glenn AS, Vuguin PM, Fiallo A, et al. In utero exposure to
a high-fat diet programs hepatic hypermethylation and gene dysregulation and
development of metabolic syndrome in male mice. Endocrinology.
2017;158:2860–72.

31. Deodati A, Inzaghi E, Cianfarani S. Epigenetics and in utero acquired predis-
position to metabolic disease. Front Genet. 2019;10:1270.

32. Lecoutre S, Deracinois B, Laborie C, Eberle D, Guinez C, Panchenko PE, et al.
Depot- and sex-specific effects of maternal obesity in offspring’s adipose tissue. J
Endocrinol. 2016;230:39–53.

33. Sellayah D, Thomas H, Lanham SA, Cagampang FR. Maternal obesity during
pregnancy and lactation influences offspring obesogenic adipogenesis but not
developmental adipogenesis in mice. Nutrients. 2019;11:495.

34. Liang X, Yang Q, Fu X, Rogers CJ, Wang B, Pan H, et al. Maternal obesity epi-
genetically alters visceral fat progenitor cell properties in male offspring mice. J
Physiol. 2016;594:4453–66.

35. Ros Perez M, Medina-Gomez G. [Obesity, adipogenesis and insulin resistance].
Endocrinol Nutr. 2011;58:360–9.

36. Suganami T, Tanaka M, Ogawa Y. Adipose tissue inflammation and ectopic lipid
accumulation. Endocr J. 2012;59:849–57.

37. Chang E, Hafner H, Varghese M, Griffin C, Clemente J, Islam M, et al. Programming
effects of maternal and gestational obesity on offspring metabolism and meta-
bolic inflammation. Sci Rep. 2019;9:16027.

38. Savva C, Helguero LA, González-Granillo M, Melo T, Couto D, Angelin B, et al.
Molecular programming in utero modulates hepatic lipid metabolism and adult
metabolic risk in obese mother offspring in a sex-specific manner. bioRxiv. 2021.
https://doi.org/10.1101/2021.05.26.445738.

39. MacCannell ADV, Futers TS, Whitehead A, Moran A, Witte KK, Roberts LD. Sexual
dimorphism in adipose tissue mitochondrial function and metabolic flexibility in
obesity. Int J Obes. 2021;45:1773–81.

40. Chella Krishnan K, Vergnes L, Acin-Perez R, Stiles L, Shum M, Ma L, et al. Sex-
specific genetic regulation of adipose mitochondria and metabolic syndrome by
Ndufv2. Nat Metab. 2021;3:1552–68.

41. Zhang Y, Guan H, Fu Y, Wang X, Bai L, Zhao S, et al. Effects of SFRP4 overexpression
on the production of adipokines in transgenic mice. Adipocyte. 2020;9:374–83.

42. Chitraju C, Walther TC, Farese RV Jr. The triglyceride synthesis enzymes DGAT1
and DGAT2 have distinct and overlapping functions in adipocytes. J Lipid Res.
2019;60:1112–20.

43. Hertzel AV, Bernlohr DA. Regulation of adipocyte gene expression by poly-
unsaturated fatty acids. Mol Cell Biochem. 1998;188:33–9.

44. Peyrou M, Cereijo R, Quesada-Lopez T, Campderros L, Gavalda-Navarro A, Linares-
Pose L, et al. The kallikrein-kinin pathway as a mechanism for auto-control of
brown adipose tissue activity. Nat Commun. 2020;11:2132.

45. Liang X, Yang Q, Zhang L, Maricelli JW, Rodgers BD, Zhu MJ, et al. Maternal high-
fat diet during lactation impairs thermogenic function of brown adipose tissue in
offspring mice. Sci Rep. 2016;6:34345.

46. Chen X, McClusky R, Chen J, Beaven SW, Tontonoz P, Arnold AP, et al. The
number of x chromosomes causes sex differences in adiposity in mice. PLoS
Genet. 2012;8:e1002709.

47. Lowe R, Gemma C, Rakyan VK, Holland ML. Sexually dimorphic gene expression
emerges with embryonic genome activation and is dynamic throughout devel-
opment. BMC Genomics. 2015;16:295.

48. Oakberg EF. Duration of spermatogenesis in the mouse and timing of stages of
the cycle of the seminiferous epithelium. Am J Anat. 1956;99:507–16.

49. Korach-Andre M. In vivo investigation of high-fat diet-induced hepatic lipid
dysfunctions. Methods Mol Biol. 2020;2164:109–19.

50. Hsu FF, Turk J. Electrospray ionization multiple-stage linear ion-trap mass spectro-
metry for structural elucidation of triacylglycerols: assignment of fatty acyl groups on
the glycerol backbone and location of double bonds. J Am Soc Mass Spectrom.
2010;21:657–69.

