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Abstract

Obesity is a growing societal scourge responsible for approximately 4 million deaths
worldwide. Recent studies have uncovered that paternal excessive weight induced by an
unbalanced diet affects the metabolic health of offspring. These reports mainly employed
single-generation male exposure. However, the consequences of multigenerational
unbalanced diet feeding on the metabolic health of progeny remain largely unknown. Here, we
show that maintaining paternal western diet feeding for five consecutive generations in mice
induces a gradual enhancement in fat mass and related metabolic diseases over generations.
Strikingly, chow-diet-fed progenies from these multigenerational western-diet-fed males
develop a “healthy” overweight phenotype that is not reversed after 4 subsequent generations.
Mechanistically, sperm RNA microinjection experiments into zygotes suggest that sperm
RNAs are sufficient for establishment but not for long-term maintenance of epigenetic
inheritance of metabolic pathologies. Progressive and permanent metabolic deregulation
induced by successive paternal western-diet-fed generations may contribute to the worldwide

epidemic of metabolic diseases.
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Introduction

Nongenetic inheritance of newly acquired phenotypes is a new concept in biology whereby
changes induced by specific environmental cues in parents (mothers and/or fathers) can be
transmitted to the next generation [1-3]. This process is evolutionarily conserved and has been
described from worms to humans [4-7]. The fact that environmental cues have the potential to
modify the molecular hereditary information carried by the spermatozoa demonstrates that the
environmentally induced epigenetic modifications [8][8] are not erased through the epigenetic
reprogramming process, causing them to be inherited by the next generations [9, 10]. Although
the role of epigenetic modifications such as DNA methylation [9, 11, 12] and chromatin
modification [13, 14] cannot be excluded in this process, independent experimental data
strongly evoke the central role of sperm RNA as a vector of paternal intergenerational
epigenetic inheritance of, at least, environmentally induced metabolic pathologies [1, 3, 15].
Unlike genetic inheritance, environmentally induced epigenetic alterations are reversible,
enabling the loss of previously acquired characteristics [16]. Although environmental changes
might persist over several generations, most reports have been based on the maintenance of
paternal environmental cues for just one generation [17]. This is particularly true for certain
lifestyle habits, such as eating high-fat and high-sugar junk food, also called a Western diet
(WD). Thus, although people around the world may face multigenerational unbalanced

nutrition, there have been limited studies on its effects on the metabolic health of the progeny.

Herein, we studied the impact of the paternal maintenance of an unhealthy WD for multiple
generations on the metabolic phenotype of both the progenitors and their respective chow-

diet-fed (CD-fed) offspring.
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Results

Feeding successive paternal generations with a diet exacerbates the overweight

phenotype and accelerates the development of obesity-associated pathologies

To test experimentally whether the maintenance of an unhealthy diet through the paternal
germline influences the metabolic phenotype of the resulting individuals, C57BL6/J male mice
were fed a WD for five consecutive generations (from WD1 to WD5) (Fig 1A). According to a
previous study [18], the average body weight of the WD-fed male mice increased gradually
with multigenerational WD feeding (Fig 1B and S1A Fig). This gradual increase in total body
weight with paternal multigenerational WD feeding was associated with a gradual increase in
perigonadal white adipose tissue (JQWAT) mass (Fig 1C). Indeed, the gWAT volume measured
by computed tomography increased 2.3-fold and 3.4-fold in WD1 and WD5 mice, respectively,
compared to that of control mice (CD-fed mice) (S1 Table). The increase in gWAT mass was
positively correlated with total body weight (perigonadal fat mass versus total body weight;
Spearman’s r =0.78, p < 0.0001, S1B Fig). It was also associated with the hypertrophy of white
adipocytes, with a median surface cell area of white adipocytes increasing from 1500 to 4000
umz from the first (WD1) to the fifth generation (WD5) and with a decreased calculated number
of adipocytes in WD5 compared to the controls (Fig 1D-1F). Furthermore, our RNA-seq
comparison between the gwAT of WD1 and WD5 males revealed that multigenerational WD
feeding has a strong impact on the gWAT gene expression profile. In fact, we observed an
increase in differentially expressed genes (DEGS), from 325 in WD1 (with 93 upregulated and
232 downregulated genes) to 1199 (757 upregulated and 442 downregulated) in WD5,
compared to the respective CD-fed mice. Interestingly, while the majority of DEGs in WD1
(66%) were also deregulated in WD5, a minority of DEGs in WD5 (only 8% for the upregulated
genes and 35% for the downregulated genes) were deregulated in WD1 (p value<0.01).
Importantly, all common genes were deregulated in the same direction (Fig 1G-1H).

Interestingly, querying the WD1 and WD5 DEGs against the molecular signature database
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85 (MSigDB) collection of curated gene pathway annotations revealed a specific WD5 enrichment
86 in gene sets associated with CHEN_METABOLIC_SYNDROM_NETWORK (genes forming
87  the macrophage-enriched metabolic network (MEMN) claimed to have a causal relationship
88  with metabolic syndrome traits) and with genes potentially regulated by the methylation of
89 lysine 4 (H3K4) and lysine 27 (H3K27) of histone H3 and by polycomb repressive complex 2
90 (PRC2) (S2A-S2B Table 2) [19].
91 The aforementioned modulations of white adipose tissue in WD generations shed light on the
92 possible exacerbation of obesity-associated pathologies (such as insulin resistance (and
93 subsequently type-ll diabetes) and nonalcoholic fatty liver disease) [20]. To check this
94  hypothesis, several metabolic risk parameters related to these pathologies were analyzed in
95  WD-fed mice (Table 1). In comparison with CD-fed mice, circulating plasma levels of leptin,
96 C-reactive protein (CRP), one marker of inflammation, and total cholesterol were significantly
97  higher in the WD3 (p<0.01), WD4 (p<0.05) and WD5 (p<0.01) groups but not in the WD1
98 (p=0.07) or WD2 (p=0.4) groups (Table 1). The gradual alterations in these metabolic
99 parameters over generations were found to be positively correlated with the increase in gWAT
100 mass (S1C-S1E Fig). At the molecular level, the progressive increase in serum leptin over
101  WD-fed generations was positively correlated with a gradual increase in leptin mMRNA levels in
102  the gWAT of the respective male mice (total plasma leptin and leptin mMRNA, Spearman’s r
103 =0.89, p < 0.0001, S1F Fig), suggesting an accumulation of epigenetic modifications of the
104  leptin promoter. These results are in line with recent studies showing that leptin upregulation
105  occurs via epigenetic malprogramming in white adipose tissue [21, 22]. Furthermore, we found
106  a significantly impaired response in the intraperitoneal glucose tolerance test (GTT) in all WD-
107  fed mouse groups (Fig 2A), which was not associated, except for in WD2-fed males, with an
108 impaired insulin response, as shown by the intraperitoneal insulin tolerance test (ITT) (Fig 2B).
109  Therefore, unlike the other metabolic parameters, we did not notice any significant
110 exacerbation of insulin sensitivity in successive generations. Moreover, the response to an

