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High-fat diet reprograms the epigenome of rat
spermatozoa and transgenerationally affects
metabolism of the offspring
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Morten Rasmussen 1, Ida Donkin 1, Rasmus Sjögren 3, Jonathan M. Mudry 3, Laurène Vetterli 3,
Shashank Gupta 4, Anna Krook 2, Juleen R. Zierath 1,2,3, Romain Barrès 1,*
ABSTRACT

Objectives: Chronic and high consumption of fat constitutes an environmental stress that leads to metabolic diseases. We hypothesized that
high-fat diet (HFD) transgenerationally remodels the epigenome of spermatozoa and metabolism of the offspring.
Methods: F0-male rats fed either HFD or chow diet for 12 weeks were mated with chow-fed dams to generate F1 and F2 offspring. Motile
spermatozoa were isolated from F0 and F1 breeders to determine DNA methylation and small non-coding RNA (sncRNA) expression pattern by
deep sequencing.
Results: Newborn offspring of HFD-fed fathers had reduced body weight and pancreatic beta-cell mass. Adult female, but not male, offspring of
HFD-fed fathers were glucose intolerant and resistant to HFD-induced weight gain. This phenotype was perpetuated in the F2 progeny, indicating
transgenerational epigenetic inheritance. The epigenome of spermatozoa from HFD-fed F0 and their F1 male offspring showed common DNA
methylation and small non-coding RNA expression signatures. Altered expression of sperm miRNA let-7c was passed down to metabolic tissues
of the offspring, inducing a transcriptomic shift of the let-7c predicted targets.
Conclusion: Our results provide insight into mechanisms by which HFD transgenerationally reprograms the epigenome of sperm cells, thereby
affecting metabolic tissues of offspring throughout two generations.
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1. INTRODUCTION

Obesity is a metabolic disorder caused by a chronic imbalance be-
tween energy intake and expenditure that increases the risk of
developing type 2 diabetes, cardiovascular disease and malignancies.
Epidemiological data showing that children of obese parents are at
higher risk of developing metabolic disease later in life support the
notion that a heritable component contributes to obesity and obesity-
related traits [1]. Several lines of evidence reveal that the nutritional
status of the parents can affect the metabolic phenotype of the
offspring [2e4]. Although cultural factors could be involved in this
phenomenon in humans, animal studies support the notion that
gametes of obese parents contain an environmentally-induced mes-
sage that influences glucose and energy metabolism.
Epigenetic inheritance describes transmission of a phenotype from one
generation to the next that is not carried by the DNA code itself. By
modulating the early stages of embryonic development, epigenetic
information contained in the gamete has the potential to alter the
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phenotype of an offspring after birth [5,6]. Epigenetic modifications
such as DNA methylation and hydroxymethylation, histone modifica-
tions and non-coding RNA expression modulate the access of the
transcription machinery to the chromatin, the repression of trans-
posable elements or the regulation of mRNA targets, thereby regulating
gene expression in time and space [7]. Most of the epigenetic marks
are erased upon gametogenesis and fertilization to allow for de novo
programming of the embryo, but specific epigenetic marks escape
reprogramming and are potential carriers of environmentally-induced
information to program phenotypes from one generation to the next.
Animal models of paternal epigenetic inheritance have been used to
investigate the possible transfer of epigenetic information from one
generation to next in order to exclude any confounding influence of
gestational effects on somatic tissues during embryological develop-
ment. Using these types of models, the nutritional status of the father
has been reported to impair metabolism in the offspring, which
strongly implicates that the spermatozoa carry information that is
influenced by dietary factors [2,8,9]. However the nature and influence
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of the gametic epigenetic signature on metabolic features such as
glucose metabolism and the predisposition towards developing obesity
is unknown.
Here, we determined how paternal diet affected the epigenetic
signature of spermatozoa and the metabolic function of the offspring
over two generations. We provide evidence that a paternal high-fat diet
induces a robust, sex specific disturbance in glucose metabolism and
energy homeostasis within two following generations. We identified
common altered DNA methylation signatures and small non-coding
RNA expression profiles in the spermatozoa from F0 and F1 males,
providing a mechanism for the propagation of metabolic dysfunction to
the next generation. The predicted pathways affected by these
epigenetic marks were perturbed in metabolic tissues of the offspring.
Our results support the existence of transgenerational reprogramming
of the gametic epigenome and inheritance of diet-induced metabolic
dysfunction throughout two generations.

2. MATERIAL AND METHODS

2.1. Animal care
Male and female SpragueeDawley founder rats were obtained from
Charles River Laboratories (Germany). At 4 weeks of age, F0 male
breeders were fed either with a high-fat diet (HFD; TD.88137/
TD.08811, 42/45% energy from fat, Harlan Laboratories, USA) or a
control chow diet (R36-Lab For Lactamin, Sweden) for 12 weeks
(Figure 1A). Water and food were provided ad libitum.
To obtain the F1 offspring, one F0 male breeder was housed together
with a 12 week-old female rat, with free access to chow diet from 7:00
to 18:00, for 8 consecutive days. Male F0 breeders returned to their
respective cages with the original diet, while F0 female rats consumed
only chow diet throughout mating, gestation and lactation. To assure
that there were no differences between female breeders, body and
tissue weight, as well as blood glucose levels were evaluated
(Table T2). To control for postnatal nutrition, litter sizes were stan-
dardized to 12 pups at day-1 after birth. At day-3, all pups were
weighed and at day-5 litter sizes were reduced to 8 pups (4 males and
4 females). The pups were weaned from mothers at 21 days of age,
and male or female siblings were housed together and fed a chow diet.
At week 10 of age, one of the F1 siblings was subjected to a HFD for 12
weeks, and another sibling was kept on chow diet (control group)
(Figure 1A).
To generate F2 offspring, only chow-fed F1 male rats were mated with
12 week-old females from an independent line. During mating, one F1
male was housed with one female for 10 consecutive days. Exactly as
for F1, the F2 offspring litter size was measured and pups were
weaned to a chow diet at 21 days of age. At week 10, a subgroup of
the F2 offspring was also subjected to a HFD treatment for 12 weeks
(Figure 1A). Body weight and food intake of F0 male breeders and F1
and F2 offspring were monitored weekly by collecting and weighing
offered and remaining food.
All the rats were maintained under a temperature-controlled envi-
ronment and 12:12-h light:dark cycle at the animal facility at the
Department of Physiology and Pharmacology, Karolinska Institutet,
Stockholm, Sweden. All the experimental procedures were approved
by the animal ethical committee, Stockholm North, and conducted in
accordance with regulations for protection of laboratory animals. All
the experiments were repeated using two independent cohorts of F0
breeders and F1 and F2 offspring. Statistical analysis related to
transgenerational effects was made considering one sibling per litter. If
more than one sibling per litter was used, the number is stated in the
figure legend.
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2.2. Intraperitoneal glucose tolerance test (ipGTT)
The ipGTT was performed in the F0 male breeders and F1 and F2
offspring after 12 weeks under the assigned diet (control or HFD). Rats
underwent an overnight fast (15 h) prior to the ipGTT. On the day of the
experiment, the animals received an intraperitoneal injection of 2 g
glucose/kg body weight. The blood collected from the tail was used to
measure glucose levels at basal (0), 15, 30, 60, 90 and 120 min after
glucose injection. Blood glucose levels were measured using Accu
Check Advantage Glucometer (Roche) and insulin levels were
measured using an ELISA kit (see details below).

