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SUMMARY

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 epigenetic regulation of key metabolic genes is
fundamental to the developmental origins of the metabolic syndrome. Fetal nutrition may
differently influence female and male offspring. In this work, we investigated the sex-
dependent programming of maternal obesity in visceral, subcutaneous and brown adipose
tissues of offspring using magnetic resonance imaging and spectroscopy and a lipidomic
approach combined with a Smart-Seq2 differential sequencing analysis. We show that the
triglyceride profile varies between adipose depots, sexes and maternal diet. Our results
demonstrate for the first time that a sex-dependent gene programming exists in visceral,
subcutaneous and brown adipose tissues. Maternal obesity differentially programs gene
expression in adipose depots of female and male offspring, which may contribute to the sex-

dependent metabolic complications later in life.
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INTRODUCTION

The drastic increase in consumption of high caloric diets with high levels of modified fat by the
food industry, including saturated- and trans-fatty acids associated with a sedentary lifestyle,
has dramatically challenged humans’ metabolism worldwide. Metabolic adaptation to these
recent lifestyle changes has confronted the scientific community to decipher the impact of
nutrients on metabolic homeostasis. Most importantly, the increased prevalence of overweight
and obesity in women in reproductive age has urged the need to better understand the impact
on the fetus health later in life (Chen et al., 2018). Recently, a large number of studies have
demonstrated the noteworthy sensitivity of the offspring to nutritional, environmental and
hormonal changes during the prenatal, neonatal and postnatal periods, which facilitates the
development of metabolic complications in adulthood (Baker et al., 2017; de Almeida Faria et
al., 2017; Frihauf et al., 2016; Gambineri et al., 2020; Krashow et al., 2011). The intrauterine
programming of obesity and associated metabolic risks in offspring adulthood rely on
epigenetic regulation as one of the key underlying mechanisms (Elshenawy and Simmons,
2016). Epigenetic modifications induced by maternal obesity (MO) (Deodati et al., 2019; Liang
etal., 2016) lead to a cyclical transgenerational transmission of obesity that, in the near future,
may become a heavy burden worldwide (lozzo et al., 2014). Therefore, understanding the link
between MO and offspring health would allow to anticipate better public health policy and
implement more effective interventions.

Adipose tissue (AT) is a complex and a highly metabolically active organ essential for
the regulation of energy balance in order to maintain metabolic homeostasis in the body (Choe
et al., 2016). In mammalians, white and brown adipocytes tune energy balance according to
the calorie intake and the energy expended. The development of adipose tissue occurs at an
early stage, during prenatal and postnatal periods (Desai and Ross, 2011), hence MO may
have an impact on programing offspring’s adipose tissue function. Obesity during fetal
programming of adipocytes leads to hypothalamic leptin resistance (Dias-Rocha et al., 2018),
endocannabinoid signaling dysfunction in white adipocytes (de Almeida et al., 2020) and

uncoupling protein-1 dysfunction in brown adipocytes (Dias-Rocha et al., 2018) and hereby
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promotes development of metabolic diseases later in life in offspring. MO may affect
processes in adipose tissue development that can result in adipose tissue dysfunction and
lead to adverse effects, promoting metabolic complications.

In the current study, we explored how MO prior to pregnancy, and maintained throughout
pregnancy and lactation, can predispose white and brown adipose tissue in offspring fed the
high-fat diet (i.e. obese offspring) to metabolic dysfunctions later in life. This was done by
characterizing the transcriptome and lipidome of three fat depots: visceral (VAT),
subcutaneous (SAT) and brown (BAT) adipose tissue at different time-points in offspring life.
Our study also explored the sex-differences in the metabolic response to MO in offspring that
may compromise female and male offspring metabolism homeostasis later in life. Our results
showed that MO does not affect global adiposity in offspring. However, we observed sex- and
adipose tissue-dependent gene regulation in MO offspring that may balance adipose tissues
lipidome and physiology and may contribute to the sexual dimorphism observed in the

metabolic adaptations in obesity later in life.
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81 RESULTS
82  Maternal obesity alters the physiological and biological adaptations to obesity in a sex-
83 dependent manner. The FO dam were fed with the high-fat diet (HFD) or the control diet (CD)
84  for 6 weeks prior mating and during pregnancy and lactation. FO sires were fed with the CD
85  throughout the study. All F1 offspring were fed with the HFD after weaning. HFD-dam (moHF)
86  weighted significantly more than CD-dam (moC) prior mating (Fig.1A). Body weight of
87  offspring was sex dependent but not maternal diet dependent. Males weighted significantly
88  more than females regardless of the maternal diet at midterm (MID, S; p<0.001) and endterm
89 (END, S; p<0.05) (Fig.1B and Table 1). Average food intake was similar between sexes
90 irrespective of the maternal diet, though maternal obesity (MO) tended to induce food intake
91 in female and to reduce it in male offspring (Fig.1C, S; p<0.001 and I; p<0.05). In order to
92 define if MO altered total adiposity in offspring in the short or/and long term, we performed in
93  vivo magnetic resonance imaging (MRI) at 15 weeks (MID) and 25 weeks (END) of age using
94  the mouse as its own control (Fig.1D). At MID, males born from obese mothers (M-moHF)
95 accumulated less fat than males born from control mothers (M-moC) (Fig.1E, D; p<0.01, S;
96 p<0.05 and I; p<0.05), which was normalized at END; with females getting more total fat on
97 BW ratio (TF:BW) compared to males regardless of the mother diet (Fig.1E, S; p<0.01). The
98 proportion of fat stored in the visceral region (VAT:TF) was lower than in the subcutaneous
99 region (SAT:TF) in both sexes. At MID, females had lower VAT:TF and higher SAT:TF than
100 males irrespective of the mother diet, however these differences disappeared at END (Fig.1F-
101 1G). Collectively, our results reveal that MO does not affect the overall fat distribution neither
102  in female nor in male offspring on the long term (END). Interestingly, on a short term (MID)
103  our results indicate that MO diminished total adiposity in males, with males having
104  proportionally more VAT and less SAT than females, which is correlated with metabolic
105  dysfunctions.
106 To elucidate the underlying mechanisms by which MO may alter offspring’s adipose
107 metabolism, we performed a Smart-Seq2 differential gene expression analysis in VAT and

108 SAT of female and male offspring in moC and moHF groups (Fig.1H-11). In females born from
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109  control mothers (F-moC), 2,819 (up- and downregulated) differently expressed genes (DEG)
110  were found in VAT versus SAT, while in M-moC, only 989 genes were found significantly
111 regulated (Fig.1H). Surprisingly, with MO 1,597 DEG were identified between VAT and SAT
112  in females and only 60 DEG in males (Fig.1l). These results indicate that VAT and SAT have
113  adifferent gene expression profile, especially in females. In addition, MO drastically remodels
114  gene expression between VAT and SAT in males. To further dissect the impact of MO on the
115 gene expression pattern in offspring’s white adipose depots, we presented all the DEG in Venn
116 diagrams. In females, we identified 133 and 12 DEG exclusively in VAT and SAT, respectively,
117 and 8 DEG common between VAT and SAT, in response to MO (Fig.2J). In males, 165 and
118 507 DEG were exclusively identified in VAT and SAT respectively, and 15 DEG were common
119 between VAT and SAT, in response to MO (Fig.1J). In conclusion, ~87 % of the DEG by MO
120 in females are changed in the VAT as opposed to males that account for about 75 % of the
121  DEG by MO in the SAT. When we compared the effect of MO on the gene expression profile
122 between sexes in the VAT and in the SAT, we found 135 and 174 DEG in VAT exclusively in
123  females and males, respectively, while only 6 genes were common between sexes (Fig.1K).
124 In SAT, 20 and 522 DEG were exclusively expressed in females and males respectively,
125  whereas no common genes were found between females and males (Fig.1K). To sum, males
126  show stronger transcriptional remodeling by MO especially in SAT compared to females.
127  Surprisingly, very few DEG are shared in response to MO in VAT and SAT between sexes.
128 These results demonstrate that MO affect the transcriptome of female and male offspring in a
129  sex- and tissue-specific manner.