111  intraperitoneal glucose tolerance test (measured through the AUC-GTT calculation) was not
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112 correlated with the gWAT mass (S1G Fig). Together, these data might reflect the multifactorial
113  and complex nature of the pathogenesis of obesity-induced diabetes.

114 Strikingly, although the C57BL6/J-strain male mice fed a WD diet for one generation failed to
115 develop strong alterations in liver phenotype [23, 24], major abnormalities were observed in
116  WDS5 liver, i.e., organ weight, histological and biochemical parameters. Indeed, the mass of
117  the WDS5 liver (not that of the WD1 liver) was significantly higher than that of the CD specimens
118 (Fig 2C). Furthermore, unlike WD1 liver, histological and biochemical examinations revealed
119 the presence of macrovesicular steatosis with significantly increased triglyceride (TG) levels in
120  WDS5 liver compared with CD liver (p<0.01, respectively) (Fig 2D-F). Therefore, the phenotype
121  of WDS5 livers exhibits typical features of fatty liver.

122  Together, both morphological and molecular features demonstrate that multigenerational WD
123  feeding induced a progressive dysregulation of the male metabolic phenotypes (S1H Fig), with
124  an exacerbation of the gWAT size and gWTA transcriptional alteration as well as of obesity-
125 associated pathologies such as fatty liver. Therefore, a worsening of the underlying medical

126  conditions can be potentially transmitted to next generations.

127 Long-term transgenerational epigenetic inheritance of an overweight “healthy”

128 phenotype

129  Previous reports showed that WD-induced metabolic dysregulations during one-generation
130 exposure could be transmitted across 1 (F1) or 2 generations (F2) fed a CDz 10. To investigate
131 the impact of feeding a WD through several generations on the inheritance of diet-induced
132  metabolic pathologies, we compared the metabolic status of F1, F2 and F3 cohorts fed a CD
133  generated from either WD1 or WD5 males (Fig 3A). As expected from previous studies [1-3],
134 male and female F1 progenies derived from WD1 males (F1-WD1) were heavier than the
135 control animals with CD-fed ancestors (Fig 3B and 3F). Although the difference did not reach
136  significance at the age of 18 weeks, the same trend was also observed for the F1 progenies
137  derived from WD5 (F1-WD5) male progenies (Fig 3D and 3H). This overweight phenotype

138 was associated with impaired glucose tolerance as measured by the GTT for both the male
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139 F1-WD1 and F1-WD5 progenies and the female F1-WD5 mice (S2E and S2G Fig and S3-S4
140 Tables). We noticed, however, the absence of intergenerational inheritance of the fatty liver

141  phenotype observed in the WD5 progenitors.

142  Both male F2-WD1 and F2-WD5 CD-fed progenies were also overweight (p<0.01). This
143  phenotype was associated with an excessive accruement of gWAT mass of at least 90% over
144  the control (Fig. 3C-3E-3G-3l). Importantly, although the female and male F2-WD5 progenies
145  were found to be significantly fatter and heavier than the F2-WD1 cohorts, these mice did not
146  exhibit impaired glucose tolerance (as measured by the GTT) (S2E, S2G Fig) or signs of fatty

147  liver lesions (S3 Fig).

148 The metabolic differences were even more striking in both F3 and F4 progenies (S2A-2D Fig).
149  Thus, while the F3-WD1 progenies exhibited metabolic characteristics very similar to control
150  mice, both males and females of the F3-WD5 progenies were significantly heavier and fatter
151  (p<0.001 and p<0.01, respectively) than control mice (Fig 3B-3l and S3 and S4 Tables). In
152  parallel, the overweight phenotype was associated only with an increase in gonadal fat mass,
153  which persisted in the F4-WD5 progenies (Fig 3). Strikingly, despite being overweight, the
154  progenies derived from WD5-fed animals did not display any alteration in terms of glucose
155 metabolism (S2E, S2F, S2G, S2H Fig) and fatty liver pathologies at 4 months of age (S3 Fig)

156 (S3 and S4 Tables).

157  Collectively, these data suggest that WD feeding for multiple generations induces stable
158 germline epigenetic modifications that were not erased after removing the stressor(s) for at

159 least 4 generations of CD-fed progeny.