51. Folch J, Lees M, Sloane Stanley GH. A simple method for the isolation and
purification of total lipides from animal tissues. J Biol Chem. 1957;226:497–509.

52. Aued-Pimentel S, Lago JH, Chaves MH, Kumagai EE. Evaluation of a methylation
procedure to determine cyclopropenoids fatty acids from Sterculia striata St. Hil.
Et Nauds seed oil. J Chromatogr A. 2004;1054:235–9.

53. Picelli S, Faridani OR, Bjorklund AK, Winberg G, Sagasser S, Sandberg R. Full-
length RNA-seq from single cells using Smart-seq2. Nat Protoc. 2014;9:171–81.

54. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2: accurate
alignment of transcriptomes in the presence of insertions, deletions and gene
fusions. Genome Biol. 2013;14:R36.

55. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat
Methods. 2012;9:357–9.

56. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for
assigning sequence reads to genomic features. Bioinformatics. 2014;30:923–30.

57. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

58. Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J, et al. PGC-
1alpha-responsive genes involved in oxidative phosphorylation are coordinately
downregulated in human diabetes. Nat Genet. 2003;34:267–73.

ACKNOWLEDGEMENTS
The MRI and MRS experiments were performed at the Department of Comparative
Medicine/Karolinska Experimental Research and Imaging Centre at Karolinska
University Hospital, Solna, Sweden. We thank Peter Damberg and Sahar Nikkhou
Aski for excellent assistance to develop the sequence for proton-magnetic resonance
spectroscopy in the adipose tissue. We thank Vasiliki Karagianni for excellent
technical assistance for animal work. This work and MKA were supported by the Novo
Nordisk Foundation (NNF14OC0010705), by the Lisa and Johan Grönbergs
Foundation (2019-00173) and by AstraZeneca (ICMC). LAH is supported by grants
from FCT—Fundação para a Ciência e a Tecnologia (UIDB/04501/2020+UIDP/04501/
2020), CCDRC (CENTRO-01-0145-FEDER-000003), and CCDRC (CENTRO-01-0246-
FEDER-000018), MRD is supported by CESAM (UIDP/50017/2020+UIDB/50017/
2020), QOPNA (FCT UID/QUI/00062/2019), and LAQV/REQUIMTE (UIDB/50006/2020).

AUTHOR CONTRIBUTIONS
MKA conceptualized and designed the study. CS, MGG, and MKA performed animal
experiments; CS and MKA collected and analyzed data; LAH, DC, TM, and MRD
performed and analyzed lipidomic data, wrote the method for lipidomic; BB, SG, and JL
performed RNA sequencing experiments; XL performed the bioinformatics; CS and MKA
designed the figures and drafted the manuscript, which was substantially edited and
approved by all authors. MKA is the guarantor of this work and, as such, had full access
to all the data in the study and take responsibility for the integrity of the data and the
accuracy of the data analysis. All authors approved the final version of the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41366-021-01060-5.

Correspondence and requests for materials should be addressed to Marion Korach-
André.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

C. Savva et al.

842

International Journal of Obesity (2022) 46:831 – 842

https://doi.org/10.1101/2021.05.26.445738
https://doi.org/10.1038/s41366-021-01060-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Maternal high-fat diet programs white and brown adipose tissue lipidome and transcriptome in offspring in a sex- and tissue-dependent manner in mice
	Introduction
	Results
	Maternal HFD alters adipocyte morphology and adipose transcriptional activity in offspring in a sex-dependent manner
	Maternal HFD modulates offspring susceptibility to insulin resistance and inflammation in a sex-dependent manner
	Maternal HFD modulates triglycerides composition in visceral and subcutaneous adipose tissue in a sex-dependent manner
	Maternal HFD modulates the white adipose transcriptome differently between sexes and between adipose depots
	Maternal HFD alters triglycerides composition and gene expression in the brown adipose tissue of female offspring
	Maternal HFD oppositely regulates inflammation and oxidative phosphorylation pathways between sexes in offspring&#x02019;s BAT
	Sex chromosome-linked genes contribute to the sexual dimorphism in offspring adipose transcriptome

	Discussion
	Materials and methods
	Mice and diet
	In vivo magnetic resonance imaging and spectroscopy
	Hematoxylin and eosin staining
	Biochemical analysis of plasma
	LC-MS analysis of triglycerides and gas chromatography fatty acid analysis
	RNA isolation, qPCR, and sequencing
	Bulk RNA-seq mapping and differential gene analysis
	Pathway analysis
	Statistical analyses

	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