130

131 Maternal obesity modifies triglycerides composition in visceral and subcutaneous
132 adipose tissue in a sex-dependent manner. Fat distribution is sex-dependent but the
133  underlying mechanism by which triglycerides (TG) are deposited in different parts of the body
134  between sexes remains unknown. Moreover, sex-specific lipid composition in fat depot could
135  trigger the sex-dependent differences in body fat distribution; hence a characterization of

136 these fat depots will shed light into the still unknown mechanism by which lipids are stored in
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137  different locations in the body between sexes. Therefore, we performed in vivo proton
138  magnetic resonance spectroscopy (*H-MRS) in VAT and SAT of offspring at two timepoints
139 (MID and END) to evaluate the TG profile in terms of the fatty acid (FA) length and saturation.
140 Nine lipid signals were identified in the murine adipose tissue H-MRS spectra and
141  concentrations of each lipid class were derived from the area of the resonance peaks of the
142  individual metabolites as shown in Fig.2A.

143 No differences of medium chain length (MCL) of the TG in VAT were observed between
144  all groups and at both timepoints (Fig.2B). In contrast, MCL in SAT was different between
145 sexes and MO had a significant impact on its distribution. At MID, MCL was higher in M-moC
146  thanin F-moC, and inversely lower in males compared to females in moHF group (I, p<0.05).
147 At END, MO decreased and increased MCL in females and males, respectively; as a result,
148  M-moC had lower MCL than F-moC and higher in moHF (Fig.2F; S,I, p<0.01). The fraction of
149  saturated lipids (fSL) in VAT was higher in F-moC than in M-moC at MID, and MO reduced
150 andincreased fSL in females and males, respectively, to a lower level in females than in males
151  (Fig.2C; 1, p<0.01). At END, no differences were observed in the fSL between all groups. In
152  SAT, itis interesting to note that the fSL was highly sex- and maternal diet-dependent at both
153 MID and END. MO reduced the fSL in males significantly to a lower level than in females at
154  MID (Fig.2G; D,S p<0.05). At END, the fSL was higher in M-moC than in F-moC but similar
155  between sexes in moHF groups (Fig.2G; S,l p<0.01). The fraction of monounsaturated lipid
156  (fMUL) in VAT was increased with MO in females to a higher level than males at MID and was
157 normalized in all groups at END (Fig.2D; D, p<0.05). In SAT, fMUL was increased in M-moHF
158 compared to M-moC at MID (Fig.2H; | p<0.05), while no differences between all groups were
159 observed at END. The fraction of polyunsaturated lipid (fPUL) in VAT was similar between
160 sexesin all groups at both MID and END and MO reduced the fPUL in males at MID (Fig.2E).
161 In SAT, fPUL was similar in both sexes at MID, while at END, we observed a higher fPUL in
162 F-moC than in M-moC but MO reduced the fPUL in females to the level of males (Fig.2l; S,I
163  p<0.05). In sum, our in vivo results reveal for the first time that MO alters the TG profile in VAT

164  and SAT at short term (MID), but mostly in SAT on the long term (END). We show that there
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165 is a sex-dependent lipid profile; at MID, sex-dependent profiles were observed in both fat
166  depots, but sex has a long-term effect (END) on the saturation level in SAT only. Interestingly,
167 MO counteracts the sex effect in SAT by promoting the fSL and decreasing the fPUL in
168 females compared to males. These results reveal important information on the role of sex in
169 the TG profile in response to MO.

170  To assess metabolic parameters indicative for metabolic dysfunctions, we measured fasting
171  glucose and insulin levels (Table 1). At MID, fasting glucose was similar between sexes in
172 moC group but higher in M-moHF than in F-moHF. Insulin level was higher in males than in
173  females irrespective of the maternal diet but was significantly increased by MO at END in
174  females only. Homeostatic model assessment (Homa) index was significantly higher in males
175 thanin females, indicative of lower hepatic insulin sensitivity in males and was slightly impaired
176 by MO in females. Matsuda index, a marker of whole-body insulin sensitivity, was lower in
177 males than in females at both timepoint and diet groups. The ratio AUCins:AUCglc, a marker
178  of B-cells function, was impaired in M-moC compared to F-moC, but only females showed
179  reduced B-cells function with MO at END (Table 1). In sum, sex-differences are observed in
180 the serum metabolic profile irrespective of the mother diet; and serum metabolic profile is
181  slightly impaired by MO in females on a long term.

182

183  Maternal obesity modulates the white adipose transcriptome differently between sexes
184 and between adipose depots.

185 To investigate the effect of MO on WAT transcriptome that might account for the sexual
186  dimorphism observed in metabolism, we performed a differential expression analysis in VAT
187 and SAT between moC and moHF groups (Figs.2J-2K) and between female and male groups
188  (Figs.2L-2M). In VAT, we identified 141 DEG by MO in females and 180 DEG in males
189  (Fig.2J). Surprisingly in SAT, we identified only 20 DEG by MO in females and, 522 DEG in
190 males (Fig.2K). These results indicate that MO alters male’s VAT and SAT transcriptome in a

191  much higher extent than in females, especially in the SAT. To further investigate the sex
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192  differences at the transcriptional level, we compared the female transcriptome to male
193  transcriptome in moC and moHF groups in VAT and SAT (Figs.2L-2M). In VAT, 617 and 406
194 DEG and in SAT, 2,116 and 167 DEG between sexes were identified in moC and moHF,
195 respectively. These results support the dogma that females and males have different lipid
196  distribution due to different transcriptional activity in VAT and SAT. Here, we confirm that MO
197  reprograms the transcription of genesin VAT and SAT in a sex- and adipose depot-dependent
198  manner.

199 To elucidate metabolic plasticity between sexes and in response to MO, we linked the
200 gene regulation with metabolic pathways. The pathway analysis showed that in VAT, 110
201  pathways were significantly oppositely regulated in males compared to females in moC, and
202 151 pathways in moHF (SupplFig.S1A, blue and red). MO significantly regulated 120
203  pathways in females and 162 pathways in males (SupplFig.S1A, green and purple). In SAT,
204  we identified 151 significantly oppositely regulated pathways in males compared to females in
205 moC, and 110 pathways in moHF (SupplFig.S1B, blue and red). MO significantly regulated 93
206  pathways in females and 147 in males (SupplFig.S1B, green and purple). These results
207 indicate that in offspring, there is a sex-dependent regulation of biological pathways and that
208 MO differently modulates pathways in VAT and SAT between sexes.

209

210 Maternal obesity alters triglycerides composition in the brown adipose tissue of female
211  offspring.

212  Adiposity is balanced depending on energy intake and energy expenditure. Energy intake
213  tended to be modified by MO, but with unchanged global adiposity. WAT has the ability to
214  store large amount of TG contained in a single large cytoplasmic lipid droplet. Brown adipose
215  tissue (BAT) is distinguished from WAT by a high level of mitochondria containing uncoupling
216  protein-1 (UCP1), a unique protein disconnecting the oxidative phosphorylation from ATP
217  synthesis and inducing thermogenesis. The activation of thermogenic adipocytes has a major
218 impact on local and systemic energy balance. Therefore, we investigated the BAT by MRI