160 Sperm RNAs transmit only transient epigenetic inheritance of WD-induced pathologies

161  Specific signatures of sperm small RNAs from WD-fed mice have been previously shown to
162 act as a vector of intergenerational epigenetic inheritance of newly acquired pathologies [1, 3,

163 15, 25]. To determine whether sperm small RNAs are also involved in the long-term
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164 maintenance of epigenetic inheritance (transgenerational epigenetic inheritance), we first
165 searched for small RNA DEGs (adjusted p value<0.05) between WD (WD1 or WD5) and CD
166  sperm. As shown in S5 and S6 Tables, we identified 584 and 614 DEGs in WD1 and WD5,
167 respectively, compared to the control mice. Interestingly, approximately one-third of DEGs
168 (190 sequences) were present in both WD1 and WD5 RNA sperm populations (S4 Fig).
169 Among these common small RNAs, we identified several tRNA fragments and microRNAs
170 known to be involved in short-term epigenetic inheritance of metabolic dysfunction
171  (intergenerational inheritance) [1, 3] (S4D-S4E Fig). These data indicate that sperm RNAs
172  could be involved in the epigenetic inheritance of metabolic alterations in both WD1 and WD5
173  males.

174  To further investigate the role of sperm RNAs in the long-term transgenerational epigenetic
175 inheritance of metabolic alterations, microinjection experiments into naive zygotes were
176  performed with total sperm RNA from either WD1 or WD5 males (RNA-WD1 progenies and
177 RNA-WDS5 progenies, respectively) (Fig 4A). As previously reported, this experiment faithfully
178 reproduces the pattern of short-term paternal transmission of environmentally induced
179  phenotypes in crosses[1, 3, 4, 15, 25]. In agreement with previous studies, male 12-week F1-
180 RNA-WD1 and F1-RNA-WD5 progenies were heavier than F1-RNA-CD progenies (31 g vs 30
181 g, p<0.05) (Fig 4B). In addition, they displayed glucose and insulin response alterations, as
182 shown by GTT and ITT analyses, with significantly higher values of the area under the curve
183  than the controls (Fig 4D, 4E and S7 Table). Regarding the fatty liver phenotype, neither
184  abnormal TG levels nor histological abnormalities were observed in livers from F1-RNA-CD
185 and F1-RNA-WD progenies. Thus, the metabolic alterations observed in F1-RNA progenies
186  are partially reminiscent of the WD1 and WD5 male phenotype.

187  Overweight phenotypes and glucose response alterations were partially transmitted to the F2
188 and F3 generations (Fig 4, S8 and S9 Tables). Intriguingly, while we did not observe any liver
189 abnormalities in F1-RNA progenies, liver histological examinations revealed macro- and
190  microvesicular steatosis in hepatocytes of two F2-WD overweight males (2 out of 10) (S5 Fig).

191 It should be noted that these abnormal hepatocytes were never observed in RNA-CD
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192  progenies. Nevertheless, all the metabolic alterations were completely absent in the F4
193  generations (Fig 4 and S10 Table).

194  The metabolic observed phenotype of WD1 and WD5 progenies obtained by either RNA
195  microinjection or natural mating exhibited some discrepancies. First, the overweight phenotype
196  induced by sperm RNA from WD5 males was not exacerbated compared to that induced by
197 sperm RNA from WD1 males. In fact, no statistically significant difference was observed
198 among the body weights of the F1, F2 and F3 progenies derived from sperm RNA of WD1-
199 and WD5 animals. Second, the sperm-RNA-induced overweight phenotype was associated
200  with glucose metabolic alterations (total body weight and AUC-GTT, Spearman’s r =0.4, p <
201  0.01, Fig 4F) and was sporadically associated with fatty liver abnormalities, in both WD1 and
202  WDS5 (S5 Fig). Last, in contrast to natural mating of WD5, the sperm-RNA-induced overweight
203  phenotype was not transgenerationally inherited, while the metabolic abnormality was very
204  stable in the progenies obtained from natural mating of WD5. Taken together, these data
205  strongly suggest that sperm RNAs are not sufficient for the long-term epigenetic inheritance of
206  metabolic dysfunctions.

207  Discussion

208 Growing evidence suggests that an unbalanced diet of the father negatively affects its
209  metabolic health and that of its progenies. Of particular interest, little attention has been
210 focused on the effect of paternal successive generations of unbalanced diet exposure on
211  metabolic health, which may have public health and economic impacts. To this end, we fed
212  male mice for 5 successive generations on a high-fat, high-sugar diet (western diet, WD) to
213  compare the metabolic parameters across multiple generations of WD males and to assess
214  the persistence of the WD-induced metabolic alterations in their subsequent balanced CD-fed
215  progenies.

216 In summary, our findings reveal that maintaining a WD for several generations promotes a
217  progressive accumulation of epigenetic alterations in somatic and germ cells throughout
218 generations. Two lines of evidence support this conclusion. First, ancestral exposure

219 influences the magnitude of the overweight phenotype. Indeed, a male whose father,
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220 grandfather, great grandfather, great-great-grandfather and great-great-great grandfather, up
221 to 5 generations of exposure, have been fed a WD exhibits the most severe overweight
222  phenotype associated with serious metabolic alterations. Second, the father’s ancestral history
223  (whether his ancestors were fed an unbalanced diet) affected the pattern of inheritance of this
224  metabolic pathology.

225  Although it is well described that the development of type 2 diabetes is positively associated
226  with body weight [26], we did not observe a strong correlation between fat mass and glucose
227 and insulin sensitivities in males obtained after multigenerational WD feeding. However, we
228 identified one obese-associated pathology that increased in severity with successive
229 generations of a WD, namely, hepatic steatosis. Since the diet we used was not described to
230 induce such disease, the appearance of this phenotype after multigenerational WD feeding
231  strongly indicates that exposure sensitivity is heightened by multiple generations of exposure,
232  atleast for this diet-associated pathology. Thus, the family food environment, parental dietary
233  behaviors and family obesity might be an additional clue to explain the increasing incidence of
234 nonalcoholic fatty liver disease in humans [27].