2.3. Intraperitoneal insulin tolerance test (ipITT)
The ipITT was performed in the F0 male breeders after 12 weeks on
the assigned diet. On the day of the experiment, food was removed
from the cages 3 h prior to the ipITT. Insulin (Actrapid, Novo Nordisk;
1 U/kg) was administrated intraperitoneally. The blood collected from
the tail was used to measure the blood glucose levels at basal (0), 10,
30, 45, 60 and 90 min after insulin injection. A different subset of
animals underwent the glucose tolerance test or the insulin tolerance
test to avoid stress response associated to injections and blood
sampling.

2.4. Endpoint
Rats were subjected to food deprivation from 4 h prior to the termi-
nation. Animals were anesthetized with sodium pentobarbital (100 mg/
kg, ip). Blood was collected and the plasma was stored at�20 �C until
use. Tissues were harvested, snap-frozen in liquid nitrogen and stored
at �80 �C until use.

2.5. Blood analysis
Blood insulin and leptin levels were measured using the ultrasensitive
rat ELISA kits (#90060 and #90040, respectively, Crystal Chem Inc.,
USA). Blood triglycerides and free fatty acid levels were determined by
colorimetric assays (#ab65336 and #ab65341, Abcam, UK). The as-
says were performed according to manufacturer’s instructions.

2.6. Pancreas optical projection tomography (OPT)
The entire pancreas from 5 day-old F1 female offspring was fixed in
4% paraformaldehyde (PFA) for 2 h at 4 �C, followed by a subsequent
dehydration in methanol 33%, 66% and 100% for 15 min at each step.
To quench the autofluorescence, tissues were incubated for 24 h in a
methanol:DMSO:H2O2 (2:1:3) solution, followed by two washes in
methanol for 30 min. Samples were brought to �80 �C for 1 h and
brought back to room temperature 3 times to ensure that antigens in
the deeper parts of the tissue were rendered accessible. Samples were
rehydrated in Tris-Buffered Saline and Tween 20 buffer (TBST) 33%,
66% and 100% for 15 min at each step, and blocked in 10% rat serum
in TBST for 24 h. Samples were incubated for 48 h with primary insulin
antibody, followed by 48 h incubation with secondary antibody. Finally,
tissues were mounted in 1% low melting agarose and dehydrated in
100% methanol for 24 h. Samples were washed in BABB solution (1:2
Benzyle alcohol, Benzyle benzoate) for 24 h, scanned, visualized and
quantified in a stereomicroscope equipped for epifluorescence fluo-
rochrome (Alexa 488, Alexa 594, Cy 3).

2.7. Isolation of motile spermatozoa
The cauda epididymis was dissected from the anesthetized animal and
punctured in a Petri dish containing sperm isolation buffer (Earle’s
Balanced Salt Solution, 25 mM Hepes, 48.5 mM bovine serum albu-
min) pre-warmed to 37 �C. Samples were transferred to a 14 ml round
bottom tube, overlaid with isolation buffer and subjected to a swim-up
cess article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 185
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Figure 1: Body weight and b-cell mass is altered in newborn offspring of HFD-fed founders. (A) Schematic diagram of study design: F0 male SpragueeDawley rats fed a chow
(F0-CD) or high-fat diet (F0-HF) for 12 weeks were mated with control females fed a chow diet (CTL, CD) to generate the F1 offspring. Twelve week-old chow-fed F1 male rats from
F0-CD or F0-HF were mated with females from an independent line (also maintained on chow diet) to generate the F2 offspring. At 10 weeks of age, a sub-group of F1 and F2
female and male offspring was subjected to chow or high fat diet (HFD) for 12 weeks. Metabolic status of the offspring was assessed. (B) Body weight of 3-day-old F1-offspring
(n ¼ 190 and 181 from 16 litters of PatCD-CD and 14 litters of PatHF-CD, respectively). (C) Body weight of 3-day-old F2-offspring (n ¼ 52 and 71 from 5 litters of GpatCD-CD and
6 litters of GpatHF-CD, respectively). Decreased pancreatic b-cell mass in female F1-offspring from HFD-fed fathers: (D) Representative images of Optical Projection Tomography
(OPT) analysis of insulin-secreting cells in whole pancreas from 5-day-old female rats (E) quantification of OPT measures (n ¼ 4 and 5 from 4 litters of PatCD-CD and 2 litters of
PatHF-CD, respectively). Results are represented as mean � SEM. Student’s t-test: *p � 0.05: PatHF-CD vs PatCD-CD; **p � 0.05, GpatHF-CD vs GpatCD-CD. PatCD-CD:
Paternal-Chow on Chow; PatHF-CD: Paternal-HFD on Chow; GpatCD-CD: Grandpaternal-Chow on Chow; GpatHF-CD: Grandpaternal-HFD on Chow.
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assay. Samples were incubated at 37 �C at a 45-degree angle and the
supernatant was harvested after 2 h.

2.8. Extraction of RNA and DNA from sperm cells
Extraction of DNA was performed using the kit Illustra� Nucleon BACC
2 kit (#RPN8502; GE Healthcare, UK), modified for processing of
sperm, according to the manufacturer’s recommendations. Approxi-
mately 20 million motile mature sperm cells were used for RNA
extraction using TRIzol� reagent (#15596-026; Invitrogen�, USA).
RNA extraction was performed according to manufacturer’s
instructions.

