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Grandpaternal-induced transgenerational dietary
reprogramming of the unfolded protein response
in skeletal muscle
Petter S. Alm 1,2,4, Thais de Castro Barbosa 1,2,4, Romain Barrès 3, Anna Krook 1,2, Juleen R. Zierath 1,2,3,*
ABSTRACT

Objective: Parental nutrition and lifestyle impact the metabolic phenotype of the offspring. We have reported that grandpaternal chronic high-fat
diet (HFD) transgenerationally impairs glucose metabolism in subsequent generations. Here we determined whether grandpaternal diet trans-
generationally impacts the transcriptome and lipidome in skeletal muscle. Our aim was to identify tissue-specific pathways involved in trans-
generational inheritance of environmental-induced phenotypes.
Methods: F0 male SpragueeDawley rats were fed a HFD or chow for 12 weeks before breeding with chow-fed females to generate the F1
generation. F2 offspring were generated by mating F1 males fed a chow diet with an independent line of chow-fed females. F1 and F2 offspring
were fed chow or HFD for 12 weeks. Transcriptomic and LC-MS lipidomic analyses were performed in extensor digitorum longus muscle from F2-
females rats. Gene set enrichment analysis (GSEA) was performed to determine pathways reprogrammed by grandpaternal diet.
Results: GSEA revealed an enrichment of the unfolded protein response pathway in skeletal muscle of grand-offspring from HFD-fed grand-
fathers compared to grand-offspring of chow-fed males. Activation of the stress sensor (ATF6a), may be a pivotal point whereby this pathway is
activated. Interestingly, skeletal muscle from F1-offspring was not affected in a similar manner. No major changes were observed in the skeletal
muscle lipidome profile due to grandpaternal diet.
Conclusions: Grandpaternal HFD-induced obesity transgenerationally affected the skeletal muscle transcriptome. This finding further highlights
the impact of parental exposure to environmental factors on offspring’s development and health.

� 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Obesity is a major world-wide public health problem that is strongly
associated with increased risk of other comorbidities, such as insulin
resistance, type 2 diabetes, and cardiovascular diseases [1]. While
relatively simple energy balance equations have been valuable in
advancing the understanding of how energy intake and energy
expenditure influence body composition, obesity is now recognized as
a chronic progressive disease of complex etiology, resulting from
multiple environmental and genetic factors. Clinical studies reveal that
parental obesity affects body weight accumulation in children and
adolescents, with obesity in one or both of the parents influencing the
risk of developing obesity in the offspring later in life [2e4], high-
lighting a heritable component to obesity. Indeed, genome-wide as-
sociation studies identify more than 100 different candidate genes
linked to obesity, with the majority targeted to neuroendocrine path-
ways influencing food intake [5]. However, environmental factors such
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as the nutritional status of the parent at conception or during preg-
nancy can influence fetal growth and development in utero, and may
influence the susceptibility to obesity and obesity-associated diseases
later in life through epigenetic modifications [6]. While the impact of
maternal obesity on the health of subsequent generations is strongly
attributed to the adverse intrauterine environment [7e9], paternal
obesity can also impact metabolic health of the offspring in later life
[10e12].
Grandpaternal exposure to altered food availability during the slow
growth period is associated with a greater risk for obesity and car-
diovascular disease in grandchildren [10], while parental diabetes at
conception is associated with altered birth weight and increased risk of
diabetes in the offspring [13]. When phenotypic changes in the first
generation are similar or the same as the inducing stressor, this can, in
turn, program the phenotype of the second generation by a process
known as serial programming [14]. In rodents, paternal chronic
exposure to low-protein diet increases the expression of hepatic genes
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Figure 1: Schematic diagram of breeding and diet strategy. F0 male Spraguee
Dawley rats were fed chow or HFD for 12 weeks before breeding with chow-fed fe-
males to generate a F1 generation. Chow-fed F1 males were mated with an inde-
pendent line of chow-fed females to generate F2 offspring. At 10 weeks of age, a
subgroup of F1 and F2 offspring were fed HFD for 12 weeks. EDL muscle from F2-
females was studied. The muscle drawing was downloaded from Servier’s Power-
Point image bank (www.servier.com).