235  Importantly, multiple generations of WD exposure impact not only the sensitivity to a WD but
236  also the hereditary makeup, also called background. Indeed, when the father has no WD-fed
237  ancestor, the fatness of its progenies tends to disappear after WD removal. However, in the
238 case of fathers with several WD-fed ancestors, the progenies will remain stably overweight for
239  more than 4 generations. Intriguingly, although the male progenies of the third and fourth
240  generations of WD5 males were overweight, they did not develop metabolic alterations, such
241  as glucoselinsulin sensitivity alterations and fatty liver disease. Together, these data strongly
242  suggest that the combination of ancestral and individual diet exposure was both necessary
243  and sufficient to elicit the most severe metabolic effects in mice.

244  Overall, our findings are in agreement with those of recent studies of multigenerational
245  exposure performed in several animal models. For instance, in guppies, a wide range of plastic
246  responses under different light conditions were observed, which were dependent on

247  multigenerational exposure to different light environments [28]. In mites, zinc element

10
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248  sensitivity increased by continuous multigenerational exposure [29]. In mice, male sensitivity
249  to environmental estrogens was enhanced by successive generations of exposure [30].
250  Finally, rats undernourished for 50 generations showed multiple metabolic alterations that
251  were not reversed in their respective F1 and F2 CD-fed progenies [31]. Together, the present
252 study and previously published studies indicate that the exacerbation of stress-induced
253 phenotypes upon multigeneration exposure as well as the stabilization of newly induced
254  phenotypes is an evolutionarily conserved process. However, the explicit molecular
255  mechanism(s) of this process is still largely unknown.

256  Single-generation exposure to a WD studies strongly indicates that sperm RNAs are a possible
257  epigenetic vector of intergenerational epigenetic inheritance of metabolic diseases. However,
258 these data do not exclude the possible involvement of epigenetic modifications, namely, DNA
259  methylation, histone modifications and chromatin structure alterations. This study takes a step
260 further in this direction, showing that sperm RNAs are vectors of intergenerational inheritance
261  butare not sufficient for the transgenerational inheritance of diet-induced metabolic alterations.
262 In this context, our transcriptome profile of gWAT may provide important avenues to dissect
263  the potential molecular mechanism(s) involved in this process, revealing an enrichment in
264 genes potentially regulated by H3K4/K27 methylation and the PRC2 complex
265 (Supplementary Table 2).

266  Finally, in the present study, we focused our analyses on perigonadal adipose tissue,
267  glucoselinsulin sensitivity and liver alterations. Considering the healthy and economic
268 consequences of obesity and its comorbidities, such as cardiovascular diseases and fertility
269 abnormalities, future studies will be important to determine the impact of multigenerational
270  ancestor exposure on the development of obesity-associated comorbidities.

271  In conclusion, environmentally induced epigenetic modifications in germlines would contribute
272 to the environmental adaptation and evolution of animal species. In the future, it will be
273  important to assess how each epigenetic vector for inheritance interacts together to modulate

274  the embryonic epigenome.

11
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275 Materials and Methods

276  Mice

277  All mouse experiments were performed with C57BL/6J mice obtained from Charles River
278  (Charles River Laboratories, France). All mice were housed in a temperature-controlled system
279 and maintained on a 12-h light/dark cycle (lights on at 7 a.m.). Experimental mice were given
280 ad libitum access to either a high-fat high-sugar diet (WD) (235 HF 45% of energy from fat,
281  SAFE, France) or a control diet (CD) (SAFE A04, 5% of energy from fat, SAFE, France) and
282  sterile water. To evaluate the impact of the diet of paternal ancestors on metabolic health, we
283  developed two experimental models. On the one hand, WD feeding was maintained for 5
284  successive generations through the paternal line. Briefly, ten 3-week-old male mice were
285 divided into 2 groups. Males from the first group were kept on CD, and the males of the other
286  group were fed a WD for 3-4 months. This first generation of WD males was named WD1. At
287  four months old, 4 to 6 independent males of each group were then crossed with 7-week-old
288 C57BL/6J female mice (CD-fed) obtained from Charles River (Charles River Laboratories,
289  France). The male progenies were kept and subjected to the same experimental procedure.
290 At 3 weeks old, they were fed a WD and at 4-5 months crossed with CD-fed females. This
291  second generation of males was called WD2. This experimental design was repeated 3 times
292  to obtain the WD5 group (Fig 1A). On the other hand, half of the WD1 and WD5 male and
293 female progenies were fed a CD. The first generation was called F1-WD1 and F1-WD5,
294  respectively. The F1 4-month-old male progenies were crossed with 7-week-old C57BL/6J
295 female mice (CD-fed) to obtain the F2-WD1 and F2-WD5 progenies (Fig 3A). This
296  experimental design was repeated once to obtain the F3-WD1 and F5-WD5 progenies.

297  The complete experimental design was performed twice at approximately 6 months’ interval.
298  To evaluate the role of sperm RNAs in transgenerational epigenetic inheritance of metabolic
299 alterations, sperm RNAs extracted from 2 different CD, WD1 and WD5 males were
300 microinjected into zygotes at the Center for Transgenic Models (University of Basel,
301  Switzerland) following the same procedure as described in [4]. The resulting progenies were

302 called F1-RNA-CD, F1-RNA-WD1 and F1-RNA-WDS5 progenies, respectively. F2-RNA and F3-

12
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303 RNA progenies were obtained after crossing F1-RNA and F2-RNA 4-month-old males,
304  respectively, with 7-week-old C57BL/6J female mice (CD-fed) obtained from Charles River
305 (Fig 4A).

306  All mouse experiments were conducted in accordance with the French and European

307 legislations for the care and use of research animals.

308  Body weight and food intake

309 Body weights were measured every week from weaning until 5 months of age. Daily food
310 consumption was estimated by weighing the remaining food every week.

311  For organ measurement, 5-month-old mice were anesthetized with sodium pentobarbital and
312  rapidly dissected. Then, gonadal WAT, inguinal subcutaneous WAT, epididymis, liver and
313  kidneys were carefully isolated, cleaned of unrelated materials and weighed. One part was

314  fixed in 4% PFA, and the other portion was snap frozen in liquid nitrogen.