2.9. Construction of sperm DNA methylation and sncRNA
sequencing libraries
For the DNA methylation analysis, DNA fragments of 300e1000 bp
obtained by sonication were enriched for methylation by Methyl
Binding Domain (MBD)-capture (MethylMiner, Invitrogen). Captured
methylated fractions were ligated to TruSeq (Illumina) sequencing
adapters, and sequenced on a HiSeq Illumina platform. Total RNA was
isolated by the TRIzol� method (Life Technologies). SncRNA
sequencing libraries were prepared using the NEBNext� Multiplex
Small RNA Library Prep Set for Illumina (New England Biolabs), ac-
cording to the manufacturer’s instructions. Molecules of 20e50 nu-
cleotides were separated by acrylamide gel electrophoresis, extracted,
and sequenced on a HiSeq Illumina instrument.

2.10. Analysis of sequencing data
Analysis was performed in R using Bioconductor packages. Pre-
processed reads of at least 15 nt were aligned to rat genome (rn4) with
Bowtie [10]. Methylated DNA peaks were called by MACS2 peakcall
[11]. Regions of differential methylation were identified using DiffBind.
Rat mature miRNAs and precursor sequences were obtained from
miRBase [12] version 20. piRNA sequences were downloaded from
piRNABank [13]. Rat tRNAs were retrieved from UCSC genome browser
[14]. tRFs were defined when more than 10% of all reads mapping to a
particular sncRNA were identical to a tRNA and the overlapping
sequence was used as a tRF. Before measuring differential expression,
lowly expressed (less than one count per million reads) or inadequately
represented (less than half of the samples) sncRNAs were excluded
from the tests. Differential sncRNA expression was calculated by
edgeR [15] with a p-value cut-off of 0.05 for miRNAs, and 0.05 or 0.01
for piRNAs and tRFs, in F0 and F1 respectively.

2.11. DNA methylation in WAT
DNA was extracted using the DNeasy blood & tissue kit (Qiagen; Hil-
den, Germany). Fragmented DNA obtained by sonication was enriched
for methylation by (MBD)-capture or used as input control for qPCR
analysis. Specific primers for each target are described
in supplementary Table T7.

2.12. Transcriptomic and correlation analysis
Total RNA from white adipose tissue was isolated using the RNeasy
Lipid Tissue kit (Qiagen). RNA quality was assured by the integrity of
ribosomal subunits and lack of degradation by the Experion Automated
Electrophoresis System (Bio-Rad Laboratories, CA, USA). Affymetrix
whole-transcript expression analysis (GeneChip Rat Gene 1.1 ST) was
used to measure transcripts differentially expressed between chow-
and HFD-fed F2 females from F0-CD and F0-HF fathers (n ¼ 6e7 per
group; 1 sibling per litter). Analysis were performed at the Bioinfor-
matics and Expression Analysis core facility (BEA) at Karolinska Insti-
tutet, Huddinge, Sweden, Data were normalized using the expression
MOLECULAR METABOLISM 5 (2016) 184e197� 2015TheAuthors. Publishedby ElsevierGmbH. This is anopen ac
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console plier method, followed by two-way ANOVA statistical analysis
(p-values were corrected with the Benjamini and Hochberg method).
Correlation analysis of predicted rat let-7c target genes found to be
expressed in the gene array data was performed using R Project for
statistical computing analysis. Gene ontology analysis of the genes
inversely correlated with let-7c expression was performed using DAVID
bioinformatics resources [16] (BeH corrected p-values were set to
p < 0.06).

2.13. Quantitative real-time PCR
Total RNA from sperm, liver, EDL and gonadal white adipose tissue
was isolated using TRIzol� reagent according to manufacturer’s rec-
ommendations. For the miRNA expression analysis, cDNA was pre-
pared using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, CA, USA), followed by a real-time PCR reaction using a
pool of target-specific TaqMan probes (Table T7; Applied Biosystems).
For the gene expression analysis, cDNA was prepared using High
Capacity cDNA Reverse Transcription Kit with random primers, fol-
lowed by real-time PCR reaction using TaqMan Fast Universal PCR
reagents and TaqMan target-specific probe assays (Applied Bio-
systems) (Table T7). All reactions were performed in duplicates and
measured by Applied Biosystems StepOnePlus Real-Time PCR
Systems.

2.14. Protein expression analysis
White adipose was homogenized in ice-cold buffer (10% glycerol,
5 mM sodium pyrophosphate, 137 mM NaCl, 2.7 mM KCl, 1 mM
MgCl2, 20 mM Tris (pH 7.8), 1% Triton X-100, 10 mM sodium fluoride,
1 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride, 1 mg/ml aprotinin,
1 mg/ml leupeptin, 0.5 mM sodium vanadate, 1 mM benzamidine,
1 mM microcystin). The floating fatty layer was removed after centri-
fugation (12,000 g for 10 min) at 4 �C, and homogenates rotated end-
over-end for 1 h at 4 �C. After centrifugation, protein abundance was
measured in the supernatant (Pierce, Thermo Fisher Scientific Inc.). An
equal amount of protein (25 mg) was separated by SDS-PAGE using
Criterion XT Precast gels (Bio-Rad, Hercules, CA) and transferred to
polyvinylidene difluoride membrane (PVDF) (Immobilon-P; Millipore,
Billerica, MA). Protein content was determined using the following
antibodies: AKT2 (#3063), IRS2 (#3089) and IR-b (#3025) from Cell
Signaling Technology (Massachusetts, USA), and Caspase 9 (#ab2325)
from Abcam (Cambridge, UK). Ponceau staining of the PVDF mem-
branes was used for normalization and loading control.