219  (Fig.3A). At both MID and END, males showed larger BAT and higher ratio of BAT:TF than
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220 females, irrespective of the maternal diet (Figs.3B-3C; S, p<0.001). Irrespective of the
221  maternal diet, males displayed about 20% more TG content in BAT than females, which is
222  associated to decreased insulin sensitivity (Raiko et al., 2015), and in line with the higher
223  expression level of Cd36, Plin2 and Fabpl in males compared to females (Fig.3D;
224 Suppl.TableS1). In obesity, modulation of BAT activity and TG profile has been associated to
225 insulin sensitivity (Raiko et al., 2015) and to be sex-specific (Hoene et al., 2014). Therefore,
226  we performed an LC-MS analysis of BAT and we quantified 10 TG classes. TG classes were
227 classified based on abundance into low (TG40, TG42, TG44 and TG58), moderate (TG46,
228 TG48 and TG56) and high (TG50, TG52 and TG54) (Figs.3E-3G). Within the low abundant
229  group, 3 TG classes (TG40, TG42 and TG44) were enriched in F-moC compared to M-moC
230 butthese differences disappeared in the moHF group, due to an increase abundance of TG42
231 and TG44 in males and a decrease abundance of TG40 in females by MO (Fig.3E). Moderate
232 TG46 and TG48 were more abundant and TG56 less abundant in F-moC than M-moC but
233 these differences vanished with MO (Fig.3F). In females, MO reduced TG48 and induced
234 TG56 relative content compared to moC (Fig.3F). Within the high abundant TG classes, higher
235 TG50 and lower TG52 levels in F-moC than M-moC were found, and TG54 was increased in
236 by MO in females with no sex differences in moHF group (Fig.3G). These results show that in
237  addition to sex differences, MO selectively modulates TG classes in BAT especially in
238 females, that tends to counteract the sex-dependent profile determined by CD mothers. We
239  next carefully dissected the 54 TG species that were detected by LC-MS (Fig.3H and
240  Suppl.FigsS2A-2C). We observed 17 of 54 (31 %) significant differences in the relative levels
241  of TG species between sexes in moC group but only 2 of 54 (3 %) in moHF group. These
242  changes observed between the two maternal diet offspring groups were the result of a
243 remodeling of TG species with MO in females (15 of 54) but to a much lesser extent in males
244 (4 of 54); as favored by increased expression level of Lpl, Pltp and ElovI3 genes by MO in
245  females only (Suppl.TableS2). As some metabolic diseases are associated with the degree of
246  hydrogen atom bond saturation within the FA contained into TG molecules, we next inspected

247  the level of TG saturation. We observed that the saturation status was altered by MO in

10
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248 females only. In moC group, the relative level of saturated TG and TG containing MUFA was
249  higher in females than in males and, TG containing 3-double bonds were higher in males than
250 in females (Fig.3l). F-moHF had less TG containing 0-, 1- and 2-double bonds and more of
251 the TG containing 3-and 4-double bonds than F-moC, in line with the increase expression
252  level of ElovI3 and Lpl genes in females by MO (Suppl.TableS2). These results provide unique
253  information on the sex-dependent adaptation to MO in BAT metabolism. These sex
254  differences may contribute to the sexual dimorphism in the metabolic response to MO in obese
255  offspring, in particular in term of insulin sensitivity. FA, as signaling molecules may contribute
256  to metabolic dysfunction in obesity. Among the 10 FA species contained into the TG molecules
257  detected by GC-MS, only C18:3w6 FA level was different between sexes in moC group and
258 MO remodeled 2 of 10 FA species in both sexes in opposite directions (Suppl.Fig.S3A). Total
259 3 FA levels were higher in F-moHF than in M-moHF and 6 FA level were higher in F-moC
260 than in M-moC. Consequently, the ratio of 6:03 FA was higher in F-moC than in M-moC and
261 inversely, lower in F-moHF than in M-moHF (Suppl.Fig.S3B). No sex differences in the FA
262  saturation profile were found, but MO induced the relative level of PUFA in males
263  (Suppl.Fig.S3C). In sum, females show higher proportion of saturated and MUFA TG and
264  lower PUFA as compared to males. MO targets mostly females to counterbalance this sex
265  differences. The ©6:03 ratio is higher in females than males but MO, by increasing omega 3
266  inverts this ratio.

267

268 Maternal obesity alters gene expression in the brown adipose tissue of offspring in a
269 sex-dependent manner.

270  To further dissect the sex differences and the impact of MO on offspring’s BAT biology, we
271  performed SmartSeg2 analysis and identified 184 DEG in females and 39 DEG in males in
272  response to MO. Only four genes were shared between sexes in response to MO (Fig.3J).
273 230 DEG between sexes in moC and 35 in moHF were found, whereas 9 DEG between sexes

274  were common in moC and moHF (Fig.3K). In conclusion, ~80% of the regulated genes by MO

11
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275 infemales are changed in the BAT as opposed to males that showed only about 17% of DEG
276 by MO. Sex differences in DEG in BAT account for ~70% in moC but only 26% in moHF. In
277 sum, DEG in BAT is highly sex-dependent in offspring-moC. MO provokes an important
278 remodeling of gene expression in female BAT that may alter metabolism homeostasis as a
279 result. We next inspected the biological pathways that may be sex- or maternal diet-
280 dependent. We found 82 pathways differently regulated between sexes in moC, and 159 in
281 moHF groups (SupplFig.S1C, blue and red). Moreover, MO significantly regulated 126
282  pathways in females and 138 in males but most of them in opposite directions (SupplFig.S1C,
283 green and purple). These major findings indicate that there is a sex- and maternal diet-
284  dependent regulation of biological pathways in BAT of offspring and that MO modulates
285  oppositely between sexes a large majority of the KEGG pathways in BAT.

286

287 Maternal obesity increases offspring susceptibility to inflammation and insulin
288 resistance in an adipose tissue- and sex-specific manner.

289 To link the physiological and biological adaptations to MO and the sex differences to
290 transcriptional modifications in offspring, we extracted 18 key KEGG pathways that drive
291 metabolism in obesity (i.e. insulin and glucose metabolism, inflammation, oxidative
292  phosphorylation and lipid metabolism) in VAT, SAT and BAT. In VAT, insulin resistance and
293  signaling were upregulated in males and glucose pathway was downregulated in females by
294 MO (Fig.4A), in contrast to SAT where MO downregulated insulin signaling and glucose
295  pathways in males (Fig.4B). In BAT, insulin pathways were highly sex- and maternal diet-
296  dependent (Fig.4C). In both diet conditions, females showed higher expression level of insulin
297  pathways than males, in line with the higher expression levels of Irs1, Aldoa, Aldob, Hk2 and
298 Pdhal in females compared to males (Suppl.Tables S1-S2). MO upregulated insulin secretion
299  but downregulated insulin signaling in females; in contrast MO downregulated all insulin
300 pathways in males. Glucose pathways were upregulated in F-moC compared to M-moC, while
301 MO down-and upregulated the pathways in females and males, respectively (Fig.4C). Obesity

302 s associated with low grade, chronic inflammation that in turn, will promote the development
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303 of insulin resistance and diabetes. Inflammatory pathways were upregulated in males VAT
304 compared to females regardless of the mother diet, and MO increased inflammatory pathways
305 expression in males only. In SAT, inflammatory pathways were upregulated in F-moC
306 compared to M-moC, but MO increased the inflammatory pathways only in males to a
307 significantly higher level than F, as supported by the gene expression (Suppl.Tables S1-S2).
308 In BAT, inflammatory pathways were upregulated in M-moC compared to F-moC, and MO
309 oppositely regulated them between sexes leading to higher inflammation in females, in line
310 with the increased expression of Ccl9, Cxcl12, Tyrobp and Cebpb inflammatory genes
311 (Suppl.Table S2). In VAT, oxidative phosphorylation pathway was reduced by MO in both
312  sexes, with higher level in males. In SAT, oxidative pathways were both higher in males
313 compared to females independently of the mother diet. MO upregulated oxidative
314  phosphorylation pathway but down regulated the citrate cycle (TCA) pathway in females, and
315 remarkable downregulated all oxidative pathways in males, in line with the gene expression
316 pattern (Suppl.Table S1). In BAT, oxidative pathways were oppositely regulated between
317 sexes and in response to MO. There were enhanced and repressed in females compared to
318 males in moC and moHF groups, respectively. Interestingly in VAT, MO upregulated the
319 lipolysis and reduced PPAR signaling and fatty acid degradation pathways in both sexes. In
320 SAT, lipid metabolism pathways were higher expressed in M-moC than in F-moC; MO
321 repressed most of them only in males. In BAT, MO upregulated the fatty acid pathways but
322  downregulated the lipolysis pathway in males. No effect of MO was observed on females.