315 Blood metabolic parameter measurements

316 Blood metabolic parameters were detected under different physiological conditions, i.e., a
317 random-fed state and a 16-h fasted state. Whole-blood glucose levels were determined using
318 the OneTouch Vita (LifeScan, Johnson & Johnson company) system from tail blood. For
319  plasma preparation, the blood was collected from the orbital sinus into sterile 1.5-ml tubes
320  containing 2 drops of citrate sodium (3 M) and mixed gently. Blood cells were removed by
321  centrifugation at 2000xg for 10 min at 4°C, and the resulting supernatant was immediately
322  aliquoted and stored at -80°C. Serum CRP, leptin, adiponectin and cholesterol levels were
323  measured with the C-Reactive Protein ELISA (Mouse CRP, Elabscience, CliniSciences S.A.S.,
324  Nanterre, France), Leptin ELISA (ASSAYPRO, CliniSciences S.A.S., Nanterre, France),
325  Adiponectin ELISA (mouse Adiponectin, EZMADP-60K, EMD Millipore Corporation,
326  Darmsbalt, Germany) and Cholesterol Assay (Abcam, Paris, France) kits, respectively. All

327  measurements were performed in accordance with the manufacturers’ instructions.

328  Glucose and insulin tolerance tests

13
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329  Mice were placed in new cages prior to starvation. For GTTs, 12-h fasted mice were injected
330 i.p.with a solution of sterile glucose (2 g/kg body weight) freshly prepared in 0.9% sterile saline.
331  For ITTs, 6-h fasted mice were injected i.p. with insulin diluted to 0.08 mU/ul in sterile saline
332  for a final delivery of 0.8 mU/g body weight. Baseline glucose measurements were analyzed
333  from tail blood before i.p. glucose or insulin injection (2 mg/g body weight) using the OneTouch
334  Vita (LifeScan, Johnson & Johnson company) system. Blood glucose measurements were

335 taken from the tail blood at the indicated points.

336 gWAT morphometry staining

337  gWAT was fixed with Antigenfix (Microm Microtech, France), embedded in paraffin, sectioned
338 and stained with a hematoxylin and eosin solution. Slides (4/group) were scanned with Axio-
339 scan, which allowed the scanning of the entire slide at high resolution. Six pictures of six
340  different areas from 1-2 sections per sample were chosen and analyzed with image analyzer
341  software (ImageJ). Total areas of adipocytes were traced manually. The total count ranged
342  from 3275 to 7052 adipocytes per condition. The mean surface area of the adipocytes was
343  calculated using image analyzer software (ImageJ). For each sample, 400-1000 adipocytes

344  were counted.
345  Estimation of adipocyte number in gWAT

346  To estimate the number of adipocytes in gWAT depots, we applied a mathematical equation
347  developed by Jo and colleagues[32], as previously described in [20]. Briefly, the number of
348  adipocytes (N) was estimated by dividing the WAT mass (M) by the density of adipocytes (D
349 =915 g/L) multiplied by the mean volume of adipocytes within the WAT (V). The mean volume
350 of adipocytes is calculated from the mean diameters of adipocytes, extracted from tissue

351 sections images. The equation is presented below:

M
352 N =

(D x%xnﬁ)

353 Computed tomography of mice
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354  Anesthetized animals were placed in a SkyScan uCT-1178 X-ray tomograph (Bruker) and
355 analyzed as previously described[33]. Mice were scanned using the following parameters: 104
356 um pixel size, 49 kV, 0.5-mm-thick aluminum filter and a rotation step of 0.9°. 3D
357  reconstructions and analysis of whole abdominal fat were performed using NRecon and CTAn

358  software (Skyscan), respectively, between thoracic 13 and sacral 4 vertebral markers.

359  Liver triglyceride Measurement

360 Frozen small piece of liver was placed in 2ml tubes with Ceramic Beads (for Precellys
361 homogenizer) and were homogenized in Sodium Acetate (0.2M, pH4.5) using the Precellys
362 homogenizer. After centrifugation, the supernatant was stored at -80°C. The TG in
363 homogenates was measured according to the reagent kit instruction (Triglycerides FS - DiaSys

364  Diagnostic Systems GmbH, Holzheim, Germany).

365  Histological liver examination

366  The livers were prepared and fixed in 4% paraformaldehyde, embedded in paraffin, cutinto 5-
367  um-thick slices, stained with haematoxylin and eosin (H&E), mounted with neutral resins and
368 then scanned with Axio-scan, which allowed the scanning of the entire slide at high resolution.
369 Liver histology was blindly evaluated by two independent analysts using a semiquantitative
370  scale adapted from previously validated procedures [34]. To that end, images from three
371  different fields in each section were collected at 20x magnification and numbers of normal
372  hepatocytes, microvesicular and macrovesicular steatosis and degenerating hepatocytes was

373 assessed.

374 Sperm collection
375  Sperm were collected from the epididymis by squeezing. The cell suspension was centrifuged
376 at 1000 rpm for 5 min, and the supernatant containing the spermatozoa was centrifuged at

377 3000 rpm for 15 min. To reduce contamination of somatic cells, the pellet was submitted to
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378  hypotonic shock by resuspension in water (250 pl), followed by the addition of 15 ml of PBS.