3. RESULTS

3.1. Paternal chronic high-fat diet consumption transgenerationally
reprograms body weight and glucose metabolism of the offspring
To identify gametic epigenetic signatures, we used an experimental
design based on a rodent model of paternal inheritance of metabolic
dysfunction [9,17]. Male rats fed a HFD for 12 weeks (F0-HF) and
exhibiting increased body weight and impaired glucose tolerance
(Figure S1 and Table T1) were mated to chow-fed (control) dams
(Table T2). A control group was maintained on chow diet before and
during breeding (F0-CD). The metabolic phenotype of the offspring was
characterized (study design depicted in Figure 1A). F1-offspring from
founders fed a HFD (PatHF-CD) had decreased body weight at 3 days of
age compared to F1-offspring from control rats (PatCD-CD) (Figure 1B).
This phenotype was not associated with any change in litter size (data
not shown), suggesting that the decreased body weight was not
caused by nutritional competition in utero. A similar phenotype was
observed in the F2 generation, where F2-offspring (GpatHF-CD) of F0
cess article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 187
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Original article
grandfathers fed a HFD showed reduced birth-weight compared to F2-
offspring from control grandfathers (GpatCD-CD) (Figure 1C), indicating
a transgenerational effect. As supported by previous observations
using a similar model [9], we found beta-cell mass was decreased in
F1 females from F0-HF fathers compared to controls, as revealed by
optical tomography measurements of insulin-secreting cells in 5-day-
old rats (Figure 1D,E).
In adult life, F1 and F2 offspring were separated into two groups, one
fed with HFD and another fed with control diet, for 12 weeks to assess
the response to a metabolic challenge. Area under the curve for
glucose levels during the glucose tolerance test was greater in both F1
and F2 offspring fed a HFD when compared offspring fed chow (F1:
p < 0.0001 and F2: p < 0.001; data not shown). On control diet, F1
PatHF-CD and F2 GpatHF-CD females were moderately less glucose
tolerant compared to offspring from control F0-CD rats (Figure 2A,D
and Tables T3 and T4). Strikingly, when subjected to a HFD, F1 PatHF-
HF and F2 GpatHF-HF females were strongly resistant to HFD-induced
weight gain when compared to respective controls (Figure 2C, F),
Figure 2: Impaired glucose tolerance and reduced body weight gain in response to HFD p
weeks of high fat feeding; blood (A) glucose and (B) insulin during an intraperitoneal gluc
curve (n ¼ 14e22 animals from 14 to 17 litters; used more than 1 sibling per litter). (DeF
glucose and (E) insulin during an ipGTT (n ¼ 5e6 litters; 1 sibling per litter) and (F) body
litter). Results are represented as mean � SEM. Two-way ANOVA followed by Bonferr
¤p � 0.05: PatHF-CD vs PatCD-CD or GpatHF-CD vs GpatCD-CD; #p � 0.05: PatHF-H
GpatHF-HF vs GpatCD-HF. PatCD-CD: Paternal-Chow on Chow; PatHF-CD: Paternal-HFD on
Grandpaternal-Chow on Chow; GpatHF-CD: Grandpaternal-HFD on Chow; GpatCD-HF: Gra
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despite similar energy intake (data not shown). When fed with a HFD,
F1 and F2 females from F0-HF had a 12e22% decrease in fat mass as
compared to female offspring from F0-CD (Tables T3 and T4). How-
ever, only F2 females from F0-HF showed further impairments in
glucose tolerance in response to HFD (Figure 2D,E), suggesting
resistance to HFD-induced weight gain is not a causative factor for
glucose intolerance in this model. Glucose intolerance was not asso-
ciated with altered plasma insulin levels in F1 female rats (Figure 2B),
while F2-females from grandfathers fed a HFD showed decreased
insulin levels (Figure 2E).
In contrast, in F2 but not F1 male rats fed a chow diet, insulin levels
were increased during the glucose tolerance test (Figure S2E). Also, F1
and F2 male offspring of F0-HF rats challenged with a HFD did not
show major phenotypic differences as compared to respective controls
(Figure S2 and Tables T5 and T6), suggesting transgenerational re-
sponses are sex-specific. Collectively, our results show that paternal
high fat feeding is a strong inducer of transgenerational metabolic
effects, mainly in female offspring.
ersists into two generations. (AeC) Metabolic profiling of F1 female offspring after 12
ose tolerance test (ipGTT) (n ¼ 9e11 animals; 1 sibling per litter) and (C) body weight
) Metabolic profiling of F2 female offspring after 12 weeks of high fat feeding: Blood (D)
weight curve (n ¼ 10e13 animals from 5 to 6 litters; used more than one sibling per
oni post-hoc test: *p � 0.05: PatCD-HF vs PatCD-CD or GpatCD-HF vs GpatCD-CD;
F vs PatHF-CD or GpatHF-HF vs GpatHF-CD; þp � 0.05: PatHF-HF vs PatCD-HF or
Chow; PatCD-HF: Paternal-Chow on HFD; PatHF-HF: Paternal-HFD on HFD; GpatCD-CD:
ndpaternal-Chow on HFD; GpatHF-HF: Grandpaternal-HFD on HFD.
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Figure 3: High-fat diet alters the DNA methylation signature of spermatozoa. (A) Main biological functions obtained by DAVID ontology analysis of genes commonly differentially
methylated in the sperm of F0 (HF vs CD) and F1 (PatHF-HF vs PatCD-HF). Bars represent the number of genes involved in each of the functional clusters that were differentially
methylated and black dots indicate p-values. Total is the total number of genes near or overlapping with common differentially methylated regions. (B) Differentially methylated
regions common in sperm of F0 and F1 indicates a direct gametic transgenerational reprogramming. Data are represented as log2 of the fold change in F0 (HF vs CD) or F1 (PatHF-
CD vs PatCD-CD) founders. (C) Representative figure of genomic views of differentially methylated regions near transcription start sites (�/þ1000 bp relative to the TSS) in sperm
from F0-HF and PatHF-CD as compared to their respective controls. Data is represented as elog10(p value) of methylation signal and was generated using MACS2 bdgcmp with
the ‘-m ppois’ parameter set (F0, n ¼ 7 per group; F1-Chow, n ¼ 8e11 litters; F1-HFD, 5e7 litters). F0-CD: F0 on chow diet; F0-HF: F0 on HFD; PatCD-CD: Paternal-Chow on
Chow; PatHF-CD: Paternal-HFD on Chow; PatCD-HF: Paternal-Chow on HFD; PatHF-HF: Paternal-HFD on HFD.
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Figure 4: Small non-coding RNA expression in sperm of F0 and F1 rats shows transgenerational programming. (A) sncRNA molecules differentially expressed in sperm of high fat
diet fed F0 founders (F0-HF vs F0-CD) and their F1 offspring (PatHF-CD vs PatCD-CD). Effect of HFD and/or paternal-HFD on the expression of (B) miRNAs in sperm of F0 and F1
rats and (C) tRNA fragments (tRF). F0: n ¼ 8e10 and F1: n ¼ 7e12. Y-axis represents normalized counts per total number of reads of each specific sncRNA category (counts per
million). Values are represented as mean � SEM. F0-CD: F0 on chow diet; F0-HF: F0 on HFD; PatCD-CD: Paternal-Chow on Chow; PatHF-CD: Paternal-HFD on Chow; PatCD-HF:
Paternal-Chow on HFD; PatHF-HF: Paternal-HFD on HFD.