Abbreviations

ATF6 Activating transcription factor 6
Cer Ceramide
Chac1 ChaC Glutathione Specific Gamma-Glutamylcyclotransferase
CHOP CCAAT enhancer-binding protein (C/EBP) homologous protein
DG Diacylglyceride
DNAJA4 DnaJ heat shock potein family (Hsp40) member A4 (Dnaja4)
EDL Extensor Digitorum Longus
EIF2A Eukaryotic translation initiation factor 2A
Eif4a1 Eukaryotic translation initiation factor 4a1
ER Endoplasmic reticulum
Gosr2 Golgi SNAP Receptor Complex Member 2
GSEA Gene set enrichment analysis
GRP78 78-kilodalton glucose-regulated protein
GRP94 94-kilodalton Glucose-Regulated Protein

HFD High-fat diet
IRE1a Inositol-requiring enzyme 1 alpha
JNK c-Jun N-terminal kinases
Nolc1 Nucleolar and coiled-body phosphoprotein 1
O2PLS Orthogonal 2 projections to latent structures
PC Phosphatidylcholine
PCA Principal Component Analysis
PE Phosphatidylethanolamine
PI Phosphatidylinositol
ROS Reactive oxygen species
Sec11a SEC11 homolog A, signal peptidase complex subunit
SM Sphingomyelin
TG Triacylglyceride
UPR Unfolded protein response
Wfs1 Wolframin ER transmembrane glycoprotein
Wipi1 WD Repeat Domain, Phosphoinositide Interacting 1
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involved in lipid and cholesterol metabolism [12]. Paternal chronic high
fat diet (HFD) disturbs whole-body glucose metabolism, as well as
pancreatic and adipose function, in F1 female offspring [12,15].
Moreover, diet-induced paternal obesity increased adiposity and in-
sulin resistance of two resultant generations has been shown with
different degrees of penetrance to subsequent generations [16].
In rodents, high-fat diets impart a transgenerational influence on insulin
sensitivity. We have shown that paternal diet-induced obesity affects the
metabolic health of both F1 and F2 generations [17]. Glucose tolerance
is impaired in female offspring and grand-offspring born to high-fat-fed
F0-male rats indicating a paternal-transmitted epigenetic phenotype
[17]. Moreover, altered expression of miRNA let-7c in sperm of F0 and
F1 founders was passed down to adipose tissue of the offspring,
coincident with a transcriptomic shift of the let-7c predicted targets in
white adipose tissue [17]. While, adipose tissue is one of the major sites
of paternal high caloric intake-induced transgenerational reprogram-
ming [15e19], comparatively less is known regarding the impact of
parental diet on skeletal muscle physiology and metabolism. Thus, we
determined the transgenerational response of paternal diet-induced
obesity on the skeletal muscle transcriptome and lipidome. Our goal
was to identify novel tissue-specific pathways involved in paternal
obesity-induced epigenetic transmission of disturbed metabolic
phenotype to the future generations.

2. METHODS

2.1. Animal care
SpragueeDawley rats were obtained from Charles River Laboratories
(Germany). The breeding strategy and diet treatment has been
described previously [17]. F0 male breeders (4 weeks of age) were fed
either a HFD (TD.88137/TD.08811, 42/45% energy from fat, Harlan
Laboratories; USA) or chow diet (R36, Lactamin, Labfor; Sweden) for
12 weeks. The F1 offspring were generated by housing one F0 male
breeder with a 12 week-old female rat. The female rats were fed chow
diet during mating, gestation, and lactation. Pups were weaned from
mothers at 21 days of age and fed a chow diet. At 10 weeks of age, the
F1 litters were further divided into subgroups, and rats were fed either
chow or HFD for 12 weeks. Chow-fed F1 males were mated with an
independent line of 12 week-old female rats to generate the F2
generation. Pups were weaned to a chow diet at 21 days of age. At
week 10, the F2 litters were divided into subgroups and rats were fed
chow or HFD for 12 weeks (experimental layout depicted in Figure 1).
622 MOLECULAR METABOLISM 6 (2017) 621e630 � 2017 The Authors. Published by Elsevier GmbH. Thi
Animals were housed in grouped cages throughout the entire experi-
ment. Rats were subjected to food deprivation from 4 h prior to the
termination. Animals were anesthetized with sodium pentobarbital
(100 mg/kg, ip). Tissues were harvested, snap-frozen in liquid nitrogen
and stored at �80 �C until use.
All rats were housed in a temperature-controlled environment and
12:12-h light:dark cycle at the Department of Physiology and Phar-
macology, Karolinska Institutet, Stockholm, Sweden. Animals had free
access to water and food. All experimental procedures were approved
by the Stockholm North Ethical Committee on Animal Research (N101/
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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12), and conducted in accordance with regulations for protection of
laboratory animals.