379  The suspension was finally centrifuged at 3000 rpm for 15 min.

380  Quantitative RT-PCR

381 Total RNA from epididymal adipose tissues was extracted using TRIzol reagent (Life
382  Technologies, France) according to the manufacturer’s instructions. Total RNA (0.5 pg) was
383  reverse transcribed with mouse myeloblastosis virus reverse transcriptase (Promega) under
384  standard conditions using hexanucleotide random primers according to the manufacturer’s
385 instructions. cDNA was amplified by PCR with specific primers. Real-time PCR was performed
386 on the Light Cycler Instrument (Roche Diagnostics) using the Platinum SYBR Green kit
387  (Invitrogen). Specific primers for mouse leptin and 2 mouse housekeeping genes used for
388  normalization (f-actin and 34B4 mouse genes) were purchased from Sigma (Sigma, France).
389  We used primers for Leptin (forward, AAC CTG GAA ATG CTC TGG CTGT, reverse, ACT
390 CGCTGT GAATGG CCT GAA A), 36B4F (forward, TCC AGG CTT TGG GCA TCA, reverse,
391 CTT TAT CAG CTG CAC ATC ACT CAG A), and p-actin (forward, CTA AGG CCA ACC GTG

392 AAA AG; reverse, CCT GCT TCA CCA CCT TCT TG).

393  RNA preparation and microinjection

394  Frozen sperm were stored at -80°C. RNA was then extracted by the TRIzol procedure
395  (Invitrogen). The same preparations of sperm RNAs were used for microinjection and small
396 RNA sequencing. RNA preparations were verified by spectrometry on an Agilent Bioanalyzer
397 2100 apparatus. Microinjection into fertilized eggs was performed as described in [25]. RNA
398  solutions were adjusted to a concentration of 1-2 ug/ml, and 1-2 pl were microinjected into the

399  pronucleus of C57BL/6 fertilized mouse oocytes.

400 Library preparation and sequencing
401  Total RNA was isolated from gonadal adipose tissue (EWAT; n =9) samples using the Ambion
402 RiboPure (Thermo Fisher Scientific). RNA was quantified in a Nanodrop ND-1000

403 spectrophotometer and RNA purity and integrity was checked by using a Bioanalyzer-2100
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404  equipment (Agilent Technologies, INC., Santa Clara, CA). Libraries were prepared using the
405 TruSeq RNA Sample Preparation Kit (llumina Inc., CA) and were paired-end sequenced (2 x
406  75bp), by using the TruSeq SBS Kit v3-HS (lllumina Inc., CA), in a HiSeq 2000 platform

407  (lllumina Inc., CA). More than 30 M PE reads were obtained for all samples.

408 Transcriptomics analysis (RNA-sequencing analysis)

409 Raw sequence files were subjected to quality control analysis using FastQC. In order to avoid
410 low quality data, adapters were removed by Cutadapt and lower quality bases were trimmed
411 by trimmomatic [35]. The quality-checked reads processed were mapped to the mouse
412  reference genome GRCm38/mm10 using STAR [36]. Reads abundance was evaluated for
413  each gene followed by annotation versus mouse GTF by using the feature Counts function.
414  The R package Edger was used in order to normalize the reads and to identify differentially
415 expressed (DE) genes [37]. Genes with FDR < 0.05 after correcting for multiple testing were
416 classified as DE [38]. The pheatmap and VolcanoPlot functions (R packages) were used to
417  graphically represent the expression levels (log2FC) and significance of DE genes among
418 treatments. These experiments have been deposited in the GEO Database with accession
419 number (GSE148972) and a review access token (ovwzywcgnpublor).

420  Small RNA-sequencing analysis: Analysis of differential expression

421  The experiment was carried out in triplicate. RNA libraries were prepared starting from 50-100
422  ng of total RNA from individual mice (n=3 per group, 3 groups in total) and constructed using
423 the lllumina TruSeq Stranded Small RNA Sequencing kit (lllumina) according to the
424  manufacturer’s instructions. Sequencing was performed at the IPMC platform (Sophia-
425  Antipolis, France) using the HiSeq 2500 (lllumina).

426 Read quality was assessed using FastQC and trimmed, against known common Illumina
427  adapter/primer sequences, using trimmomatic. The SmallRNAs IPMC pipeline with lllumina
428 adaptor trimming was used, read sizes < 15 b were discarded. Reads kept were mapped to
429  the mouse genome GRCm38/mm10 by using bowtie2 (--local --very-sensitive-local -k 24).

430 Reads abundance was evaluated for each gene followed by annotation versus gff mirbase
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431 v21, ensembl ncrna rel73, tRNAs and piRNA clusters from piRNAclusterDB. Normalization of
432 reads abundance and differential expression analysis was performed by using DESeq R
433  package. The baseMean for each gene, the maximum of mean counts among all conditions,
434  was at least 50 counts. NGS experiments have been deposited in the GEO Database with

435 accession number (GSE138989).

436  Statistics and reproducibility

437  Statistical analyses were performed using the Kruskal-Wallis test followed by the two-stage
438  step-up method of Benjamini, Krieger and Yekuteil for multiple comparisons of body weight,
439  body composition, cholesterol, and leptin levels, as well as leptin mMRNA expression and AUC-
440 GTT and AUC-ITT betweenthe WD cohorts, F1-, F2-, and F3-progenies and RNA-
441  microinjected progenies.

442  To measure the linear relationship between two variables, we used Spearman’s correlation
443  coefficient. All statistical analyses were performed with Prism 7 for Mac OS X software
444  (GraphPad software, Inc.). Data are presented as the median + SD. A p value of <0.05 was
445  considered statistically significant.

446  Sample size and replicates are indicated in the figure legends. The WD cohort and WD
447  progenies were repeated twice.
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615 Table 1. Evolution of serum biomarker parameters in different WD groups

Parameters Control WD1 WD2 WD3 WD4 WD5

n=6 n=4 n=5 n=7 n=7 n=7
Adiponectin (ug/ml)  44.31+10 51.16£20 37.30+9 40.25+15 3542+698 43.90+11
Leptin (ug/ml) 6.4+1.6 11.1+4.5 9.2+3.9 15.8.55+9.75  19.9+9.98**$  17+19.8**$
CRP (ng/ml) 3896+1223 56941585 5787+459 7723+2050** 5813+1840* 6567+1036**
Total cholesterol 0.940.2 1.5+0.4** 1.33+0.39 1.8+0.2* 1.8+0.3***$ 1.4+0.33***$
(mg/dl)

616  Values are expressed as the mean + SD. Kruskal-Wallis test, a rank-based nonparametric test
617 for multiple comparisons, two-stage linear step-up procedure of Benjamin, Krieger and
618  Yekutieli was used to calculate the p value. Numbers are in bold if p<0.05. $ denoted the WD
619 groups whose median was significantly different from that of the WD2 group. *p<0.05,
620 **p<0.01.