Original article
3.2. High-fat diet reprograms the DNA methylation profile of
spermatozoa
Spermatozoa from F0 and F1 males were collected from the cauda
epididymis and purified using a swim-up assay [18]. In the ultra-pure
fraction of motile spermatozoa, we first investigated the DNA
190 MOLECULAR METABOLISM 5 (2016) 184e197� 2015TheAuthors. Published by Elsevier GmbH.
methylation profile using methylated DNA capture followed by deep
sequencing (MBD-Seq). We found numerous differentially methylated
regions (DMR) in the spermatozoa of F0 and F1 rats fed a HFD as
compared with spermatozoa from rats fed a control diet (Supplemental
file SF1). Thus, HFD directly alters gametic DNA methylation. We
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identified that 92 genes related to the DMRs were commonly regulated
by HFD in both F0 and F1 spermatozoa (Figure 3A and Supplemental
file SF1). Gene ontology analysis of the nearest genes of the common
DMRs showed enrichment of genes involved in cellular localization,
transport, and metabolic processes (Figure 3A).
To identify potential DNA methylation marks associated with trans-
generational effects, we next compared the DNA methylation profile of
the spermatozoa from F0 founders and their F1 offspring on control
diet. We identified 18 regions that were differentially methylated in
both F0-HF and their F1 (PatHF-CD) offspring in comparison to the
respective controls (Figure 3B and supplemental file SF1). For
instance, we identified DMRs located at proximity to the transcription
start site of Slc3a2 (solute carrier family 3 (amino acid transporter
heavy chain), member 2), Tbrg4 (transforming growth factor beta
regulator 4) andMfsd7 (major facilitator superfamily domain containing
7) (Figure 3C). We found Slc3a2 and Tbrg4 were hypermethylated,
while Mfsd7 was hypomethylated in the sperm of F0-HF and F1 PatHF-
CD when compared to their controls.
Transcriptomic analysis of liver, Extensor Digitorum Longus (EDL)
muscle and white adipose tissue (WAT), corresponding to the nearest
genes of the 18 sperm DMRs common to F0-HF and their F1 male
offspring showed that the expression of only Slc3a2, Tbrg4 and Usp11
(Ubiquitin Specific Peptidase 11) was altered in somatic tissues of F2
offspring (Figure S3A). For these genes, the analysis of DNA methyl-
ation in WAT of F2 females from F0-HF showed no difference in mRNA
expression compared to controls (Figure S3B). Collectively, these
findings suggest a modest link, if any, between differential methylation
of parental sperm and the altered methylation and gene expression
signature in somatic tissues of adult offspring.

3.3. Small non-coding RNA expression is remodeled in
spermatozoa of F0 and F1 founders
Small non-coding RNAs (sncRNAs) can carry epigenetic information
through their potential to be inherited in dividing cells. Expression of
sncRNAs was determined by small RNA-Seq. Similar to what is found
in mouse and human [5,19] we found that rat spermatozoa contain an
important variety of small RNA subtypes, notably ribosomal RNA
(rRNA), microRNAs (miRNA), PIWI-interacting RNAs (piRNA), small
nucleolar RNA (snoRNA), small nuclear RNA (snRNA) and tRNA-derived
fragments (tRFs) (Figures S4A and S4B).
We next compared the expression profiles within each sncRNA subtype
and identified several miRNAs, piRNAs and tRFs differentially
expressed as a result of HFD in F0 founders (Figure S5A and
Supplemental files SF2, SF3 and SF4). We found 15 miRNAs, 41
tRFs and 1092 piRNAs were differentially expressed in sperm of F0-HD
vs F0-CD (Figure S5A). Similarly, sperm from F1 offspring of F0-HF
fathers showed several differentially expressed sncRNAs as
compared to F1 from F0-CD (Figures S5B and S5C, Supplemental files
SF2, SF3 and SF4). Diet itself was without effect on the overall pro-
portion of each respective sperm sncRNA category in F0 or F1 rats,
showing that differential expression was not driven by an over-
representation of a respective sncRNA subtype (Figures S5D and S5E).
Differentially expressed sncRNAs presented equivalent distribution
across chromosomes in both generations, indicating no preferable
genomic hot spot for sncRNA expression changes (Figures S4C, S4D
and S4E). Interestingly, when analyzing the proportions of each
sncRNA subtype in sperm from all F0 compared to all F1 rats (irre-
spective of diet), we found increased proportions of snRNA, snoRNA,
miRNA and rRNA, while tRF and piRNA were significantly unchanged
(Figure S4A and S4B). In particular, we found that sperm cells from F1
present 1.8 fold more pri-miRNA than F0 sperm. Moreover, we found
MOLECULAR METABOLISM 5 (2016) 184e197� 2015TheAuthors. Publishedby ElsevierGmbH. This is anopen ac
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that counts per million reads were increased for 280 pri-miRNAs and
decreased 60 pri-miRNAs in F1 compared to F0 (data not shown).
Collectively, these results suggest that miRNA biogenesis is differently
regulated between generations.
To identify the sncRNA molecules potentially carrying transgenera-
tional effects, we searched for sncRNAs commonly regulated in the
sperm of F0 founders fed a HFD and their F1 offspring on chow diet.
We found three piRNAs (piR-025883, piR-015935, piR-036085), and
the miRNA let-7c differentially expressed in the sperm of F0 fathers fed
a HFD and their F1 sons, when compared to their respective controls
(Figure 4A,B).
A subset of sncRNA was changed under the combined effect of HFD
and paternal inheritance; the expression of several tRFs and miRNA
species was altered in both F0 fathers under HFD and in their F1 sons
only when fed a HFD (PatHF-HF vs PatCD-HF). In these rats, we found
that two miRNAs, miR-293-5p and miR-880-3p, were downregulated
whereas let-7c-5p, a subset of GLU-CTC.5 tRFs and the tRF GLU-
TTC.5-1087 were upregulated in both F0 and F1 generations
(Figure 4B, C and S7). Collectively, these results indicate that the
expression of sncRNA in sperm is altered in rats transmitting metabolic
dysfunction to their offspring.
Analysis of the putative regulatory regions of individual miRNAs and
tRFs reported in Figure 4 could not establish a link between sncRNA
expression and DNA methylation, suggesting that expression of miRNA
and tRF is not under the direct control of DNA methylation (data not
shown).