323 To further explore which genes might contribute most to the observed changes in the
324  metabolic pathways in VAT, SAT and BAT we obtained the differently regulated genes by MO
325 Dbetween the three tissues in females and males. In females, 37.8%, 11% and 53.4% DEG
326  were exclusively found in VAT, SAT and BAT, respectively. Three DEG were common in the
327 three tissues, one DEG was shared between SAT and BAT, while nine DEG were shared
328 between VAT and BAT and five were common between VAT and SAT (Fig.4D). The three
329 genes identified in the three adipose tissues were Snca (involved in membrane trafficking),

330 Hbb-bt (involved in inflammation) and Acadll (involved in FA B-oxidation). Interestingly,
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331 Acadll was oppositely regulated by MO between BAT (downregulated) and SAT and VAT
332  (upregulated). Among the common genes detected between VAT and SAT we found four
333 genes involved in metabolic pathway, Hipk3 (involved in steroidogenic pathway), Pckl
334  (regulates gluconeogenesis), Rab32 (involved in mitochondria fusion) and Tubb51 (involved
335 in obesity). Among the joint regulated genes by MO between VAT and BAT, we extracted
336 Aldoa and Ldha (which regulate glucose metabolism, downregulated), Ucpl (regulates
337 thermogenesis, upregulated) and Noct (promotes adipogenesis, upregulated). The single
338 common modulated gene between BAT and SAT was Ephx2 (involved in ATP metabolism)
339 and was induced by MO in both tissues.

340 Inmales, 22.6%, 69.1% and 5.6% DEG by MO were exclusively found in VAT, SAT and BAT,
341  respectively (Fig.4E). The only regulated gene shared by the three adipose tissues, Cyp5a
342  (involved in desaturase activity), was downregulated by MO. The four common regulated
343  genes between BAT and SAT, Cox8b (regulates mitochondria oxidation), Cyp2el (involved in
344 NAFLD), Lgals3bp (regulates inflammation) and Selenow (involved in oxidative stress) were
345  all downregulated, except for Cox8b that was upregulated only in BAT. 15 regulated genes by
346 MO were found common between VAT and SAT in males, among which, five genes Sdhaf4
347  (protects against reactive oxygen species, downregulated) and Nnt (involved in mitochondrial
348 electron and proton transports, upregulated), Ldha (involved in glycolysis, upregulated), Slpi
349  (regulates adipose tissue inflammation, up- in VAT and downregulated in SAT) and Ifi27
350 (regulates browning of adipocytes, downregulated) drew our attention due to their key role in
351 metabolism homeostasis and infammation. These results show that transcriptional regulation
352 by MO is sex- and adipose tissue-specific and may be key contributors to the sex-dependent
353 metabolic adaptation to MO. Interestingly, these results indicate that MO remodeled gene
354  expression mostly in VAT and BAT in females and in VAT and SAT in males.

355

356 Sex-specific genes drive metabolic pathways in VAT, SAT and BAT.

357 To identify the genes involved in the selected signaling pathways in obesity we performed a

358 Chord plot to visualize the biological processes (KEGG) enriched by sexes and by MO. The
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359 biological processes included insulin/glucose pathways, inflammatory pathways, oxidative
360 phosphorylation and lipid metabolism along with the log2fold change of each gene in VAT,
361 SAT and BAT (Figs.5A-5C). Evidence of important sexual dimorphism in gene expression in
362  offspring born from lean mothers were observed in all adipose depots. Interestingly, MO
363 suppressed these striking sex differences by remodeling transcriptional activity in the SAT in
364 males and in the BAT in females.

365

366 Maternal obesity drives oppositely the transcriptome between females and males in
367 adipose tissues.

368 The differences in the gene expression profiles in VAT, SAT and BAT of female and male
369 offspring and in response to MO imply that multiple genes are related to several biological
370 pathways. We found that 10 pathways in VAT (Fig.6A), 41 in SAT (Fig.6B) and 23 in BAT
371  (Fig.6C) were significantly and oppositely regulated between females and males in both diet
372  groups (blue and red heatmaps). We extracted 12 pathways in VAT, 32 in SAT and 72 in BAT
373  that were oppositely altered by MO in female and male offspring (green and purple heatmaps).
374  Given that MO altered a large number of pathways between males and females vital for
375 metabolic homeostasis such as fat digestion and absorption, AMPK signaling and
376 inflammatory pathways and steroid hormones biosynthesis, we sought to explore genes that
377  were oppositely expressed between sexes. Surprisingly, we found only two genes (Dgat2,
378 involved in TG synthesis and Sfrp4, involved in adipogenesis) in VAT (Fig.6D), one gene
379 (Fabp4, involved in FA uptake, transport and metabolism) in SAT (Fig.6E) and three genes
380 (Gbel, involved in glycogen degradation, Idil, involved in cholesterol synthesis and Kng2,
381 involved in inflammation) in BAT (Fig.6F) oppositely regulated by MO between females and
382 males. These results indicate that a large number of biological pathways appears to be
383  oppositely regulated by MO and between sexes although only few genes are significantly
384  differently regulated. In addition, we show that MO alters differently the white and brown

385 adipose transcriptomes in a sex- and adipose depot-dependent manner. The sex-specific
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386 transcriptome in offspring AT may contribute to the sexual dimorphism in obesity and

387  associated metabolic dysfunctions.

388 DISCUSSION

389 In 2016, the World Health Organization estimated that 1.9 billion adults worldwide were
390 overweight and about 650 million were obese and it was anticipated that about 40 - 50 % of
391 the women of reproductive age are overweight or obese worldwide. The recent discovery of
392 the changes in the transcriptional and posttranscriptional pathways in utero and during
393 lactation (Monks et al., 2018), that increase the susceptibilities to metabolic disorders later in
394 life (Deodati etal., 2019; Seki et al., 2017) is of enormous importance considering the dramatic
395 increased prevalence of obesity in women of reproductive age. In this study, we show that
396 stressing dams with HFD during preconception, gestation and lactation periods has important
397 effects on the developmental programming of white and brown adipose tissues in F1 offspring,
398 in a sex- and adipose depot-dependent manner. These changes may contribute to adipose
399 tissue dysfunction and determine the risk for developing metabolic complications later in life.
400  While several studies have demonstrated the deleterious effect of MO in offspring metabolism
401 (Lecoutre et al.,, 2016; Liang et al., 2016; Litzenburger et al., 2020; Monks et al., 2018;
402  Sellayah et al., 2019), the novelty of the present study is the combination of advanced
403  physiological in vivo and molecular ex vivo technigues to further dissect the sex-dependent
404  changes exerted by MO on the offspring adipose metabolism. In addition, we demonstrate
405 complex transcriptional and posttranscriptional mechanisms by which these biological and
406 physiological adaptations are sex- and adipose depot-dependent which may predispose
407  differently females and males to metabolic alteration later in life.