2.2. Transcriptomic analysis
Muscle from F2 female rats was used to perform the transcriptome
analysis. Total RNA from EDL muscle was extracted using RNeasy Mini
Kit (Qiagen; Hilden, Germany). RNA quality was assessed and ensured
using the Experion Automated Electrophoresis System (Bio-Rad labo-
ratories; CA, USA). Affymetrix GeneChip Rat Gene 1.1 ST was used for
the whole-transcriptome analysis performed at the Bioinformatics and
Expression Core facility (BEA) at Karolinska Institutet, Huddinge,
Sweden. The data set is deposited at the Gene Expression Omnibus
(GEO accession number: GSE95490).

2.3. Lipidomic analysis
Lipidomic analysis was performed in EDL muscle from F2 female rats
at the Swedish Metabolomics Centre, Umeå, Sweden. Lipids were
extracted using the chloroform:MeOH (2:1 vol/vol)) phase extraction
method. Input volume was first normalized to muscle weight and
subjected to Liquid Chromatography-Mass Spectrometry (LC/MS) us-
ing the QTOF 6540 instrument (Agilent Technologies, USA). Lipid
species were annotated to the respective lipid class, and total amount
of carbons and double bonds in the fatty acid chains using ProFinder
B.06 Agilent MassHunter (Agilent Technologies, USA). The lipid classes
were processed separately to allow for different adducts. Peaks were
controlled manually, and, if no obvious peak was observed, the feature
was excluded from the analysis.

2.4. Transcriptomic and lipidomic data analyses
The transcriptomic data were analyzed using GSEA (Broad Institute; MA,
USA, accessed at http://software.broadinstitute.org/gsea/). The data set
was collapsed and the probe with the highest expression level for each
respective gene was used for the enrichment analysis. Gene set per-
mutation was used and a nominal p-value<0.05, and FDR<0.05 were
considered significant [20,21]. Heatmaps were created using the online
source Morpheus (Broad Institute; MA, USA, accessed at https://
software.broadinstitute.org/morpheus/). PCA was performed for both
transcriptomic and lipidomic data using the SIMCA 14.0 software
(Umetrics, Umeå, Sweden). Log2 transformed data was used for further
interaction analysis of the transcriptomic and lipidomic results applying
the O2PLS method [22,23] using the SIMCA 14.0.

2.5. Quantitative real-time PCR
EDL muscle from F1 and F2 female rats was used to extract total RNA
using the TRIzol� reagent (Invitrogen�, USA) according to the man-
ufacturer’s instruction. cDNA was prepared using High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems; CA, USA), followed by a
real-time PCR reaction using custom made SYBR green primers (ESM
Table 3). Applied Biosystems StepOnePlus Real-Time PCR Systems
was used for all reactions, which were performed in duplicates.

2.6. DNA methylation
Genomic DNA was extracted from EDL muscle of F2 female rats using
DNeasy Blood and Tissue Kit (Qiagen), according to the manufacturer’s
instruction. Fragmented DNA was obtained by sonicating the samples
for 10 cycles repeated for 3 times. To investigate the level of methyl-
ation, fragmented DNA was enriched by (MBD)-capture (Invitrogen;
Carlsbad, CA, USA) and followed by qPCR analysis. SYBR� Green
(Applied Biosystems by Life Technologies; Woolston Warrington, UK)
primers were custom designed to target the regions near to the tran-
scription start sites (�/þ1000 bp relative to the TSS) (ESM Table 3).
MOLECULAR METABOLISM 6 (2017) 621e630 � 2017 The Authors. Published by Elsevier GmbH. This is an op
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2.7. Western blot
EDL muscle samples from F2 female rats were processed as
described previously [17]. An equal amount of protein (15 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: ATF6a-p50 (#sc-22799)
and CHOP (#sc-7351) from Santa Cruz Biotechnology (California, USA),
GRP78 (#ab21685), GRP94 (#ab90458), p-IRE1a (#ab48187) and
XBP1 (#ab37152) from Abcam (Cambridge, UK) and p-EIF2A (#9721)
and p-JNK (#9251) from Cell Signaling Technology (Massachusetts,
USA). Antibody dilutions were performed according to manufacturer’s
instructions. Ponceau S staining of the PVDF membranes was used for
normalization.