3.4. Expression of let-7c is altered in metabolic tissues of the
offspring
We investigated the functional significance of the differentially regu-
lated miRNAs identified in sperm of F0 and F1 founders and deter-
mined the role of these miRNAs in orchestrating the metabolic
phenotype of their F1 and F2 female offspring by measuring the
expression of miR-293-5p, miR-880-3p and let-7c in liver, gonadal
white adipose tissue (WAT) and EDL muscle. Among these three
miRNAs, only let-7c was detected in somatic tissues of adult offspring.
In liver, let-7c expression was decreased in response to HFD in F1 and
F2 offspring of F0-HF fathers but not in offspring of F0-CD fathers
(Figure 5A,B). Conversely, let-7c expression was altered in EDL muscle
from F1 and F2 females from F0-HF when compared to control
offspring (Figure 5C,D). HFD treatment decreased let-7c expression
only in EDL of F1 females from F0-CD (Figure 5C). Remarkably, in WAT,
let-7c expression was further elevated in F1 and F2 female offspring of
F0-HF fathers, independently of their diet (Figure 5E,G). Let-7c
expression was also increased in WAT of F1 male offspring from
HFD-fed fathers (Figure S6A), but unaltered in male F2 offspring
(Figure S6B). Expression analysis of known let-7 family members in
WAT from F1 and F2 did not reveal any consistent change in the
expression pattern of other let-7 family members between F1 and F2
(Figure 5F,H). For instance, unlike let-7c, let-7f expression was
upregulated by HFD in F1, but not in F2 offspring from PatCD
(Figure 5F,G). This further suggests that amongst the let-7 family
members, let-7c has the greatest potential to contribute to the
phenotype of the offspring.

3.5. Let-7c regulates the expression of metabolic genes in adipose
tissue
The let-7 miRNA family influences glucose metabolism and insulin
sensitivity by regulating the expression of target genes involved in the
control of lipid and glucose metabolism, and in the insulin signaling
pathway [20,21]. Transcriptomic analysis of white adipose tissue from
cess article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 191
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Figure 5: Let-7c expression is altered in metabolic tissues of offspring. Let-7c expression in liver of (A) F1 (n ¼ 11e12 from 11 to 12 litters), and (B) F2 (n ¼ 6e7 litters; 1
sibling per litter); Extensor Digitorum Longus (EDL) muscle of (C) F1 (n ¼ 5 litters; 1 sibling per litter) and (D) F2 (n ¼ 5 litters; 1 sibling per litter); white adipose tissue (WAT) of (E)
F1 (n ¼ 8e10 from 6 to 7 litters; used more than 1 sibling per litter) or (G) F2 (n ¼ 8e13 from 6 to 7 litters; used more than 1 sibling per litter). Expression of all let-7 family
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F2-female offspring revealed an inversed relationship between let-7c
expression and expression of the vast majority of predicted let-7c
target genes in rats (Figure 6A). Gene ontology analysis of the tar-
gets having an expression negatively correlated to let-7c expression
revealed specific enrichment for the GO terms Localization, Cellular
process and Metabolic process (Figure 6B). Additionally, we evaluated
the expression of several previously reported predicted targets of the
broad let-7 family [21]. This transcriptomic analysis showed that the
mRNA expression of genes in the insulin/Igf signaling pathway, such as
Akt2, Insr and Irs2, was unchanged, whereas Igf2r was decreased in
WAT from F2 females from F0-HF (Figures S6D and S6E). However,
other predicted target genes specific to let-7c in rats involved in lipid
metabolism, such as Ucp2 (Uncoupling protein 2) and Ppap2a (phos-
phatic acid phosphase 2a), were downregulated in WAT of both F1 and
F2-female offspring of F0-HF fathers (Figure 6C,D). Considering that
miRNAs can regulate the expression of their targets at the protein level
[22,23], we quantified the protein content of let-7c predicted targets in
WAT of F1-female offspring. We found that the protein abundance of
AKT2 and Caspase 9 was reduced in WAT of PatHF-CD females when
compared to PatCD-CD (Figure 6E,F) and showed a weak correlation
(R ¼ 0.38; p ¼ 0.16 and R ¼ 0.44; p ¼ 0.11) with increased let-7c
expression (Figure 5E). IR-b expression was reduced by 40% and 10%
in PatHF-CD and PatHF-HF, respectively, when compared to controls
(Figure 6E,F). Let-7c expression was also upregulated in WAT of F1
male offspring from F0-HF (Figure S6A); however, the mRNA expres-
sion of let-7c predicted target genes was not altered (Figure S6C).
Together, these data indicate that upregulation of let-7c in WAT of the
offspring is associated with changes in expression of predicted let-7c
targets at the mRNA or protein level and suggest that let-7c contributes
to the changes in the WAT phenotype in response to HFD feeding in
founders.