408 The embryo and fetus development are highly sensitive to its biological environments, and in
409 late gestation, many fetal homeostatic adaptations can be readily perceived. Fetal nutrition
410 (intrauterine environment) and maternal nutrition are not identical. Fetal nutrition lies at the

411  end of along supply line extending from the maternal macroenvironment through the maternal
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412  gastrointestinal, uteroplacental unit and metabolic physiology (Bloomfield and Harding, 1998).
413  Feeding mouse mothers with HFD before mating, during pregnancy and lactation does not
414  lead to significant changes in body weight in female and male offspring compared to offspring
415  born from lean mothers, when offspring fed the HFD postweaning. When the storage capacity
416 of SAT is reduced, in high caloric overload, it leads to fat accumulation in ectopic tissues
417  including VAT and BAT, a phenomenon that is defined as “lipotoxicity” and promotes insulin
418 resistance (Ros Perez and Medina-Gomez, 2011) and low-grade inflammation (Suganami et
419  al., 2012). In the current study, males showed lower SAT and higher VAT accumulation, as
420 well as ~20% higher fat accumulation in BAT than females in both mother diet groups. We
421 showed that females redistribute TG profile in BAT while males redistribute TG profile mainly
422  in SAT in response to MO. These major changes in adipose tissues metabolism may be the
423 result of the differences in gene expression pattern in female and male offspring in response
424  to MO. DEG analysis revealed that very few genes (60) were differently expressed between
425  SAT and VAT in M-moHF, as opposed to females that showed about 1,600 DEG between
426  SAT and VAT. These differences in gene expression could indicate that males would not
427  differentiate the two white adipose depots which, in turn, will promote VAT growth and local
428 inflammation, as opposed to females. A number of studies demonstrated that MO promotes
429 inflammation and insulin resistance in F1 offspring, especially in males (Chang et al., 2019;
430 Litzenburger et al., 2020). In the current study, we showed that males undergo an important
431 remodeling in WAT metabolism, especially in SAT, in line with others (Chang et al., 2019), as
432  opposed to females that showed important transcriptional modifications in BAT metabolism.
433  These results would support the damaging effect of MO in males WAT, on the long term.
434  Reduced w6:»3 ratio in WAT has been associated with improved lipid metabolism, reduced
435 inflammation and oxidative stress (Yang et al., 2016). In our study, females showed reduced
436 ®6:03 ratio as opposed to males that induced it in response to MO. Most interestingly, we
437  found a large number of biological pathways that were oppositely regulated between sexes

438 and by MO with key regulated genes. Female and male offspring had sex-dependent
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439  transcriptional adaptation to MO that may oppositely drive obesity and its associated metabolic
440 complications later in life between sexes. In line with this statement, MO has been shown to
441  modulate two major genes involved in adipogenesis (Sfrp4) (Zhang et al., 2020) and in TG
442  synthesis (Dgat2) (Chitraju et al., 2019) in a sex-dependent manner in VAT. Female offspring
443  born from obese mothers promoted Fabp4 expression in SAT, which function as a positive
444  factor in fatty acid signaling (Hertzel and Bernlohr, 1998), and induced BAT activity by
445  repressing Kng2 (blunt thermogenesis) expression (Peyrou et al., 2020) and inducing ElovI3
446  and Mgll (FA elongation and degradation) expression levels as opposed to males. On the
447  other hand, female but not male offspring born from obese mothers showed reduced Homa
448 index as compared to those born from lean mothers, associated to reduced level of C16:1 FA,
449  a circulating lipokine that modulate insulin sensitivity in the liver (Cao et al., 2008). Although
450 the precise mechanism remains to be established, our results suggest that MO differently
451  reprograms adipose tissues in female and male offspring. One can speculate that MO impacts
452  female offspring metabolism differently than males by reprogramming adipose tissue in
453  females towards more energy dissipation (Increased Ucpl and decreased Kng2) and lipid
454  oxidation (increased Noct, Acadll and Ephx2) as opposed to males, and by reprogramming
455  adipose tissue in males towards insulin sensitivity (reduced Fapb4/5) and SAT inflammation
456  (induced Ccl5/12/19 and Cxcl12/15).

457

458 In conclusion, female and male offspring on obesogenic diet show different metabolic
459  outcomes with MO due to different remodeling of the transcriptome in VAT, SAT and BAT.
460 These sex-dependent observations in adipose tissue biological pathways may be a key
461  contributor to the sexual dimorphism we observed in the offspring’s lipidome in response to
462  MO. These novel findings may help to better prevent metabolic alterations in offspring and
463  strongly support the concept that adipose depots have different metabolic functions due to
464  different transcriptional regulation. In addition, we present further evidence that male and
465 female offspring metabolic adaptation to MO occurs in a sex-dependent and adipose depot-

466  dependent manner, which may set the basis for targeted medicine.
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467 EXPERIMENTAL MODEL AND METHOD

468 Mice and diet

469  All animal procedures were approved by the local Ethical Committee of the Swedish National
470  Board of Animal Experiments. Four-week-old virgin dams and sire C57BI6/J were ordered and
471  recovered for one week before FO dams were randomized to control diet (CD; D12450H,
472 Research Diets, NJ, USA; 10% kcal fat from soybean oil and lard; n=6, FO-CD) or to high fat
473 diet (HFD; D12451, Research Diets, NJ, USA; 45% kcal fat from soybean oil and lard; n=6,
474  FO-HFD) for six weeks before mating. Sires remained on CD until mating. After six weeks of
475  their respective diet two FO dams were mated with one FO sire. During this short mating period
476  (up to five days) sires were on the same HFD as dams in the group (experimental unit). We
477  assumed that the sires spermatozoa were unlikely affected by the HFD while mating as sperm
478  maturation time is approximately 35 days (Oakberg, 1956). After mating, FO sir and pregnant
479 dams were separated. FO dams were continuously exposed to their respective diets
480 throughout pregnancy and until weaning. The F1 offspring were weaned at postnatal day 21
481  (3-week). Afterwards, F1 male and female offspring were separated, three to five animals were
482  randomly housed per cage and fed with the HFD until the end of the study (Fig. 1A). The group
483  of offspring born from HFD fed dams were nhamed moHF and the group of offspring born from
484  CD fed dams were named moC. All mice were housed in a 23°C temperature-controlled 12 h
485 light/dark room, with free access to water and food unless specified. Body weight (BW) was
486  recorded at midterm (MID, 15 weeks) and at endterm (END, 26 weeks) timepoints of the study
487 in all groups. The average food intake (per cage) in offspring was recorded twice a week for

488  two weeks at around 4-month of age.

489 In vivo magnetic resonance imaging (MRI)
490 Animals were anesthetized using isoflurane (4% for sleep induction and ~2% for sleep
491 maintenance) in a 3:7 mixture of oxygen and air, before being positioned prone in the MR-

492  compatible animal holder. Respiration was monitored during scanning (SA-instruments, Stony
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493  Brook, NY, USA). Core body temperature was maintained at 37°C during scanning using a
494  warm air system (SA-instruments, Stony Brook, NY, USA).

495  The magnetic resonance imaging (MRI) experiments (n=4-7 per group) were conducted on
496 the same mouse at week 14 and week 25 using a 9.4 T horizontal bore magnet (Varian
497  Yarnton UK) equipped with a 40 mm millipede coil, as previously described (Korach-Andre,
498  2020). Fiji software (http:/fiji.sc) was used to compute the volume of total fat (TF), visceral
499  adipose tissue (VAT), subcutaneous adipose tissue (SAT) and brown adipose tissue (BAT).

500

501 Invivo localized proton magnetic resonance spectra (*H-MRS)

502  As for the MRI scanning, animals were anesthetized before being positioned prone in the MR-
503 compatible animal holder. Respiration was monitored and body temperature maintained at
504  37°C during scanning. In addition, heart beats were recorded using an electrocardiogram
505 system as previously described (Korach-Andre, 2020). Localized *H-MRS from visceral and
506 subcutaneous fat depots were acquired from 2 x 1.5 x 1.5 mm? voxels positioned in the upper
507 gonadal abdominal fat (as representative of visceral fat) and in the inguinal abdominal fat (as
508 representative of the subcutaneous fat) (Fig.2A). Point Resolved Spectroscopy (PRESS) was
509 used as primary pule sequence (Strobel et al., 2008) with the following parameters: time to
510 echo 15 ms, sweep width 8013 Hz, number of excitations 16, refocusing pulses 1.6 ms mao
511 pulses with a band width nominal bandwidth of 2936 Hz as described (Korach-Andre, 2020).