2.8. Oxyblot Analysis�
The production of reactive oxygen species (ROS) was indirectly
measured by performing an immunoblot detection of carbonyl groups
introduced into proteins after oxidative modifications. The level of
protein oxidation was determined in EDL muscle from F2 female rats
using the OxyBlot Protein Oxidation Detection Kit, following manufac-
turer’s specifications (Merck Millipore, Billerica, MA). EDL muscle
(w10 mg) was homogenized in lysis buffer (20 mM Tris pH 7.5, 6%
Sodium Dodecyl Sulfate). Proteins were separated on a 10% SDS-
PAGE gel and transferred to a PVDF membrane, which was exposed
to the primary antibody specific to dinitrophenylhydrazone-derivatized
residues (OxyBlot�) followed by incubation to a peroxidase-
conjugated secondary antibody. Protein carbonylation was detected
by chemiluminescence in autoradiography and quantified by densi-
tometry utilizing the Quantity One Software (BioRad).

2.9. Glycogen content
Glycogen content was measured in EDL muscle of F2 rats using the
commercial glycogen assay kit (Abcam, Cambridge, UK), following the
manufacturer’s instructions.

2.10. Statistics
The microarray data were normalized utilizing the expression console
plier method, followed by statistical analysis using two-way ANOVA,
and the Benjamini and Hochberg correction for multiple testing. Data
are presented as mean � SEM. Unpaired Student’s t-test was used
when appropriate. P-value � 0.05 was considered significant.

3. RESULTS

3.1. Grandpaternal HFD consumption transgenerationally affects
the skeletal muscle transcriptome
We performed GSEA to first explore potential changes in the skeletal
muscle transcriptomic signature arising in response to grandpaternal
(Gpat) chow (CD) or HFD (HF) diet in F2 female rats, independently of
the F2 diet. Four groups of rats were studied; GpatCD-CD, GpatCD-HF,
GpatHF-CD, GpatHF-HF. Grandpaternal diet had no significant effect on
the skeletal muscle transcriptome (ESM Table 1). When taking into
consideration the diet of the grand-offspring, grandpaternal diet did not
alter the skeletal muscle transcriptome of F2 rats fed chow diet
(GpatCD-CD vs. GpatHF-CD) (ESM Table 2). In contrast, grandpaternal
HFD induced a prominent enrichment of the unfolded protein response
(UPR) pathway in skeletal muscle of F2 rats fed a HFD (GpatHF-HF vs.
GpatCD-HF) (Table 1). Principal component analysis of the 101 genes
in the UPR gene set showed clustering among the offspring fed chow
diet (Figure 2A). GpatHF offspring fed HFD were separated into two
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 623
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Table 1e Top 20 enriched gene sets in GpatHF-HF vs GpatCD-HF retrieved
from the GSEA.

Gene set name Size ES NES NOM
p-val

FDR
q-val

Unfolded protein response 101 �0.47 �1.60 >0.001 0.012
Estrogen response early 173 �0.39 �1.39 >0.001 0.183
Notch signaling 29 �0.44 �1.33 0.070 0.240
Androgen response 86 �0.39 �1.30 0.023 0.263
Estrogen response late 180 �0.36 �1.30 0.002 0.226
Epithelial mesenchymal transition 158 �0.37 �1.29 0.011 0.213
Kras signaling up 169 �0.36 �1.29 0.003 0.185
IL6 JAK STAT3 Signaling 79 �0.38 �1.27 0.041 0.201
Angiogenesis 32 �0.41 �1.27 0.121 0.184
Xenobiotic metabolism 171 �0.35 �1.26 0.015 0.190
Cholesterol homeostasis 61 �0.38 �1.26 0.070 0.177
Apical junction 177 �0.36 �1.26 0.012 0.166
MYC targets V2 53 �0.38 �1.25 0.104 0.163
Interferon gamma response 172 �0.35 �1.25 0.012 0.152
TGF beta signaling 49 �0.39 �1.25 0.106 0.143
MTORC1 Signaling 190 �0.35 �1.25 0.013 0.137
Interferon alpha response 85 �0.37 �1.24 0.068 0.141
Peroxisome 100 �0.35 �1.19 0.115 0.250
Adipogenesis 186 �0.33 �1.18 0.049 0.247
DNA repair 124 �0.34 �1.17 0.100 0.264