4. DISCUSSION

Here we provide evidence that high-fat diet reprograms the epigenome
of rat sperm cells. We demonstrate that high fat diet alters the
expression of the miRNA let-7c in the sperm of F0 rats and their F1
offspring. Moreover, differential expression of miRNA let-7c concurs in
metabolic tissues of the offspring, altering the expression of its pre-
dicted target genes in adipose tissue. These discoveries support the
role of spermatozoa in carrying transgenerational epigenetic
inheritance.
We used an animal model of paternal inheritance to investigate the role
of high-fat diet on the epigenetic reprogramming of gametes.
Emerging evidence provides molecular support that transfer of non-
genetic information induced by dietary factors, and carried by the
gametes, such as changes in the DNA methylation profile [9,17],
histone modification [2] and miRNA expression [17] may influence the
metabolic phenotype of the offspring. However, it is possible that other
signals, not carried by the gamete itself, may transfer environmentally-
induced signals to the offspring. For instance, an abnormal metabolic
and hormonal milieu can affect the seminal fluid composition, which,
in turn, could alter embryonic and placental development [24]. Addi-
tionally, the contribution of simple genetic factors to the paternal
members in WAT of (F) F1 and (H) F2 female offspring. U6, U87 or snoRNA were used as i
hoc test: *p � 0.05: PatCD-HF vs PatCD-CD or GpatCD-HF vs GpatCD-CD; ¤p � 0.05: PatH
GpatHF-HF vs GpatHF-CD; þp � 0.05: PatHF-HF vs PatCD-HF or GpatHF-HF vs GpatCD-HF
CD: Paternal-HFD on Chow; PatCD-HF: Paternal-Chow on HFD; PatHF-HF: Paternal-HFD o
Chow; GpatCD-HF: Grandpaternal-Chow on HFD; GpatHF-HF: Grandpaternal-HFD on HFD.
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effects has been proposed [25e27], but this putative phenomenon,
implying a selective pressure to triage specific spermatozoal genomes
that will fertilize the egg, lacks mechanistic foundation. Our identifi-
cation of similar epigenetic signatures in sperm from both F0 and F1
founders of metabolically disturbed offspring strongly underscores a
role of the gametic epigenome in the transmission of transgenerational
effects.
We report that 18 loci are differentially methylated in sperm from F0
rats fed a high-fat diet and their F1 offspring, suggesting a role for
gametic DNA methylation in transgenerational inheritance of metabolic
dysfunction. However, when we tested the DNA methylation in F2
offspring adipose tissue in 3 regions corresponding to DMRs altered in
sperm, we found that none of these regions showed differential
methylation, despite altered gene expression. This suggests that dif-
ferential gametic methylation is not carried on or, alternatively, is not
persistent in somatic tissues of offspring. Similarly, other research
groups found a discrepancy between sperm DNA methylation and
expression of the respective genes in metabolic tissue [2,28]. For
example, the paternal effects induced by in utero caloric restriction
were associated with alterations in sperm DNA of founders, but the
same DMRs were not detected in the somatic tissues of the offspring
[28]. Thus, altered sperm DNA methylation may not constitute a pro-
gram that solely functions in differentiated somatic tissues but may
instead be a mechanism modulating the early phases of embryological
development with a potential to influence phenotype later in life.
We used a “swim-up” purification method to sort highly pure motile
spermatozoa from epithelial cells, which represent a contaminant that
introduces artifacts into spermatozoal RNA preparations [18], and
sequenced the small RNA content of ultrapure rat sperm cells. We
found a substantial number of sequences corresponding to ribosomal
rRNA (40e50% of mapped sequences). Although their role in gene
interference remains elusive, the high percentage of rRNA in rat sperm
does not suggest non-functional RNA degradation products. Rather,
the short tRNA-derived fragments detected (9e10% of mapped se-
quences) could be considered as tRNA byproducts. However, a role of
tRFs in the regulation of fundamental biological processes such as
regulation of the cell cycle has been proposed [29], potentially
involving the regulation of the silencing activity of other classes of
small RNAs [30]. We also report a substantial amount of novel se-
quences that could not be matched to the current small RNA databases
(25e40%). These sequences matched poorly with exonic (<1% of
sequences) or intronic (<7% of sequences) sequences, supporting the
notion that they are not simple degradation products from mRNAs. The
fourth most abundant class of small RNA we detected in rat sper-
matozoa was piRNA, which is specifically enriched in germ line cells
[31], compared to somatic tissues. Moreover, piRNAs are classically
described to be involved in defending the hypomethylated gametic
genome from the rearrangement of transposable elements and in
maintaining transposon silencing [32]. In our data set, the differentially
expressed piRNAs represents a small number of sequencing counts
compared to miRNAs, which could suggest moderate biological
relevance.
Several groups have demonstrated the potential of microinjected
sperm RNA to both influence embryonic development and mediate
nternal controls depending on the tissue. Two-way ANOVA followed by Bonferroni post-
F-CD vs PatCD-CD or GpatHF-CD vs GpatCD-CD; #p � 0.05: PatHF-HF vs PatHF-CD or
. Results are represented as mean � SEM. PatCD-CD: Paternal-Chow on Chow; PatHF-
n HFD; GpatCD-CD: Grandpaternal-Chow on Chow; GpatHF-CD: Grandpaternal-HFD on
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Figure 6: Let-7c expression in WAT of female offspring shows inverse relationship with predicted target genes. (A) Inverse relationship between expression of let-7c and its
predicted target genes in white adipose tissue (WAT) of F2 female offspring. Dotted black curve represents the permutation analysis of let-7c expression correlation to target genes.
Red curve represents the correlation coefficients of let-7c to predicted target gene. Expression of let-7c predicted target genes was obtained by Affymetrix transcriptomic analysis.
(B) Gene ontology analysis of let-7c predicted target genes with an inverse relationship to let-7c expression in WAT of F2-females (performed with DAVID Bioinformatics Re-
sources). Bars represent the number of genes involved in each of the functional clusters and black dots indicate the p values. Total is the total number of genes found to have a
significant inverse relationship to let-7c expression. (C) Quantitative PCR validation of let-7c predicted target genes inversely correlated to let-7c expression in WAT of F1 females
(n ¼ 10e12 per group; 1 sibling per litter). Geometric mean of the housekeeping genes RPLP0 and b-actin was used for normalization. Values are represented as mean � SEM
(D) Representation of let-7c predicted target genes inversely correlated to let-7c expression in transcriptomic analysis of F2 offspring WAT (n ¼ 6e7 per group; 1 sibling per litter).
(E) Representative blots of protein abundance of AKT2, IR-b, IRS2 and Caspase 9 (CASP9) in WAT of F1-female. (F) Protein abundance of AKT2, IR-b, IRS2 and CASP9. Ponceau
