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ORIGINAL ARTICLE
The metabolic response to a high-fat diet reveals obesity-prone

and -resistant phenotypes in mice with distinct mRNA-seq
transcriptome profiles

J-Y Choi'?®, RA McGregor®®, E-Y Kwon', YJ Kim', Y Han', JHY Park?, KW Lee>, S-J Kim®’, J Kim®, JW Yun® and M-S Choi'?

OBJECTIVES: The aim of this study was to explore the phenotypic differences underpinning obesity susceptibility or resistance
based on the metabolic and transcriptional profiling of C57BL/6J mice fed a high-fat diet (HFD).

METHODS: The mice were fed either a normal diet or HFD for 12 weeks. After 6 weeks, the mice on HFD were classified as either
obesity-prone (OP) or obesity-resistant (OR) depending on the body weight gain.

RESULTS: Lipid profiles from plasma and liver significantly improved in OR mice relative to the OP group. Energy expenditure was
greater in OR mice than in OP mice, with a simultaneous decrease in body fat mass. Epididymal white adipose tissue (eWAT) and
liver were enlarged in OP mice (with visible immune-cell infiltration), but these effects were attenuated in OR mice compared with
OP mice. Overall glucose metabolism was enhanced in OR mice compared with OP mice, including homeostasis model assessment
for insulin resistance, plasma glucose and insulin concentrations, glucokinase activity and hepatic glycogen. Plasma adipokines and
proinflammatory cytokines were upregulated in OP mice, and these changes were attenuated in OR mice. Transcriptomic profiles of
eWAT and liver revealed common and divergent patterns of transcriptional changes in OP and OR mice, and pointed to differential
metabolic phenotypes of OP and OR mice. There were substantial differences between OP and OR mice in molecular pathways,
including atherosclerosis signaling, sperm motility, cAMP-mediated signaling in eWAT; and fibrosis, agranulocyte adhesion and
diapedesis, and atherosclerosis signaling in liver.

CONCLUSIONS: Taken altogether, the results provide robust evidence of major divergence in the transcriptomes, phenotypes and
metabolic processes between obesity susceptibility and obesity resistance in the HFD-fed C57BL/6J mice.
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INTRODUCTION frequently analyzed genetic features, mRNA, can now be quantified
Obesity is positively associated with insulin resistance, dyslipidemia on a genome-wide level PV means of ne'xt—.generation s.e.qyencing
and other chronic disorders, all of which characterize metabolic ~ ©f MRNAs (MRNA-Seq) with greater specificity and sensitivity than
syndrome.' Obesity is characterized by expansion of adipose tissue previously possible. This is the first study to utilize mRNA-Seq
and fat droplet storage when energy intake exceeds energy to study Fhe. differences in transcriptomic profiles qf adipose
expenditure. There is a direct relation between the percentage of ~ 2nd hepatic tissues between OP and OR C57BL/6) mice fed an
body fat and dietary fat?> Nonetheless, in rodents, the metabolic Isoenergetic HFD. . . . .
responses to a high-fat diet (HFD) can be different even under First, we characterized the divergent changes in the metabolic

L . . . e . . profile and phenotype of HFD-fed mice that were either
conditions of isocaloric feeding within a group of animals with the . . o ) .
. susceptible or resistant to diet-induced obesity, as compared with
same genetic background; hence, some rodents can show a more

| diet (ND)-fed mice. S d, usi RNA-Seq, lyzed
obesity-prone (OP) or more obesity-resistant (OR) phenotype. normal diet (ND)-fed mice. Second, using m eq, we analyze

. . . transcriptional responses and identified molecular pathways
Several recent studies on OP and OR rats revealed 3c_||7fferences n (using Ingenuity Pathway Analysis; IPA) that underlie susceptibility
metabolic, transcriptomic and proteomic profiles.”™” Transcrip- or resistance to diet-induced obesity in C57BL/6J mice.
tomic analysis that is based on the microarray technology showed
that genes associated with the metabolism of energy, lipids and
glucose are modulated by a HFD.2° Recent advances in high-  MATERIALS AND METHODS
throughput transcriptomic methods (based on next-generation Animals
sequencing) now allow for the measurement of gene expression Male C57BL/6J mice (4-week-old; Jackson Laboratory, Bar Harbor, ME, USA)