ES ¼ Enrichment Score, NES¼ Normalized Enrichment Score, NOM p-val ¼ Nominal
P-value, GpatHF-HF ¼ Grandpaternal high-fat on high-fat, GpatCD-
HF ¼ Grandpaternal control diet on high-fat, GSEA ¼ Gene Set Enrichment Analysis.
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distinct clusters, indicating a higher variation in this group (Figure 2A).
The majority of the UPR-associated genes were differentially expressed
in GpatHF-HF compared with GpatCD-HF rats (Figure 2B). 57 of 101
genes in the UPR gene set were part of the core enrichment
(Figure 2C). Genes from the core enrichment set were selected to
further validate mRNA level by RT-qPCR. We confirmed that grand-
paternal HFD upregulated the expression level of several of the core
genes involved in the UPR, such as the Atf6b, Eif4a1, Nolc1, Sec11a,
and Wfs1 in skeletal muscle of F2 rats (Figure 2D). However, none of
these targets was altered in skeletal muscle of the F1 females born to
HFD-fed fathers (ESM Figure 1A), suggesting that the UPR in skeletal
muscle is transgenerationally reprogrammed by grandpaternal HFD,
although not evident in F1 female rats.
To investigate whether DNA methylation was the epigenetic mark
responsible for UPR reprogramming, we determined DNA methylation
at the promoter regions of UPR genes that were altered in skeletal
muscle from the GpatHF animals. DNA methylation of Atf6a, Atf6b,
Chac1, Eif4a1, and Wfs1 was similar between GpatHF-HF and GpatCD-
HF animals. These results suggest that either UPR gene reprogram-
ming is not controlled by DNA methylation or that UPR genes are
reprogrammed by DNA methylation of an upstream gene (ESM
Figure 1B).

3.2. Role of ATF6 in the unfolded protein response in skeletal
muscle
We analyzed several components of the three major signaling path-
ways involved in the activation of the UPR. Protein abundance of CHOP,
GRP78, p-EIF2A, p-IRE1a, p-JNK, and XBP1 was unaltered between
GpatHF-HF compared with GpatCD-HF offspring. However, protein
abundance of the spliced and active form of ATF6a, as well as of the
ER chaperone glycoprotein GRP94, was increased the GpatHF-HF
compared with GpatCD-HF rats (Figure 3A,B), suggesting that this
signaling pathway is activated. Thus, our results implicate ATF6a as
one factor contributing to the increased UPR in skeletal muscle from
GpatHF-HF rats.
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To further explore the role of ATF6a, we further analyzed the skeletal
muscle transcriptomic results of skeletal muscle from the F2 animals
to evaluate whether the expression of 381 targets known to be
upregulated by ATF6a were altered between GpatHF-HF and GpatCD-
HF rats [24]. This analysis retrieved 294 of the 381 ATF6a targets
were expressed in the EDL muscle from F2 rats and the majority
were positively regulated in GpatHF-HF rats when compared with
GpatCD-HF (Figure 3C). Among these targets, 16 constitute core
enrichment proteins of the UPR pathway (Figure 3D, E). Wfs1, Dnaja4,
Eif2ak3, and Xpb1 expression was upregulated in skeletal muscle
from GpatHF-HF compared to GpatCD-HF rats (Figs. 2D, 3D, E),
implicating upregulation of the UPR in skeletal muscle of offspring
from HFD-fed grandfathers is coupled to activation of the ATF6a
pathway.

3.3. Lipid profile, glycogen content and protein oxidation
To investigate whether grandpaternal diet is affecting UPR due to
altered nutrient availability, we measured the glycogen content and
lipid profile in the muscle of F2 rats on a HFD. Glycogen content was
unaltered between the GpatHF-HF and GpatCD-HF groups (ESM
Figure 2A). A total of 153 different lipid species from 7 lipid classes
were examined in the lipidomic analysis. PCAs were performed using
all the lipids species (Figure 4A, B) or specific lipid classes (data not
shown). Grandpaternal diet did not affect the lipid profile in skeletal
muscle from female F2 rats (Figure 4B). Cer, DG, PC, PI, SM, and TG
content was unaltered between GpatHF-HF and GpatCD-HF groups
(Figure 4B). PCA using all lipid species consisting of two principal
components explains 65% of the variation in the lipid profiles. How-
ever, this analysis did not reveal a clear separation of the two groups
studied (Figure 4A), confirming that grandpaternal diet may not
directly impact in the lipid profile in skeletal muscle of F2 rats fed a
HFD. TGs were retrieved as the only lipid class presenting a clear
clustering compared to the other lipid classes, reflecting the fact that
most of the TGs were detected to a similar abundance (Figure 4C).
Additional PCAs using each of the individual lipid classes did not reveal
a clustering pattern reflecting the different grandpaternal diets (data
not shown).
We next investigated whether grandpaternal diet affected UPR due to
ER stress induced by increased reactive oxygen species (ROS). For
this, we quantified protein oxidation using the OxyBlot assay as an
indirect measurement of ROS production in EDL muscle. We found
similar levels of protein oxidation between GpatCD-HF and GpatHF-HF
rats, indicating ROS production is unlikely to account for the changes in
UPR in GpatHF-HF rats (ESM Figure 2B).