621

622  Figure Legends

623 Fig 1. Five consecutive paternal generations of WD feeding exacerbate the WD-induced
624 overweight phenotype.

625 (A) Study design for the maintenance of WD feeding for 5 consecutive generations through
626 the paternal lineage. Male mice were randomized to receive either a control diet (CD; 5% of
627  energy from fat) or a high-fat diet (WD1; 45% of energy from fat) for 3 months before being
628 mated with CD-fed females to generate WD2 offspring. Five independent WD2 males fed a
629 WD for 3 months were mated with CD-fed females to generate WDS3 offspring. The same
630 procedure was repeated twice to generate the WD4 and WD5 offspring. (B) Box-whiskers (min-
631 max) of the median total body weight of the different male WD cohorts (n=8 mice per group).
632 (C) Box-whiskers (min-max) of the median perigonadal white adipose tissue (QWAT) weight
633 relative to total body weight in the different WD cohorts. (D) H&E staining of gWAT sections
634  (scale bar: 200 um) in representative CD, WD1, WD4 and WD5 males. (E) Box-whiskers (min-
635 max) of the median surface area (umz) of the adipocytes, which was calculated using Image
636  Analyzer software (ImageJ). The total count ranged from 3275 to 7052 cells per condition (n>4

637  mice per group). (F) Box-whiskers (min-max) of the number of adipocytes which was estimated
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638 using the mathematical equation developed by Jo et al.[32], as previously described in [20]. g,
639 Table showing the differentially expressed genes (DEGs) in WD1 and WD5 perigonadal white
640 adipose tissue. (H) Heatmap diagrams of DEGs (p<0.01 log2FC=|0.6]) in both WD1 and WD5
641 perigonadal white adipose tissue compared to expression in the CD gWAT tissue cohort.
642  Negative log-ratios (log fold change) are shown in green, while positive log-ratios are shown
643 in red. Genes that are differentially expressed in both WD1 and WD5 are deregulated in the
644  same way (n=3 mice/group).

645  *p<0.05, **p<0.01, ***p<0.001 (the Kruskal-Wallis test, a rank-based nonparametric test for
646  multiple comparisons, two-stage linear step-up procedure of Benjamin, Krieger and Yekutieli
647 was used to calculate the adjusted p value). § denotes the WD groups whose median was

648  significantly different from that of the WD1 cohort.

649 Fig 2. Five consecutive paternal generations of WD feeding exacerbate WD-induced
650 overweight pathologies.

651 (A-B) Evolution of glucose parameters in male mice fed a WD for five successive generations.
652  Blood glucose and insulin tolerance tests were performed on 16-week-old males (n=6). Plasma
653  glucose [inserted box-whiskers (min-max) of the median area under the curve (AUC) and
654  above baseline for glucose from time point 0 to 120; glucose tolerance test] (A) [inserted box-
655  whiskers (min-max) of the median AUC and above baseline for glucose from time point 0 to
656  100; insulin tolerance test] (B). Glucose tolerance and insulin tolerance tests were conducted
657 in the morning in overnight-fasted mice. ¢ Box-whiskers (min-max) of the median liver weight
658 relative to total body weight in the different WD cohorts (n=8 mice per group). (D) Liver
659 triglyceride contents in the CD, WD1 and WD5 groups (n=6). (E) Percentage of normal
660 hepatocytes (black boxes), hepatocytes with microvesicular steatosis (gray boxes) and
661 hepatocytes with macrovesicular steatosis (pink boxes) in CD, WD1 and WDS5 livers (n26). (F)
662 H&E staining of liver sections (scale bar: 250 um) from representative CD, WD1 and WD5

663 males.

24


https://doi.org/10.1101/2020.05.19.104075

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.19.104075; this version posted May 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

664  *p<0.05, **p<0.01, ***p<0.001 (the Kruskal-Wallis test, a rank-based nonparametric test for
665  multiple comparisons, two-stage linear step-up procedure of Benjamin, Krieger and Yekutieli
666 was used to calculate the adjusted p value). § denotes the WD groups whose median was

667  significantly different from that of the WD1 cohort.

668 Fig 3. Maintenance of the overweight phenotype after 4 generations on the CD in the
669 progenies generated from WD5-fed males.

670 (A) Study design for the inheritance of WD-induced metabolic alterations in WD1- and WD5-
671 fed animals. Five WD1 and five WD5 male mice from different littermates fed the control diet
672 (CD) were mated with CD-fed females to generate F2-WD1 and F2-WD5 offspring,
673  respectively. Each offspring was fed the CD. This crossing scheme was repeated twice to
674  obtain the F3-, F4-WD1 and F3-, F4-WD5 offspring. The number of mice is indicated. Box-
675  whiskers (min-max) of the median total body weights of 18-week-old males (B, D) and females
676  (F, H) of progenies from WD-fed animals. Box-whiskers (min-max) of the median gWAT of
677 males (C, E) and females (G, I) of progenies from WD-fed animals.

678  Gray rectangles represent the male and female progenies from WD1-fed animals. Blue and
679 red dots represent the male and female cohorts, respectively, of progenies from WD5-fed
680 animals.

681  *p<0.05, **p<0.01, ***p<0.001 (the Kruskal-Wallis test, a rank-based nonparametric test for
682  multiple comparisons, two-stage linear step-up procedure of Benjamin, Krieger and Yekutieli

683  was used to calculate the adjusted p value).

684  Fig 4. Zygotic microinjection of sperm total RNA from either WD1 or WD5 males induces
685 metabolic alterations in the F1 and F2 CD-fed progenies that are not maintained in the
686 F3 and F4 CD-fed progenies.