across a broader dynamic range, with increased specificity and were fed lab chow diet for the first week for adaptation. After that, the
sensitivity as compared with microarrays.'®'’ One of the most mice were randomly assigned to 2 groups: ND (17.2 kcal% dietary fat;
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Harlan, Madison, WI, USA; n=10) and HFD (60 kcal% dietary fat; Harlan;
n=20). After 6 weeks on the HFD, 20 mice were subdivided on the basis of
body weight gain into an OP group (n=8; >43 g) and OR group (n=7;
<39 g). Differences in metabolic and inflammatory phenotypes were then
characterized. mRNA-Seq was used to identify divergent changes in the
transcriptome in ND-fed, OP and OR mice. Body weight and blood glucose
level were measured every 1 to 2 weeks. At the end of the diet period, all
mice were anesthetized with isoflurane after a 12-h fast. Blood samples
were collected in tubes containing EDTA from the inferior vena cava
for quantification of glucose, plasma lipids and hormones. The adipose
tissue depots were dissected, rinsed with physiological saline, weighed,
immediately frozen in liquid nitrogen and stored at —70 °C until analysis.
All experiments were performed in accordance with protocols for animal
studies approved by the Ethics Committee of Kyungpook National
University (approval No. KNU 2012-136).

Methods

Methods and any associated references are available in the online version
of the paper.

RESULTS

Body weight gain and food efficiency are augmented in OP mice
and attenuated in OR mice

Figure 1a represents changes in body weight during the experimental
period of 12 weeks, excluding the 1-week adaptation period. The
initial body weight of the mice was approximately the same in all the
three groups. Some mice were resistant to the HFD-induced body
weight gain, whereas other mice showed a significant body weight
gain as early as week 1 on the HFD (Figure 1a). We subsequently
classified these mice as either OP (characterized by a greater body
weight gain) or OR (characterized by a lesser body weight gain) as
shown in Figure 1a. The overall body weight gain was significantly
greater in the HFD-fed OP mice (0.30+0.011 g per day, P < 0.001)
than in the ND-fed mice (0.11+0.004 g per day) but lower in the
HFD-fed OR mice (0.21+£0.006 g per day, P < 0.001). Energy intake
was not different between OP and OR mice, and was greater in
comparison with the ND-fed mice (Figure 1c). Hence, the food
efficiency ratio was significantly lower in the OR group than in the OP
group (P < 0.05) although food efficiency ratio of these groups was
significantly higher than that of the ND group (Figure 1d).

eWAT and liver were enlarged in OP mice, with visible immune-
cell infiltration, but these effects were attenuated in OR mice

The significant reduction in muscle weight that we observed
in the HFD-fed mice was reversed in the OR group (Figure 1e).
The liver weight per 100 g of body weight was significantly greater
in the OP group than in the ND group, but lower in the OR group
than in the OP group (Figure 1f). Tissue morphology analysis
revealed that the accumulation of hepatic lipid droplets decreased
in the OR group compared with the OP group. Moreover, Masson’s
trichrome staining of the liver revealed notable hepatic fibrosis
around the vessels in the OP group (Figure 1g). WAT weight per
100 g of body weight was significantly greater in the HFD-fed
mice than in the ND group; perirenal, subcutaneous, mesenteric,
interscapular, visceral and total WAT deposits were smaller in
the OR group than in the OP group (Figure 1h). In addition,
epididymal-adipocyte size of OP mice was visibly larger than that
of the ND-fed mice according to the hematoxylin and eosin
staining staining, whereas the adipocyte size of OR mice was
visibly smaller than that of OP mice. Masson’s trichrome staining
of epididymal white adipose tissue (eWAT) revealed a normal fat
pad with densely packed hexagonal adipocytes in ND-fed mice,
without evidence of immune-cell infiltration. There was visible
morphological evidence of infiltration by immune cells in OP mice
in contrast to ND-fed mice. OR mice showed weak infiltration by
immune cells according to Masson’s trichrome staining (Figure 1i).
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Lipid profiles of plasma and liver improved in OR mice compared
with OP mice