3.4. Enriched UPR is associated with phosphatidylcholine levels
To investigate whether there was an association between the abun-
dance of phosphatidylcholine and phosphatidydielthylamine phos-
pholipids and the UPR, we performed the O2PLS analysis. O2PLS is a
multivariate analysis integrates two different data sets, dividing data
into three different parts: the ‘joint variance’, which describes the
covariation between the two data sets; the ‘unique’ structure, which
describes systematic effects that do not covariate/correlate with the
other in the data set, and the ‘residual’ structures, representing data
set noise. O2PLS analysis was performed using the UPR gene set (101
genes) identified in the microarray analysis and the phosphatidylcho-
line and phosphatidydielthylamine lipid species (49 lipid species)
identified in the lipidomic analysis of EDL muscle from the F2 rats. The
model consisted of 2 joint latent variables, one transcript-unique
variable and one lipid-unique latent variable. O2PLS analysis
revealed that 58% of the lipid data set covariates with 51% of the
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: Grandpaternal HFD affects the skeletal muscle transcriptome of F2 female rats. A) PCA score plot of UPR gene set in EDL muscle of GpatHF-HF vs. GpatCD-HF
animals (n ¼ 4e5). B) Enrichment plot of the UPR gene set generated by GSEA comparing GpatHF-HF vs. GpatCD-HF groups (n ¼ 4e5). C) Heatmap showing a clustering of 57
core enriched genes in the UPR gene set in GpatCD-HF and GpatHF-HF animals (n ¼ 4e5). Red: downregulation; Blue: upregulation. D) Expression of core enriched genes by RT-
qPCR (n ¼ 7e10) in EDL muscle of F2 rats. Geometric mean of the Beta-2-Microglobulin (B2M) and Peptidylprolyl Isomerase A (PPIA) was used as internal control. Values are
means � SEM, *p � 0.05: GpatHF-HF vs. GpatCD-HF. GpatCD-HF: HFD-fed offspring from grandfathers fed a chow diet; GpatHF-HF: HFD-fed offspring from grandfathers fed a
HFD.
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Figure 3: Activation of the ATF6 pathway in skeletal muscle of F2 female rats from HFD-fed grandfathers. A) Protein abundance of ATF6a-p50, CHOP, GR78, GRP94, p-
EIF2A, p-IRE1a, p-JNK, unspliced XBP1(u), and spliced XBP1(s) in EDL muscle of F2 rats. Data are represented as fold change (FC) (n ¼ 7e10). B) Representative blots of protein
abundance of targets shown in A. C) Heatmap showing downstream targets of ATF6a retrieved from the transcriptome analysis of GpatHF-HF vs GpatCD-HF animals (n ¼ 4e5). D)
Heatmap showing the downstream targets of ATF6a found in the core enrichment of the UPR gene set in GpatHF-HF vs GpatCD-HF animals (n ¼ 4e5). Red: downregulation; Blue:
upregulation. E) Expression of ATF6a downstream targets in the core enrichment of the UPR gene set retrieved from the transcriptome analysis of F2 rats (n ¼ 4e5). *p � 0.05:
GpatHF-HF vs. GpatCD-HF. GpatCD-HF: HFD-fed offspring from grandfathers fed chow diet; GpatHF-HF: HFD-fed offspring from grandfathers fed HFD.

Original Article
transcriptomic data set. The lipid-unique and the transcript-unique
structures reached a variance of 15% and 20%, respectively
(Figure 5A). The score plot based on the covariance between the lipid
and transcript data sets (Figure 5B) showed a tendency for data from
the female GpatHF-HF rats to cluster in the opposite direction from the
GpatCD-HF rats (Figure 5B). Although the ratio of phosphatidylcholine
to phosphatidydielthylamine lipid species was unchanged (data not
626 MOLECULAR METABOLISM 6 (2017) 621e630 � 2017 The Authors. Published by Elsevier GmbH. Thi
shown), the enriched UPR gene set in the GpatHF-HF rats covariates
with most of the phosphatidylcholine species identified (Figure 5C). A
weaker covariation was observed between the gene set data and the
phosphatidydielthylamine species (Figure 5C). The correlation between
the phosphatidylcholine lipid species and the enriched UPR in the
GpatHF-HF rats suggests that phosphatidylcholine species may indi-
rectly trigger activation of this pathway.
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: Lipid profile in skeletal muscle of F2 offspring. A) PCA score plot of lipidomic data in EDL muscle of F2 rats. The first principal component (PC1) explains 48% of the
variance and PC2 explains 17% of the variance in the data set (n ¼ 5 per group). B) Lipid abundance in EDL muscle of F2 rats. Data are presented as sum of each lipid specie in a
specific lipid class (n ¼ 5 animals per group). C) Loading plot of the PCA. Loadings are scaled as a correlation coefficient ranging from �1 to 1 (n ¼ 153 lipid species). GpatCD-HF:
HFD-fed offspring from grandfathers fed chow diet; GpatHF-HF: HFD-fed offspring from grandfathers fed HFD.
4. DISCUSSION