512 All spectroscopy data were processed using the LCModel analysis software (http://s-

513  provencher.com/pub/LCModel/manual/manual.pdf). “Lipid 6” for adipose spectrum were used
514  as a base with all signals occurring in the spectral range of 0 to 7 ppm (water resonance at
515 4.7ppm) simulated in LCModel. All concentrations were derived from the area of the
516 resonance peaks of the individual metabolites. Only the fitting results with an estimated
517 standard deviation of less than 20% were further analyzed. *H-MRS spectra revealed nine
518 lipid signals (peaks) in the mouse adipose, based on published data (Mosconi et al., 2014; Ye
519 etal., 2012). As for the MRI, 'H-MRS experiments were repeated twice on the same animal

520 at MID and END.
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521

522  Biochemical analysis of plasma

523  Glucose and insulin levels were measured after 6 h fasting from 7 a.m. to 1 p.m. Glucose level
524  was measured instantly via tail-nick one-touch glucometer. Extra blood was collected using a
525  capillary tube for insulin measurements in plasma using a commercial rat/mouse Insulin Elisa
526 kit (EZRMI-13K) according to the manufacturer instructions. Matsuda index (whole body
527 insulin sensitivity index) and direct measurement of hepatic insulin resistance (HOMA index)
528 were calculated as described (Matsuda and DeFronzo, 1999; Pacini et al., 2013). Briefly,
529 homeostatic model assessment (HOMA) index was calculated as follows = (lo x Go)/22.5.
530 Matsuda index was calculated as = 100/(V[Go X lo X Gmean X Imean]), the suffix mean indicates
531 the average value of glucose and insulin concentration measured during the whole length of
532  the glucose test. Evaluation of B-cell function was calculated by dividing the area under the
533  curve (AUC) of insulin and glucose levels during the glucose test (AUCins:AUCglc).

534

535 Fatty acid analysis using gas chromatography with a flame ionization detector (GC-FID)
536  Total lipid extracts were obtained using a modified Bligh and Dyer method (Folch et al., 1957)
537 and after transmethylation, the fatty acids were analyzed by gas chromatography with a flame
538 ionization detector (GC-FID) using a modification of the method of Aued-Pimentel et al. (Aued-
539 Pimentel et al., 2004). Fatty acid methyl esters (FAMES) were dissolved in 30 pL of n-hexane
540 and 2.0 yL were injected in GC-FID (PerkinElmer Clarus 400 gas chromatograph (Waltham,
541 MA). The gas chromatograph injection port was programmed at 215°C and the detector at
542  250°C. The initial temperature was 75°C and the oven temperature was programmed in 3
543  ramps (a 15°C/min increase to 163°C for 2 min, a 2°C/min increase to 175°C for 2 min, and a
544  10°C/min increase to 250°C form 5 min), performed for 28.3 min in total. Hydrogen was the
545  carrier gas (flow rate, 1.7 ml/min). A DB-FFAP column (30m long, 0.32 mm internal diameter,
546 and 0.25 pm film thickness (J & W Scientific, Folsom, CA, USA)) was used. Peaks

547  corresponding to each FA were identified based on retention time in comparison with a
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548  Supelco 37 Component FAME standard mixture (Sigma-Aldrich, USA), integrated and the
549  percentage of each FA was related to the sum area of all FAs identified. The total »-3 content
550 was calculated as the summed total of ®-3 PUFA of C18:3w-3 and C20:3w-3. Total »-6
551  content was calculated as the summed total of C18:2»-6 and C20:3w-6 contents.

552

553 LC-MS analysis of triglycerides

554  Total lipid extracts were separated using a high-performance liquid chromatography (HPLC)
555 system (Ultimate 3000 Dionex, Thermo Fisher Scientific, Bremen, Germany) with an
556 autosampler coupled online to a Q-Exactive hybrid quadrupole Orbitrap mass spectrometer
557 (Thermo Fisher Scientific, Bremen, Germany), adapted from (Anjos et al., 2019; Colombo et
558 al., 2018) LC-MS analysis was carried out using an Accucore™ C30 column (150 x 2.1 mm)
559 that was equipped with 2.6 um diameter fused-core particles (Thermo Fisher Scientific,
560 Germering, Germany). The solvent system consisted of two mobile phases: mobile phase A
561 (water/ACN 50/50 (v/v) with 0.1% formic acid and 5 mM ammonium formate) and mobile
562  phase B (isopropanol/ACN/water 85/10/5 (v/v) with 0.1% formic acid and 5 mM ammonium
563 formate). Initially, 50% of mobile phase B was held isocratically for 2 min, followed by a linear
564 increase to 86% of B within 18 min. An increase to 95% B occurred in 1 min, which was held
565  up for 14 min, returning to the initial conditions (50% B) in 2 min, followed by a re-equilibration
566  period of 8 min prior to the next injection. An aliquot of 20 pg of each lipid extract were
567  dissolved in 80 uL of MeOH. Two uL of each dilution were introduced into the Accucore™ C30
568 column (150 x 2.1 mm) that was equipped with 2.6 um diameter fused-core particles (Thermo
569  Fisher Scientific, Germering, Germany) with a flow rate of 300 uL min™. The temperature of
570 the column oven was maintained at 40°C. The mass spectrometer with Orbitrap technology
571 operated in positive (electrospray voltage 3.0 kV) ion mode with a capillary temperature of
572  350°C, a sheath gas flow of 45 arbitrary units (a.u), an auxiliary gas flows of 15 a.u., a high
573  resolution of 70 000, a maximum injection time of 100 ms and AGC target 1e6. In MS-MS

574  experiments, cycles consisted of one full scan mass spectrum and ten data-dependent MS-
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575 MS scans (resolution of 17 500, a maximum injection time of 100 ms an AGC target of 1e5,
576  and with an isolation window of 1 m/z). Cycles were repeated continuously throughout the
577  experiments with the dynamic exclusion of 60 s and an intensity threshold of 5e4. Normalized
578  collisional energy ranged between 20, 23, and 25 eV. C30 RP-LC-MS spectra from molecular
579  species of triglyceride were analyzed in positive ion mode and TG were identified as [M+NH4]*
580 ions. Data acquisition was carried out using the Xcalibur data system (V3.3, Thermo Fisher
581  Scientific, USA). The mass spectra were processed and integrated through the MZmine
582  software (v2.32) (Pluskal et al., 2010). This software allows for filtering and smoothing, peak
583 detection, alignment and integration, and assignment against an in-house database, which
584  contains information on the exact mass and retention time for each TG molecular species.
585  During the processing of the data by MZmine, only the peaks with raw intensity higher than
586  1e4 and within 5 ppm deviation from the lipid exact mass were considered. The identification
587 of each TG species was validated by analysis of the MS/MS spectra. The MS/MS spectra of
588 [M+NH4]" ions of TGs allowed the assignment of the fatty acyl substituents on the glycerol
589  backbone (Hsu and Turk, 2010).

590

591 RNA isolation, purity and integrity determination

592  Total RNA was extracted from VAT, SAT and BAT using QIAGEN miRNeasy Mini Kit (217004,
593 Qiazol) and RNase-Free DNase Set (79254) for removing possible DNA traces. RNA
594  concentration was measured by nanodrop and diluted to 2.17 ng/ul. RNA quality was
595  assessed for 12 out of 39 samples randomly by a 2100 Bioanalyzer using a nano chip (Agilent
596 Biotechnologies), and RIN numbers were between 8.7-9.9. cDNA libraries were prepared for
597 the bulk-RNA sequencing in 384-well plate with triplicates for each RNA sample according to
598 the previously described Smart-Seg2 protocol (Picelli et al., 2014). In brief, mMRNA was
599 transcribed into cDNA using oligo(dT) primer and SuperScript Il reverse transcriptase
600 (ThermoFisher Scientific). Second strand cDNA was synthetized using a template switching
601 oligo, followed by PCR amplification for 15 cycles. Purified cDNA was quality controlled on a

602 2100 Bioanalyzer with a DNA High Sensitivity chip (Agilent Biotechnologies), fragmented and
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603 tagged (tagmented) using Tn5 transposase, and each single sample was uniquely indexed
604  using the lllumina Nextera XT index kits (Set A-D). Subsequently, the libraries were pooled
605 into one lane for sequencing at a HiSeq3000 sequencer (lllumina), using sequencing format
606  of dual indexing and single 50 base-pair reads.