The total cholesterol level in plasma was significantly lower in the
OR group than in the OP group (Figure 2a). The levels of hepatic
fatty acids, triglycerides and cholesterol were significantly lower in
the OR group than in the OP group (Figure 2b). Furthermore, the
levels of plasma glutamic oxaloacetic transaminase and glutamic
pyruvic transaminase were significantly higher in both the OP
group and OR group than in the ND group, but were lower in the
OR group than in the OP group (Figure 2¢). Of the two enzymes
involved in fatty-acid oxidation, the activity of B-oxidation was
increased in both the OP and OR groups compared with the ND
group, whereas the activity of CPT was increased only in the OR
group (Figure 2d). The activity of the rate-limiting enzyme for
cholesterol biosynthesis in the liver, HMGCR, was markedly
reduced in the OR group compared with the OP group (Figure 2d).

Energy expenditure is decreased in OP mice, but increased in OR
mice

The energy expenditure decreased in the OP group, relative to the
ND group, during both the light phase and dark phase, whereas
energy expenditure of the OR group significantly increased as
compared with that of the OP group during the dark phase
(Figures 2e and f). Consistent with the energy expenditure, VO,
was significantly lower in the OP group than in the ND group
during the dark phase, whereas OR mice showed higher VO, than
did the OP group during the dark phase (Figure 2g).

Changes in plasma glucose and insulin levels are augmented in
OP mice, but somewhat attenuated in OR mice

Plasma glucose was significantly upregulated in both the OP and OR
group in comparison with the ND group, but significantly lower in
the OR group than in the OP group (Figure 3a). The plasma insulin
level was higher in the OP group than in the ND group, but
significantly lower in the OR group than in the OP group (Figure 3b).
Consistent with the plasma insulin level, immunohistochemical
staining of the pancreas revealed a visibly increased size of the islet
boundary and greater numbers of insulin-positive B-cells in the OP
group than in the ND or OR groups (Figure 3e). The ND and OR
groups had a smaller hormone-stained area (meaning preservation
of pancreatic cells) in comparison with OP mice (Figure 3e). Insulin
resistance according to HOMA-IR was significantly augmented in the
OP group compared with the ND group, but significantly attenuated
in the OR group (Figure 3c). There were no significant differences
in plasma glucagon levels among the groups (Figure 3d). The
HFD-induced upregulation of hepatic glycogen was attenuated in
the OR group (Figure 3f), whereas glucokinase activity significantly
increased in the OR group compared with the OP group (Figure 39).

Levels of adipokines and proinflammatory cytokines are elevated
in OP mice, and these changes are attenuated in OR mice

The plasma concentrations of leptin and resistin were elevated
in the OP group in comparison with the ND group, but
these changes were attenuated in the OR group (Figures 3j and k).
There were no differences in plasma adiponectin levels among the
groups (Figure 3l). We observed significantly higher plasma
concentrations of MCP-1 (monocyte chemotactic protein 1),
PAI-1 (plasminogen activator inhibitor 1), IL-6 (interleukin 6) and
interferon-y (IFN-y) in the OP group than in the ND group, but the
upregulation of MCP-1, PAI-1, IL-6 and IFN-y was significantly
attenuated in the OR group compared with the OP group.
Furthermore, MCP-1, PAI-1, IL-6 and IFN-y levels were not different
between OR and ND-fed mice (Figures 3n-q).
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(@) Changes in body weight during 12 weeks. (b) Body weight gain per day. (c) Differences in energy intake. (d) Food efficiency ratio.

(e) Muscle weight. (f) Liver weight. (g) Hematoxylin and eosin staining (H&E; upper panel) and Masson’s trichrome staining (MT; lower panel)
of the liver. (h) Total weight of WAT. (i) H&E and MT staining of epididymal adipocytes (magnification x 200) from ND-fed C57BL/6J mice or
HFD-fed OP or OR C57BL/6J mice. ND, AIN-93G; HFD, 60% kcal from fat. The data are presented as mean + s.e.m. ®“Mean values not sharing
a common superscript were significantly different among the groups (P < 0.05).