We explored the effect of paternal diet on skeletal muscle gene
expression over several generations. Paternal transmission of meta-
bolic dysfunction from dietary-induced obesity alters the tran-
scriptomic profile in liver, as well as b-cell and adipose tissue [12,15].
Here we show that paternal chronic HFD diet affects the skeletal
muscle transcriptome two generations later. We identified several
genes enriched in the UPR pathway that are upregulated in skeletal
muscle of HFD fed female rats descending from obese grandfathers.
Moreover, protein abundance of the spliced and active form of ATF6a,
as well as the ER chaperone glycoprotein GRP94, is upregulated in this
cohort, indicating the homeostatic control of protein production at the
level of the ER may be altered as a result of transgenerational
epigenetic inheritance. Of note, obesity does not appear to directly
account for these changes, since expression of UPR-related genes was
not altered in obese HFD-fed F1 offspring. Our findings are consistent
with the notion that paternal exposure to environmental factors prior to
conception contributes to the metabolic epigenetic programming over
subsequent generations.
MOLECULAR METABOLISM 6 (2017) 621e630 � 2017 The Authors. Published by Elsevier GmbH. This is an op
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Environmental stressors can modify epigenetic programming over
several generations. Thus, grandpaternal dietary-induced trans-
generational epigenetic effects may be influenced by the macronutrient
composition of the diet consumed by the offspring. Comparisons of the
skeletal muscle transcriptome of F2 female rats fed either chow or high
fat diet revealed a diet-specific response on the epigenome. We found
that grandpaternal diet altered the skeletal muscle transcriptome only in
F2 animals fed a high-fat diet. While several genes selected from the
UPR core enrichment gene set were upregulated in skeletal muscle
from HFD-fed F2 rats, they were unchanged in F1 offspring from HFD-
fed fathers. This suggests that mechanisms other than transgenera-
tional reprogramming through the male gametes regulate the skeletal
muscle response to HFD between the two generations. Parental-
induced phenotypes across successive generations represent either a
true inheritance of an acquired metabolic phenotype [17,25] or a serial
programming [26]. For example, offspring derived from F0 mating of
obese prediabetic mice exhibit defects in glucose and lipid metabolism
but only upon a post-weaning dietary challenge [25]. Subsequent
breeding reveals that while F1 males transmit these defects to F2 male
mice in the absence of the dietary challenge, the phenotype is largely
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 627
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Figure 5: Enriched UPR is associated with increased phosphatidylcholine levels. A) Overview of O2PLS model representing the UPR gene set (101 genes) from the
transcriptomic data and the phosphatidylcholine and PE lipid content (49 lipid species) from the lipidomic data of EDL from F2 female rats. Total joint variance shows 51% variance
for the transcript analysis of the UPR data set and 58% variance for the lipidomic data including only phosphatidylcholine and phosphatidydielthylamine lipid species. The
transcript-unique variance and the lipid-unique structures reached 20% and 15% variance, respectively. Residual data are 29% and 26% for the transcriptomic and lipidomic data
sets, respectively. B) O2PLS score plot of the two joint latent variables. Joint latent variable (LV) 1 accounts for 40% and 17% of the transcriptomic (T) and lipidomic (L) data sets,
accordingly. The joint latent variable 2 accounts for 12% and 41% of the transcriptomic and lipidomic data sets. C) Loading plot for O2PLS in B, consisting of 101 genes, 34
phosphatidylcholine and 15 phosphatidydielthylamine species. The loadings are scaled as a correlation coefficient ranging from �1 to 1 (n ¼ 150 variables). GpatCD-HF: HFD-fed
offspring from grandfathers fed chow diet; GpatHF-HF: HFD-fed offspring from grandfathers fed HFD.