staining of the membranes was used for data normalization. Results are represented as mean � SEM. Two-way ANOVA followed by Bonferroni post-hoc test: *p � 0.05: PatCD-HF
vs PatCD-CD; ¤p � 0.05: GpatCD-HF vs GpatCD-CD; þp � 0.05: PatHF-HF vs PatCD-HF or GpatHF-HF vs GpatCD-HF. PatCD-CD: Paternal-Chow on Chow; PatHF-CD: Paternal-HFD
on Chow; GpatCD-CD: Grandpaternal-Chow on Chow; GpatHF-CD: Grandpaternal-HFD on Chow; GpatCD-HF: Grandpaternal-Chow on HFD; GpatHF-HF: Grandpaternal-HFD on HFD.
BeH: Benjamini and Hochberg corrected p-values. AU: arbitrary units.
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transgenerational effects [5,6,33]. We provide evidence that HFD
transgenerationally reprograms the small RNA content of sperm cells.
Our analysis of small RNA species specifically dysregulated in sperm
from both F0 and F1 founders of offspring with metabolic dysfunction
retrieved three small RNAs including miRNA let-7c. A role of miRNAs in
embryonic development is suggested by experiments in mice whereby
microinjection of miR-124 into fertilized eggs reduced body weight of
the newborn [34]. Our data suggest a functional role of miRNAs,
especially let-7c, in mediating transgenerational inheritance of meta-
bolic dysfunction.
The blunted response to HFD-induced weight gain in female F1
and F2 offspring from HFD-fed F0 fathers implies that the plasticity
of the adipose tissue was affected. Of interest, adipose tissue
showed the tightest association between expression of let-7c in
sperm and a specific metabolic tissue in the next generation.
Moreover, the transcriptomic analysis of metabolic tissues showed
that the strongest link between let-7c expression and expression
of its predicted targets occurred in adipose tissue of female
offspring. Collectively, our results support a specific role of gametic
let-7c expression to functionally reprogram adipose tissue in the
offspring.
The miRNA let-7c is a member of the let-7 miRNA family and has been
implicated in the regulation of glucose homeostasis, insulin sensitivity
and the predisposition to Type 2 diabetes [21,35]. Maturation of the
let-7 family of miRNAs involves the RNA-binding proteins Lin28a and
Lin28b [36,37]. Overexpression of let-7 family members in mice re-
duces body size and body weight, due to decreased fat mass, and
impairs glucose tolerance [35]. Conversely, inhibition of let-7 prevents
obesity-induced glucose intolerance and restores insulin signaling in
skeletal muscle and liver by upregulating the expression of let-7 tar-
gets, such as the insulin receptor and the insulin receptor substrate 2
[35]. In Lin28a/b transgenic mice, suppression of let-7 activates
multiple let-7 targets involved in insulin-PI3K-mTOR signaling [21]. Of
interest, the repression of let-7c maturation by Lin28a/b deregulates
genes involved in cell proliferation and metabolism [21,38]. We were
unable to detect differential mRNA expression of insulin-PI3K
signaling-related genes previously shown to be regulated by expres-
sion of the broad let-7 family [21], whereas more pronounced changes
were observed at the protein level, suggesting that let-7c could
regulate these predicted targets by inhibiting translation. Of potential
let-7c targets in rats, is the Ppap2a gene that encodes a lipid phos-
phatic phosphatase enzyme involved in the dephosphorylation of lipid
phosphate esters such as phophatidic acid (PA) and lysophosphatidic
acid (LPA), two important intermediates of intracellular lipid meta-
bolism and signaling pathways [39]. Let-7c expression was increased
in WAT of F1 and F2 offspring from HFD-fed fathers and grandfathers,
while expression of its potential target Ppap2a was reduced. This may
contribute to the altered body fat composition only observed in F1 and
F2 females from the F0-HF lineage. Strikingly, while let-7c expression
was dysregulated in sperm from F0 and F1 of paternal HFD lineage,
let-7c expression in sperm was upregulated in F0 and downregulated
in F1. Given that sperm let-7c is upregulated in response to HFD in F0
and F1 rats, the downregulation of let-7c in sperm from F1 offspring of
HFD founders suggests that the regulation of sperm let-7c in these
animals is caused by factors other than those inducing an upregulation
of let-7c. The effect of HFD itself, however, was identical across
generations, as sperm from F1 offspring fed a HFD showed a similar
let-7c expression pattern to the F0-HFD group. Collectively, our find-
ings show that sperm let-7c expression is consistently reprogrammed
by dietary factors and implicate a role of let-7c in the metabolic
phenotype of the offspring.
MOLECULAR METABOLISM 5 (2016) 184e197� 2015TheAuthors. Publishedby ElsevierGmbH. This is anopen ac
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We induced paternally inherited metabolic dysfunction using ap-
proaches described earlier [9,17] and report that paternal HFD was
associated with a decreased pancreatic beta-cell mass in F1 offspring.
Here, we found decreased beta-cell mass in newborn female offspring.
However, insulin levels were normal in adult offspring, indicating a
normal beta-cell function. These data support the notion that the
metabolic phenotype in offspring is driven by altered peripheral
glucose metabolism, possibly in WAT, rather than by alterations in
insulin secretion. We also observed sex-specific differences in the
metabolic phenotypes of offspring from HFD-fed fathers. Thus, our
results suggest sexual dimorphism in adipose tissue plasticity. Of note,
in mice, in a similar model of HFD-induced transgenerational inheri-
tance [17], adipose tissue mass was increased in female, but not
male-offspring of HFD fathers. Collectively, these studies provide ev-
idence that adipose tissue is a target for HFD-induced transgenera-
tional reprogramming. Furthermore, these studies reveal that response
to paternal obesity robustly targets sex-specific differences, the
pancreatic beta-cells and adipose tissue in female offspring. The
evolutionary nature of these transgenerational effects is unclear, given
that in all cases the metabolic responses in offspring are maladaptive
[2,8,9,17,40]. Maladaptive responses such as a worsening of meta-
bolism in response to environmental insults experienced by the pre-
vious generation could partly explain why the prevalence of obesity and
associated comorbidities is increasing at exponential, rather than linear
rate worldwide. This concept is supported by observations that the
transmission of epigenetically driven phenotypes induced by dietary
factors is accumulated from one generation to the next [41].

5. CONCLUSIONS

Our results provide insight into mechanisms by which high-fat diet
reprograms the epigenome of sperm cells and affects the metabolic
phenotype of the offspring throughout several generations. Further-
more, we provide evidence that altered miRNA let-7c expression in
sperm concurs in the adipose tissue of the offspring, leading to a
transcriptomic shift in let-7c predicted targets. In conclusion,
reprogramming of sperm let-7c expression may constitute a mecha-
nism by which high-fat diet can alter the metabolism of the offspring.
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