Transcriptomic profiles of eWAT and hepatic tissue revealed common
and divergent transcriptomic patterns between OP and OR mice

To identify the global transcriptomic profiles associated with obesity
susceptibility and obesity resistance, we performed mRNA-Seq on
eWAT and liver samples obtained from ND-fed, OP and OR mice,
and systematically analyzed the results as follows. First, we identified
differentially expressed genes (DEGs) between OP and ND-fed mice,
between OR and ND-fed mice, and between OR and OP mice
using the cutoff set to fold change> |2| and P-value < 0.05.
In eWAT, 3366 DEGs were identified between OP and ND-fed mice
(770 upregulated and 2596 downregulated), 235 DEGs were
identified between OR and ND-fed mice (151 upregulated and 84
downregulated) and 1871 DEGs were identified between OR and OP
mice (1622 upregulated and 249 downregulated; Figure 4a). In the
liver, 1561 DEGs were identified between OP and ND-fed mice (1119
upregulated and 442 downregulated), 620 DEGs were identified
between OR and ND-fed mice (239 upregulated and 381 down-
regulated) and 1029 DEGs were identified between OR and OP mice
(883 upregulated and 146 downregulated; Figure 4b). The Venn
diagram indicates the number of genes regulated commonly or
specifically in various groups. There were 168 DEGs in eWAT that
were either upregulated or downregulated in both OP and OR mice
(Figure 4c). These commonly regulated DEGs were associated
with a broad range of gene ontologies including upregulation

International Journal of Obesity (2016) 1452 - 1460

of leukocyte activation, immune responses, as well as down-
regulation of some defense-response transcripts in eWAT
(Supplementary Table S2). In contrast, the commonly upregulated
DEGs in the liver were associated with cholesterol and steroid
metabolism, and with redox reactions (oxidation reduction),
whereas the downregulated DEGs were not significantly enriched
in any specific gene ontology (Figure 4d, Supplementary Table S3).

Transcriptomic modulation in eWAT and hepatic tissue of OP mice
in response to the HFD

The OP phenotype was underpinned by a set of 3198 DEGs
(in eWAT) that underwent changes in expression only in the OP
group. The 689 upregulated DEGs in adipose tissue of OP mice
include large groups of immune-response genes involved in
leukocyte, lymphocyte and T-cell activation, in immune path-
ways, and in regulation of cytokine production (Supplementary
Table S4). Conversely, the 2509 downregulated DEGs in eWAT
of OP mice included transcripts involved in sperm motility as
well as a number of transcripts associated with spermatogenesis
(Supplementary Table S4). In the liver, the 949 upregu-
lated DEGs of OP mice included the transcripts involved in
muscle contraction, electron transport chain and inflammatory
response, whereas 322 downregulated DEGs were associated

© 2016 Macmillan Publishers Limited, part of Springer Nature.
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with biological processes related to enzyme-linked receptor
protein signaling pathway (Supplementary Table S5).

Transcriptomic modulation in eWAT and hepatic tissue of OR mice
in response to the HFD

The OR phenotype was associated with 67 DEGs (in eWAT) that
underwent changes in expression only in the OR group. Only three
upregulated DEGs were observed in adipose tissue of OR mice
(Foxal, Syt8 and Ctse). In contrast, there were 64 downregulated
DEGs in adipose tissue, which were associated with defense
responses and a response to bacterial infection (Supplementary
Table S6). In the liver, 70 upregulated DEGs and 260 down-
regulated DEGs of OR mice were not significantly enriched in any
specific gene ontologies.

Comparison of transcriptomic modulation in eWAT and hepatic
tissue between OR and OP mice

Between the eWAT transcriptomes of OR and OP mice, 249
downregulated DEGs were associated with the gene ontology
terms ‘immune response,’ ‘cell activation,” ‘defense response’ and
‘leukocyte activation’; 1622 upregulated DEGs were involved in
‘sexual reproduction,” ‘male gamete generation’ and ‘spermato-
genesis’ (Supplementary Table S7). In the liver, upregulated DEGs
were not significantly enriched in any specific gene ontologies,
whereas 146 downregulated DEGs were associated with gene
ontologies involving downregulation of muscle contraction,
extracellular structure organization and collagen fibril organization
(Supplementary Table S8).

© 2016 Macmillan Publishers Limited, part of Springer Nature.

“Mean values not sharing a common superscript were significantly different among the groups (P < 0.05).