Original Article
attenuated in F3 mice. In humans, a direct effect of grandparental
nutrition on the grand-offspring’s susceptibility to metabolic diseases
has been implicated in controlling sex-specific transgenerational re-
sponses [10,11]. Collectively, these results suggest that while metabolic
phenotypes can be propagated by direct exposure to an inducing factor,
additional environmental stressors may also trigger and unmask the
grandpaternally-induced altered phenotype.
The accumulation of misfolded proteins in the ER leads to stress-
induced activation of UPR signaling involving three parallel pathways,
each characterized by the stress sensor proteins IRE-1, PERK, and ATF6
[27]. We found that only the spliced and active form of ATF6a was
increased in skeletal muscle of F2 female rats from grandfathers fed a
628 MOLECULAR METABOLISM 6 (2017) 621e630 � 2017 The Authors. Published by Elsevier GmbH. Thi
HFD, suggesting that this integral branch of the UPR pathway is active.
Using transcriptomic data, we found that several ATF6a downstream
targets, including Xpb1, Eif2ak3, and Wfs1, were upregulated in
skeletal muscle of female grand-offspring of HFD-fed males. Interest-
ingly, we have previously noted alterations in the hepatic methylome
and transcriptome, with hypomethylation of several genes controlling
glucose metabolism within the ATF-motif regulatory site in severely
obese human subjects [28]. Thus, ATF-regulated genes may constitute
a nexus that coordinates gene programming in response to over
nutrition. ATF6a is the main mediator of transcriptional induction of ER
chaperones by single or combined action with XBP1 [29] and plays a
pivotal role in glucose and lipid metabolism [30e32]. In skeletal
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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muscle, co-activation of ATF6a and PGC-1a, mediates many of the
functional and metabolic benefits of exercise [33]. Wfs1 deficiency in
mice causes ER stress, apoptosis, and impaired cell cycle progression,
leading to progressive b-cells loss and impaired glucose tolerance [34].
Increased expression of Wfs1 prevents hyperactive ER stress signaling
and dysregulation of the UPR, protecting against cell death, rather than
stimulating apoptosis [35]. In order to restore ER homeostasis, a
cascade of resident ER molecular chaperones that involves GRP94 and
GRP78 is activated [36]. Among the genes that are induced by ATF6,
Grp94 is one of the major ER chaperones [36,37]. We found the GRP94
chaperone is upregulated in skeletal muscle of F2 female from HFD-fed
grandfathers, further indicating that the ATF6a signaling pathway is
reprogrammed and that GRP94 coordinates an adaptive response by
the UPR in order to restore ER stress and cellular homeostasis.
Obesity-induced ER stress can lead to peripheral insulin resistance and
diabetes via activation of JNK and negative feedback on insulin receptor
signaling [38,39]. Although JNK activation was unchanged by grand-
paternal diet, other physiological and pathological conditions may perturb
the ER function, such as nutrient availability, hypoxia and oxidative stress
[27,39e41], triggering the UPR. However, the overall lipid profile,
glycogen content, and level of protein carbonyls were unchanged in
skeletalmuscle as result of grandpaternal HFD diet. We hypothesized that
female grand-offspring of obese founders would present different lipid
content in skeletal muscle, since body weight gain was reduced upon
HFD challenge compared to grand-offspring of chow-fed founders [17].
However, when comparing the interaction between the skeletal muscle
transcriptome and the abundance of phosphatidylcholine and phospha-
tidydielthylamine species, we found that the phosphatidylcholine lipid
fraction covariates with the UPR gene set. ER stress and consequent
activation of the UPR caused by HFD-induced obesity alter the ratio be-
tween phosphatidylcholine and phosphatidydielthylamine species, the
two most abundant classes of phospholipids in the cell membranes
[42,43]. We cannot exclude the possibility that the experimental approach
masked changes in the phosphatidylcholine/phosphatidydielthylamine
ratio, since we used the entire muscle to evaluate the lipidomic profile,
instead of using an isolated ER fraction. Collectively, our results indicate
that differences in dietary fat and oxidative stress are unlikely to account
for the enriched UPR in these animals. Nevertheless, our results show
that the phosphatidylcholine lipid fraction covariates with the enriched
UPR in the grand-offspring from obese founders, suggesting that this lipid
class may be indirectly activating the UPR pathway.
In summary, transcriptomic analysis reveals that grand-offspring of
diet-induced obese founders present altered UPR in skeletal muscle,
possibly triggered by the activation of the stress-sensor ATF6, irre-
spective of changes in the lipidomic profile. These transgenerational
epigenetic effects may be mitigated or aggravated by the diet
composition in offspring. In conclusion, our findings advance the notion
that paternal exposure to environmental factors program whole-body
and tissue-specific features, affecting the development and health of
successive generations.
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