607

608 Bulk RNA-seq mapping

609  All raw sequence reads available in FastQ format was mapped to the mouse genome (mm10)
610 using Tophat2 with Bowtie2 option (Kim et al., 2013; Langmead and Salzberg, 2012), where
611 adaptor sequences were removed using trim galore before read mapping. BAM files
612  containing the alignment results were sorted according to the mapping position. Raw read
613  counts for each gene were calculated using featureCounts from Subread package (Liao et al.,
614  2014).

615

616 Bulk RNA-seq differential gene expression analysis

617 DEseq2 was used to perform the analysis of differential gene expression, where genes with
618 raw counts as input (Love et al., 2014). The differentially expressed genes were identified by
619 adjust p value for multiple testing using Benjamini-Hochberg correction with False Discovery

620 Rate (FDR) values less than 0.1.

621

622  Pathway analysis

623  The pathway analysis, also called Gene Set Enrichment Analysis (GSEA) (Mootha et al.,
624  2003), was performed using the KEGG pathways dataset. First, genes were ranked
625 descending according to the Log2 Fold Change (Log2FC) of expression. For each query

626  pathway, if gene i is a member of the pathway, it is defined as

627 Xi= [—

628 If geneiis not a member of the pathway, it is defined as
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629 X; = — 2|5

630 where N indicates the total number of genes and G indicates the number of genes in the
631 query pathway. Next, a max running sum across all N genes Maximum Estimate Score

632 (MES) is calculated as
633 MES = max, Y Xi

634 The permutation test was performed with 1000 times to judge the significance of MES
635 values. The query pathway with a nominal p-value less than 0.05 and FDR values less than
636 0.1 would be considered to be significantly enriched. The positive MES value indicates up-
637 enrichment (up-regulation) whereas a negative MES value indicates down-enrichment

638 (down-regulation) of a pathway.
639

640  Statistical analyses

641 Data are expressed as means + standard error of the mean (Weigt et al.). Differences between
642  offspring sex and mother diet groups (F-moC, M-moC, F-moHF and M-moHF) were
643  determined using two-way ANOVA with diet (D) and sex (S) as independent variables, followed
644 by Tukey’s multiple comparison post hoc test when significant (p<0.05). Differences between two
645  groups (sexes, F versus M; maternal diet moC versus moHF) were determined by t-test
646  corrected for multiple comparisons using the Holm-Sidak method, with alpha=5.000%. *, p<0.05
647 Mversus F and #, p<0.05 moHF versus moC within the same sex were considered significant.
648  ** or *# p<0.01; *** or #* p<0.001.

649

650
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675 Legends

676  Figure 1. Maternal obesity affects adiposity differently in obesogenic male and female
677  offspring.

678 (A) Experimental setting of the study, two-way ANOVA statistical comparisons and pre-
679  gestational body weight of dam-FO in CD group (n=6) (open bar) and HFD group (n=6)
680  (stripped bar).

681  (B) Time course body weight curve in female and male offspring during the 27 weeks following
682  birth (n=10-12/sex/diet).

683  (C) Average food intake in offspring.

684 (D) MRI images of the lower abdominal region in female and male offspring.

685 (E) Total fat on body weight (TF:BW) (n=5-7).

686  (F) Visceral fat on TF ratio (VAT:TF) (n=5-7).

687  (G) Subcutaneous fat on TF ratio (SAT:TF) (n=5-7).

688 (H) Volcano plots of Smart-Seq2 data comparing VAT and SAT in moC (females, n=5 and
689 males, n=5).

690 (I) Volcano plots of Smart-Seq2 data comparing VAT and SAT in moHF (females, n=6 and
691 males, n=3). Significantly (FDR< 0.1) upregulated (red dots) and downregulated (blue dots)
692  genes over log2foldchange >1 and <-1. Orange dots indicate the genes that are significantly
693 changed (FDR < 0.1). Black dots indicate genes that are not significant.

694 (J) Venn diagram of all significantly DEG in response to MO in female and male offspring,
695 between VAT and SAT.

696  (K) Venn diagram of all significantly DEG in response to MO in VAT and SAT, between female
697  and male offspring.

698 Two-way ANOVA (sex (S), mother diet (D), interaction (I) between sex and diet, and (ns) for
699 not significant) followed by a Tukey’s multiple comparisons test when significant (P<0.05) in
700 figures B, C, E, F and G. *, males versus females and # moHF versus moC (P<0.05); **,

701  P<0.01; ***, P<0.001.
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702

703  Figure 2. Maternal obesity adjusts triglycerides and gene expression in visceral and
704  subcutaneous adipose tissue in a sex-dependent manner in offspring.

705 (A) Sagittal image of the whole-body fat and one representative *H-localized spectrum for in
706  vivo quantification of fatty acids composition of the triglyceride molecule in offspring’s WAT.
707  (B) Mean chain length (MCL) in VAT (n=5-7).

708  (C) Fraction of saturated lipids (fSL) in VAT (n=5-7).

709 (D) Fraction of monounsaturated lipids (fMUL) in VAT (n=5-7).

710  (E) Fraction of polyunsaturated lipids (fPUL) in VAT (n=5-7).

711 (F) Mean chain length (MCL) in SAT (n=5-6).

712 (G) Fraction of saturated lipids (fSL) in SAT (n=5-6).

713  (H) Fraction of monounsaturated lipids (fMUL) in SAT (n=5-6).

714 (1) Fraction of polyunsaturated lipids (fPUL) in SAT (n=5-6).

715  (J) Volcano plots of Smart-Seq2 data comparing moC and moHF in females (n=6) and males
716  (n=3) VAT.

717  (K) Volcano plots of Smart-Seq2 data comparing moC and moHF in females (n=6) and males
718  (n=3) SAT.

719 (L) Volcano plots of Smart-Seq2 data comparing females (n=6) and males (n=3) VAT in moC
720  and moHF groups.

721  Significantly (FDR< 0.1) upregulated (red dots) and downregulated (blue dots) genes over
722  log2foldchange >1 and <-1. Orange dots indicate the genes that are significantly changed
723  (FDR < 0.1). Black dots indicate genes that are not significant.

724  Two-way ANOVA (sex (S), mother diet (D), interaction (I) between sex and diet, and (ns) for
725 not significant) followed by a Tukey’s multiple comparisons test when significant (P<0.05). *,
726  males versus females and #, moC versus moHF (P<0.05), ** or #*, P<0.01, ***, P<0.001.

727

728 Figure 3. Females brown adipose tissue metabolism is altered by maternal obesity.

729  (A) MRI images of the interscapular brown adipose tissue (BAT) in female and male offspring.

28


https://doi.org/10.1101/2021.02.08.430188
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.08.430188; this version posted February 9, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

730 (B) BAT guantification based on MRI images (n=5-7).

731  (C) BAT on total fat (BAT:TF) ratio (n=5-7).

732 (D) Fat percentage in BAT (n=4).

733  (E) Low abundant TG classes in BAT (n=4).

734  (F) Moderate abundant TG classes in BAT (n=4).

735  (G) High abundant TG classes in BAT (n=4).

736  (H) TG species detected by LC-MS in BAT.

737 () TG saturation profile in BAT.

738 (J) Venn diagram of all significantly DEG between moC and moHF in offspring BAT.

739  (K) Venn diagram of all significantly DEG between female and male offspring in BAT.