Differential molecular pathways in eWAT and hepatic tissue of OP
and OR mice according to IPA

To identify the interactive molecular pathways associated with
obesity susceptibility and obesity resistance, we performed IPA
and obtained Figures 5 and 6. The top-ranked canonical
pathways in eWAT and hepatic tissue are shown in Figures 5
and 6 as a comparison of OP and ND-fed mice. The OP
phenotype in eWAT was associated with upregulation of diverse
genes related to immune-response signaling, including leuko-
cyte extravasation, phagocytosis in macrophages and mono-
cytes, communication between cells of innate and adaptive
immunity, TREM1 signaling and many genes involved in
inflammatory signaling (Figure 5a). Particularly, the majority of
genes in the leukocyte extravasation signaling pathway (the top
canonical pathway in eWAT) were downregulated in the OR
group compared with the OP group (Figure 5b). We also found
that canonical pathways, such as atherosclerosis signaling,
sperm motility mechanisms, cAMP-mediated signaling and
AMP-activated protein kinase signaling, were altered in the
eWAT transcriptome of OR mice compared to OP mice
(Figures 5c and d). In the liver, the OP phenotype was associated
with upregulation of oxidative phosphorylation (OXPHOS),
mitochondrial dysfunction, hepatic fibrosis, and cholesterol
biosynthesis (Figure 6a). In contrast, upregulation of OXPHOS-
related genes in the OP group was attenuated in the OR group
(Figure 6b). Furthermore, we found that the upregulation of the
pathways associated with hepatic fibrosis, agranulocyte adhe-
sion and diapedesis, atherosclerosis signaling and OXPHOS was
attenuated in OR mice (Figures 6¢ and d).
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activity. (i) Hepatic glucose-6-phosphatase (G6Pase) activity. (j) Differences in plasma leptin, (k) resistin, (I) adiponectin, (m) tumor necrosis
factor-a, (n) MCP-1, (o) PAI-1, (p) IL-6 and (q) IFN-y among ND-fed C57BL/6J mice and HFD-fed OP and OR C57BL/6J mice. ND, AIN-93G; HFD,
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among the groups (P < 0.05).

DISCUSSION

This study provides robust evidence of a distinct OP phenotype
and a distinct OR phenotype in C57BL/6J mice fed an isocaloric
HFD. The emergence of divergent phenotypes is evident in the
HFD-fed mice despite the identical genetic background and
environmental conditions.

C57BL/6J is the strain used most widely in preclinical experi-
mental models of obesity and of the related complications, but
various studies have shown interindividual variability in weight
gain and in physiological responses to an HFD.'>”'* Acute and
chronic overeating experiments in young men have also revealed
individual differences in the responses to overeating.'>™'® In
humans, however, it is difficult to identify the relative contribution
of specific genetic and environmental factors to those responses
to dietary changes. In the present study, divergence in the body
weight gain, in response to the HFD, is apparent as early as week
1, with a significantly greater body weight gain in mice classified
as OP compared with OR mice. Several research groups have
attempted to identify the physiological factors that determine
whether a mouse is more susceptible or less susceptible to
diet-induced obesity. These researchers, however, have mainly
focused on identification of differences in whole-body physiolo-
gical or metabolic adaptations between different mouse strains
rather than within the same mouse strain.'®

Obesity susceptibility and resistance result in distinct body
weight gain, tissue morphology and metabolism. Energy intake
appears not to differ between our OP and OR mice; therefore, the

International Journal of Obesity (2016) 1452 - 1460

food efficiency ratio is significantly lower in OR mice, indicating
that these mice are less capable of energy storage. This result can
be explained by increased energy expenditure and VO, in OR mice
compared with OP mice during the dark phase.

A major proportion of the excess body weight gain per day in
OP mice was due to expansion of WAT, including the epididymal,
perirenal, mesenteric and interscapular depots. Epididymal
adipocytes were enlarged and lipid laden in OP mice, and there
was evidence of infiltration by collagen fibrils between the
adipocytes. In contrast, OR mice had smaller adipocytes, with only
traces of infiltration by collagen fibrils.