687  (A) Study design for the inheritance of metabolic alterations induced after the microinjection of
688  sperm total RNA from CD-, WD1- or WD5-fed males into C57BL/6J zygotes. Five F1 CD-fed
689 males from each set of RNA microinjections were mated with CD-fed females to generate F2-

690 RNA offspring. Each offspring was fed a control diet. This crossing scheme was repeated twice
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691 to obtain the F3-RNA offspring and then the F4-RNA offspring. (B) Box-whiskers (min-max) of
692  the median total body weight of the F1-, F2-, F3-, and F4-RNA male progenies (n=8 mice per
693  group). (C) Box-whiskers (min-max) of the median gWAT weight relative to total body weight
694  in the different RNA progenies. The evolution of glucose parameters in male mice from RNA-
695 injected progenies. (D) Box-whiskers (min-max) of the median AUC-GTT of each cohort. (E)
696 Box-whiskers (min-max) of the median AUC-ITT of each group. (F) Bivariate correlation
697  between the body weight of the F2-RNA-CD, F2-RNA-WD1 and F2-RNA-WD5 progenies and
698 the AUC-GTT (n=38). This correlation was similar using parametric (Pearson, r=0.4, p=0.01)
699  or nonparametric (Spearman, r=0.4, p=0.01) correlations.

700  *p<0.05, **p<0.01, ***p<0.001 (the Kruskal-Wallis test, a rank-based nonparametric test for
701  multiple comparisons, two-stage linear step-up procedure of Benjamin, Krieger and Yekutieli
702  was used to calculate the adjusted p value). § denotes the WD groups whose median was

703  significantly different from that of the WD1 group.

704  S1 Fig. Exacerbation of the overweight phenotype upon continuous paternal WD
705 feeding for multiple generations.

706  (A) Evolution of total body weight at 12 and 18 weeks over WD-fed generations (n=215). (B)
707  Positive linear correlation between gWAT and total body weight. Statistically significant
708  positive linear correlation between gWAT and plasma leptin concentration (C), between gWAT
709 and plasma total cholesterol (D), between gWAT and plasma CRP concentration (E) and
710 between plasma leptin concentration and gWAT leptin mRNA (F). (G) There was no
711  statistically significant linear correlation between epididymal fat mass and AUC-GTT. (H)
712  Principal component analysis (PCA) analysis of fasting blood glucose, total body weight,
713  epididymal fat mass and kCal in the different WD cohorts visualizing the pattern of WD males

714  depending on the number of WD-fed ancestors.

715 S2 Fig. Long-term epigenetic inheritance of a “healthy” overweight phenotype in CD-

716 fed progenies from WD5 males.
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717  Box-whiskers (min-max) of the median total body weight of the male (A) and female (C) F1-,
718  F2-, F3-WD progenies (n=8 mice per group). Box-whiskers (min-max) of the median gonadal
719  fat mass (QWAT) weight relative to total body weight in the male (B) and female (D) F1-, F2-,
720  F3-WD progenies (n=8 mice per group). The evolution of glucose parameters in CD-fed male
721  (E, F)andfemale (G, H) WD progenies. Above the glucose tolerance curves are representative
722  corresponding box-whiskers (min-max) of the median AUC-GTT of each group (E, G). Above
723  the insulin tolerance curves are representative corresponding box-whiskers (min-max) of the
724  median AUC-ITT of each cohort (F, H) measured in each WD cohort.

725  *p<0.05, **p<0.01, ***p<0.001 (The Kruskal-Wallis test, a rank-based nonparametric test for
726  multiple comparisons, two-stage linear step-up procedure of Benjamin, Krieger and Yekutieli
727  was used to calculate the adjusted p value). § denotes the WD5 progeny whose median was

728  significantly different from that of the WD1 corresponding progeny.

729  S3 Fig. No liver alteration was observed in the CD-fed progenies from WD1 and WD5
730  males.

731  (A) Liver triglyceride contents in CD, WD1 and WD5 CD-fed progenies. (B) H&E staining of
732 liver sections (scale bar: 250 um) in representative F1, F2, and F3 CD-fed progenies of CD,
733  WD1 and WD5 males.

734  S4 Fig. Small RNA-seq analysis of WD1 and WD5 male sperm

735 (A) Representative bioanalyzer profiles of CD, WD1 and WD5 sperm total RNAs. (B) The
736  normalized small RNA levels from the CD (blue spots), WD1 (red spots) and WD5 (green
737  spots) sperm were analyzed by PCA. One WD5 fell outside the PCA cluster and was arbitrarily
738 removed for differential expression analysis. (C) Venn diagram of small RNA sequences
739 differentially expressed in WD1 and WD5 sperm. The numbers of small RNAs that are unique
740  for each WD1 and WD5 male are shown in each circle. The numbers of genes in overlapping
741  (common) are indicated at the intersections of the sets in the Venn diagram (Padjvaiue<0.05
742  Log2FCz|0.6|). Heatmap diagrams of microRNAs (D) or piRNAs, tRNA fragments, and other

743  small RNAs (E) differentially expressed (Padjvaue<0.05 Log2FC=|0.6]) in both WD1 and WD5
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sperm compared to their expression in the CD sperm cohort. The color green indicates a
negative deregulation, whereas red shows a positive deregulation.

CD, chow diet; WD1, male fed a WD for one generation; WD5, male fed a WD for 5 successive
generations.

S5 Fig. No liver alteration was observed in the CD-fed progenies from RNA-WD1 and
RNA-WD5 males.

(A) Liver triglyceride contents in F1, F2, and F3 progenies of CD-RNA-, WD1-RNA- and WD5-
RNA-injected groups. (B) H&E staining of liver sections (scale bar: 250 um) in representative

F1, F2 and F3 CD-fed progenies of CD-RNA-, WD1-RNA- and WD5-RNA-injected groups.
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