740  Two-way ANOVA (sex (S), mother diet (D), interaction (I) between sex and diet, and (ns) for
741  not significant) followed by a Tukey’s multiple comparisons test when significant (P<0.05) in
742  figures B, C, E, F and G. *, males versus females and #, moHF versus moC (P<0.05); **,
743  P<0.01; ***, P<0.001.

744

745  Figure 4. Maternal obesity reprograms metabolic pathways and gene expression in
746  adipose tissue of offspring.

747  (A) Bubble charts showing the sex-dependent and maternal diet-dependent regulation of key
748 KEGG metabolic pathways in VAT (n=3-6).

749  (B) Bubble charts showing the sex-dependent and maternal diet-dependent regulation of key
750 metabolic pathways in SAT (n=3-6).

751  (C) Bubble charts showing the sex-dependent and maternal diet-dependent regulation of key
752  metabolic pathways in BAT (n=3-6).

753 (D) Venn diagram all significantly DEG between moC and moHF in VAT, SAT and BAT of
754  female offspring. Boxplots of the selected significant genes (n=3-6).

755  (E) Venn diagram of all significantly DEG between moC and moHF in VAT, SAT and BAT of

756  male offspring. Boxplots of the selected significant genes (n=3-6).
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757  The white background in the bubble charts represents the sex comparisons and the grey
758  background the mother diet comparisons. The color of the bubbles indicates the expression
759 level of the pathways between the groups where red indicates upregulation in males and blue
760  upregulation in females in moC and moHF groups (sex effect). The green color indicates
761  upregulation in moC and purple indicates upregulation in moHF in females and males
762  (maternal diet effect). The size of the bubble indicates the significant level where the bigger
763  the bubble the lower the p-value (higher significance). F: females and M: males.

764

765  Figure 5. Maternal obesity adjusts gene expression at the transcriptional and post
766  transcriptional levels in VAT, SAT and VAT in a sex- and tissue-dependent manner.
767  (A) Chord plot in VAT demonstrating the DEG clustered into selected pathways and the
768  expression level. (1) female versus male (sex) in moC, (2) female versus male (sex) in moHF,
769  (3) moC versus moHF (diet) in female and (4) moC versus moHF (diet) in male (n=3-6).

770  (B) Chord plot in SAT demonstrating the DEG clustered into selected pathways and their
771  expression level. (1) female versus male (sex) in moC, (2) female versus male (sex) in moHF,
772 (3) moC versus moHF (diet) in female and (4) moC versus moHF (diet) in male (n=3-6).

773 (C) Chord plot in BAT demonstrating the DEG clustered into selected pathways and their
774  expression level. (1) female versus male (sex) in moC, (2) female versus male (sex) in moHF,
775  (3) moC versus moHF (diet) in female and (4) moC versus moHF (diet) in male (n=3-6).

776  Red boxes indicate upregulation in males and blue boxes upregulation in females. The purple
777  boxes indicate upregulation in moHF and green boxes indicate upregulation in moC. White
778  boxes when not significant.

779

780 Figure 6. Maternal obesity drives oppositely metabolic pathways in adipose tissues
781  between sexes.

782  (A) Heatmap of significant pathways that were oppositely regulated between female and
783  males (sex) and between moC and moHF (diet) in VAT. Boxplots of the oppositely regulated

784  genes by MO between females and males (n=3-6).
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785 (B) Heatmap of significant pathways that were oppositely regulated between female and
786  males (sex) and between moC and moHF (diet) in SAT. Boxplots of the oppositely regulated
787  genes by MO between females and males (n=3-6).

788  (C) Heatmap of selected significant pathways that were oppositely regulated between female
789 and males (sex) and between moC and moHF (diet) in BAT. Boxplots of the oppositely
790  regulated genes by MO between females and males (n=3-6).

791 (D) Selected significantly (FDR < 0.1, P<0.05) oppositely regulated genes by MO between
792  sexesin VAT.

793  (E) Selected significantly (FDR < 0.1, P<0.05) oppositely regulated genes by MO between
794  sexesin SAT.

795  (F) Selected significantly (FDR < 0.1, P<0.05) oppositely regulated genes by MO between
796  sexesin BAT.

797 * males versus females and # moC versus moHF (P<0.05), ** or #*# P<0.01, *** or #*##
798  P<0.001. F: females and M: males.

799

800 Table 1. Plasma levels and markers of insulin sensitivity in Fand M offspring born from
801 CD (moC) or HFD (moHF) mothers at MID and END term. For glucose and insulin, animals
802  were fasted for 6h prior the blood sampling from the tail. For body weight, F-moC (n=11) and
803 M-moC (n=11), for F-moHF (n=11) and M-moHF (n=10); for the rest F-moC (n=7) and M-moC
804 (n=7), for F-moHF (n=8) and M-moHF (n=7). Unpaired two-tailed Student’s t-test were
805  considered significant when P<0.05. *, M vs F and #, moHF vs moC. * or #, P<0.05; ** or #**
806 P<0.01; *** P<0.001. F: females; M: males; HOMA: homeostatic model assessment.

807

808 Supplementary Figure S1. Metabolic pathways in VAT, SAT and BAT.

809 (A) Clustered heatmap of all KEGG pathway enrichment analysis presenting the expression
810 level between female and males (sex) and between moC and moHF (diet) in VAT (n=3-6).
811 (B) Clustered heatmap of all KEGG pathway enrichment analysis presenting the expression

812 level between female and males (sex) and between moC and moHF (diet) in SAT (n=3-6).
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813  (C) Clustered heatmap of all KEGG pathway enrichment analysis presenting the expression
814 level between female (F) and males (M) (sex) and between moC and moHF (diet) in BAT
815 (n=3-6).

816

817 Supplementary Figure S2. TG species extracted from BAT.

818  (A) Plot of the low abundant TG species in BAT detected by LC-MS (n=4).

819 (B) Plot of the moderate abundant TG species in BAT detected by LC-MS (n=4).

820 (C) Plot of the high abundant TG species in BAT detected by LC-MS (n=4).

821

822  Supplementary Figure S3. Fatty acids contained in TG extracted from BAT.

823  (A) Plot of the FA species in BAT detected by GC-MS (n=4).

824  (B) The »-3 and w-6 FA pathways and the ratio of »-6 to -3 FA pathways.

825 (C) Pie charts of the FA saturation profile.

826

827 Supplementary Table S1. Significant DEG between sexes in VAT, SAT and BAT of female
828 and male offspring born from lean and obese mothers.

829

830 Supplementary Table S2. Significant DEG in response to maternal obesity in VAT, SAT and
831 BAT of female and male offspring.

832

833
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Table 1. Body weight and 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
Body weight (g) 27.9+1.1 34.7£0.6*** 30.1+1.0 38.5+1.8* 36.6+1.1 42.4+1 4%+ 38.0+1.1 45.642.4***
Fasted glucose (mM) 8.9+0.5 10.8+0.4 7.6+0.5 13.0+01.2*** 8.740.1 11.7+0.6** 7.540.5 12.4+1 2%+
Fasted Insulin (ng/ml) 1.2540.22 2.24+0.25*** 1.4040.17 3.89+1.22* 0.61+0.10 5.43+1.08** 1.37+0.20% 7.27+1.17**
Homa-index 0.49+0.09 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 1480+349 517+53* 1229+162 329+89*** 2824+511 669+2867** 20651662 248+112*
B-cell function 0.10+0.02 0.17+0.02** 0.15+0.02 0.22+0.05 0.06+0.01 0.33+0.06** 0.20£0.03% 0.36+0.07

For glucose and insulin levels, animals were fasted for 6h prior the blood sampling from the tail. Data are presented as mean + sem F: female; M: male; Homa:
homeostatic model assessment. *, M vs F and #, moHF vs moC. * or #, P<0.05; ** or # P<0.01; *** P<0.001. For F-moC, n=7; for M-moC, n=8; for F-moHF, n=7;

for M-moHF, n=8.
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