Exposure to an HFD induces metabolic alterations including
dyslipidemia and hepatic steatosis, and we observed differences in
metabolic profiles between OP and OR mice. The total cholesterol
level in plasma was attenuated in the OR group compared with
the OP group. The levels of hepatic lipids including fatty acids,
triglycerides and cholesterol were significantly lower in the OR
group than in the OP group, with simultaneous alterations in CPT
and HMGCR activities. In addition, plasma glutamic oxaloacetic
transaminase and glutamic pyruvic transaminase levels (hepatic
toxicity markers) were significantly lower in the OR group than in
the OP group. Over time, OP mice developed aberrations in plasma
glucose and insulin levels with enlargement of pancreatic (3-cells.
Generally, the state of insulin resistance, such as that observed
during obesity and type 2 diabetes mellitus, is closely related to the
downregulation of hepatic glycolytic enzymes and decreased
glucose utilization.® In the present study, the activity of hepatic

© 2016 Macmillan Publishers Limited, part of Springer Nature.
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glucokinase in OR mice significantly increased, whereas the hepatic
glycogen level decreased compared with those in OP mice. This
finding implies enhanced hepatic glucose utilization in OR mice.
Generally, previous evidence has proved that the hepatic gluconeo-
genic enzymes such as PEPCK and G6Pase are upregulated in
obesity, insulin resistance and type 2 diabetes"*> However,
the expression/activation of PEPCK and G6Pase is conflicting in
hepatic gluconeogenesis of DIO models. Do et al.®® reported that
activities of PEPCK and G6Pase are consistently suppressed in the
HFD-fed mice and mRNA expression of PEPCK is consistently
downregulated during the development of DIO. In this study, both
MRNA expressions (data not shown) and activities of PEPCK and
G6Pase were significantly lower in DIO mice (both OP and OR mice)

© 2016 Macmillan Publishers Limited, part of Springer Nature.

compared with ND mice, in agreement with previous results.2®2%

Moreover, a recent report suggests that increased mRNA expression
of PEPCK and G6Pase does not account for the hepatic insulin
resistance and increased gluconeogenesis in type 2 diabetic
subjects.”®

Chronic low-grade inflammation of adipose tissue and skeletal
muscle as well as systemic inflammation are the hallmarks of a
HFD and obesity."”*° The excess lipid accumulation that was
observed here in eWAT of OP mice was associated with the
upregulation of inflammation markers including MCP-1, PAI-1, IL-6
and IFN-y. In addition, leptin and resistin levels were higher in OP
mice compared with ND-fed mice, but this change was attenuated
in OR mice.
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Figure 5.

(a) Significant canonical pathways in the eWAT of HFD-fed OP mice versus ND-fed mice. (b) A heat map of the genes involved in

leukocyte extravasation signaling in eWAT. (c) Significant canonical pathways in the eWAT of OR versus OP mice. (d) Expression of genes
related to significant canonical pathways in the eWAT of OR mice versus OP mice. The significant pathways were obtained by IPA.

Proinflammatory cytokines have been shown to participate
in insulin resistance3' The downregulation of inflammation
markers in OR mice suggests that they may be more capable of
coping with the excess fat intake, by rapidly clearing metabolic
byproducts and via metabolic homeostasis including glucose
homeostasis, as opposed to OP mice.

To characterize a biological process or a disease state, a variety
of omics platforms have been utilized in experimental settings.>
In the present study, we performed mRNA-Seq on adipose and
hepatic tissues to elucidate the molecular mechanisms behind
the divergent phenotypic responses to an HFD as well as the
pathological consequences. The mRNA-Seq data revealed several
adaptive mechanisms that may explain why OR mice are protected
from the pathological changes that occur in OP mice in response
to the HFD. The transcriptomic modulation in OP mice is most
likely the main driver of the pathological changes and metabolic
complications associated with the HFD. Many groups of genes
that are associated with enlargement of eWAT and immune-cell
infiltration (such as genes controlling immune responses, cell
activation and the inflammatory response) were highly upregulated
in the eWAT of OP mice, but these changes were attenuated (or
there was no change) in the eWAT of OR mice. On the other hand,
many groups of genes that are associated with spermatogenesis,
male gamete generation, sperm motility and glycolysis were
downregulated only in the eWAT of OP mice in response to the
HFD. Inflammatory abnormalities are known to occur prior to the
development of metabolic disorders in various mouse strains with

International Journal of Obesity (2016) 1452 - 1460

varying susceptibility to diet-induced obesity and diabetes.*®
According to IPA, the OP phenotype is linked to upregulation
of diverse signaling pathways associated with immune responses,
including the pathways related to leukocyte extravasation, phagocy-
tosis in macrophages and monocytes, communication between cells
of innate and adaptive immunity, and many types of inflammatory
signaling. In contrast, most of leukocyte extravasation-related
genes were downregulated in OR mice. In addition, in OR mice,
the upregulation of genes related to atherosclerosis signaling
was attenuated, whereas expression of the genes linked to cAMP-
mediated signaling was enhanced. Diet-induced obesity in rodents
leads to a decrease in sperm motility and in the percentage of sperm
with normal morphology.3**® In the present study, many groups of
genes that are associated with sperm motility and spermatogenesis
were strongly upregulated in the eWAT of OR mice compared with
OP mice.

OR mice also showed significant alterations in the expression
of genes involved in the AMP-activated protein kinase signaling
pathway (in comparison with OP mice), which is known to contribute
to cellular energy metabolism and whole-body energy.®® This result
is supported by the increased energy expenditure in OR mice.

In the molecular pathways in the liver, according to IPA, the
OP phenotype is associated with upregulation of mitochondrial
dysfunction, hepatic fibrosis, cholesterol biosynthesis and OXPHOS
(compared with ND-fed mice). In the liver of OP mice, the
upregulation of OXPHOS transcripts including electron transport
genes points to concerted enhancement of carbohydrate metabolism

© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Figure 6. (a) Significant canonical pathways in the liver of HFD-fed OR mice versus HFD-fed OP mice. (b) A heat map of the genes involved in

oxidative phosphorylation in the liver. (c) Significant canonical pathways in the liver of OR mice versus OP mice. (d) Expression of genes
related to significant canonical pathways in the liver of OR mice versus OP mice. The significant pathways were obtained by IPA.

relative to the ND-fed mice, but these changes were attenuated in
the OR group. OXPHOS is the metabolic pathway important for
generation of energy, but also leads to ROS production, which can
cause oxidative damage. Alterations in OXPHOS gene expression in
various tissues have been linked to positive as well as negative effects
in other studies. OXPHOS-related genes are upregulated in the liver of
patients with type 2 diabetes®” On the other hand, the expression
and activity of components of OXPHOS are downregulated in human
WAT, in direct correlation with the degree of obesity*® and expression
of OXPHOS-related genes is markedly downregulated in the WAT of
db/db mice and mice with diet-induced obesity> Furthermore,
in the present study, the upregulation of pathways associated with
hepatic fibrosis, agranulocyte adhesion and diapedesis, atherosclero-
sis signaling and hepatic OXPHOS was attenuated in the OR
mice. Taken together, our findings suggest that the susceptibility or
resistance to diet-induced obesity can be determined by distinct

© 2016 Macmillan Publishers Limited, part of Springer Nature.

transcriptional programs because transcriptomic profiling revealed
phenotypic differences between OR and OP mice in response to
the HFD.

There are limitations to this study. First, C57BL/6J mice were
chosen as a model of diet-induced obesity, because on a HFD they
become obese and develop insulin resistance, and thus share
many similarities with the humans who have these disorders. On
the other hand, the drawback of using a single inbred strain is
low-genetic heterogeneity. Nevertheless, we were able to identify
significant differences in the transcriptome and phenotype
between our OP and OR mice. Second, we performed mRNA-
Seq on eWAT and hepatic tissue after 12 weeks when the OP
phenotype and OR phenotype are well established. Therefore, the
transcriptomic differences that were observed here may be partly
owing to either the underlying phenotype or the inherent
consequences of the HFD. OR mice appear to show both positive

International Journal of Obesity (2016) 1452 - 1460
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and negative adaptations to the HFD; therefore, sometime in their
lifespan, they may go on to develop some of the pathological and
metabolic complications of obesity, albeit at a lower frequency
than the OP mice.

In conclusion, our findings reveal major divergence in the
transcriptomes, metabolic processes and phenotypes between obesity
susceptibility and obesity resistance in HFD-fed C57BL/6J mice.
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