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Abstract

Obesity is associated with adipose tissue hypertrophy, systemic inflammation, mitochondrial dysfunction, and intestinal
dysbiosis. Rodent models of high-fat diet (HFD)-feeding or genetic deletion of multifunctional proteins involved in immu-
nity and metabolism are often used to probe the etiology of obesity; however, these models make it difficult to divorce the
effects of obesity, diet composition, or immunity on endocrine regulation of blood glucose. We, therefore, investigated the
importance of adipose inflammation, mitochondrial dysfunction, and gut dysbiosis for obesity-induced insulin resistance
using a spontaneously obese mouse model. We examined metabolic changes in skeletal muscle, adipose tissue, liver, the
intestinal microbiome, and whole-body glucose control in spontaneously hyperphagic C57B1/6] mice compared to lean lit-
termates. A separate subset of lean and obese mice was subject to 8 weeks of obesogenic HFD feeding, or to pair feeding of a
standard rodent diet. Hyperphagia, obesity, adipose inflammation, and insulin resistance were present in obese mice de-
spite consuming a standard rodent diet, and these effects were blunted with caloric restriction. However, hyperphagic obese
mice had normal mitochondrial respiratory function in all tissues tested and no discernable intestinal dysbiosis relative to
lean littermates. In contrast, feeding mice an obesogenic HFD altered the composition of the gut microbiome, impaired skel-
etal muscle mitochondrial bioenergetics, and promoted poor glucose control. These data show that adipose inflammation
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and redox stress occurred in all models of obesity, but gut dysbiosis and mitochondrial respiratory dysfunction are not al-
ways required for obesity-induced insulin resistance. Rather, changes in the intestinal microbiome and mitochondrial bio-
energetics may reflect physiological consequences of HFD feeding.
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Introduction

Obesity and Type 2 diabetes are interlinked chronic diseases
that affect a significant number of people; however, the etiology
of connections between these diseases is poorly defined. A com-
mon working model suggests that overnutrition causes adipose
tissue hypertrophy,* which promotes hyperinsulinemia and in-
sulin resistance through several cellular responses including
endoplasmic reticulum (ER) stress, oxidative stress, and
inflammation.>>Obesity-related changes in adipose tissue func-
tion influence systemic metabolism through adipokines, dysli-
pidemia, ectopic lipid deposition, inflammation, and altered
endocrine control of metabolism in other tissues such as the
liver and muscle,” ultimately influencing insulin and glucose
homeostasis.

Many mechanistic insights into the etiology of obesity are
derived from high-fat diet (HFD)-feeding rodent models, which
rapidly result in whole-body glucose intolerance and insulin re-
sistance, secondary to adipose tissue inflammation.>® The over-
supply of fatty acids to peripheral tissues, particularly skeletal
muscle, has been shown to directly impair insulin signaling and
contribute to the development of glucose intolerance.”® In addi-
tion, in HFD-fed models, mitochondrial adenosine diphosphate
(ADP) sensitivity and the ability of ADP to suppress

mitochondrial reactive oxygen species (ROS) emission rates are
impaired, indicating mitochondrial dysfunction.’ This response
also appears linked to excess intramuscular lipids, as the pres-
ence of palmitoyl-CoA (P-CoA) dramatically decreases mito-
chondrial ADP sensitivity.”> Furthermore, HFD-induced
alterations in the gut microbiome influence energy harvest
from the diet, and can contribute to energy excess that pro-
motes obesity.*>*? Altered composition of the intestinal micro-
biota during obesity coincides with the development of insulin
resistance’®; however, diet composition (e.g., high fat, lower fi-
ber) is also highly influential in shaping the intestinal micro-
biome, independent of obesity.’ These findings highlight the
difficulty in discerning the independent effects of obesity from
lipid overload. It is, therefore, possible that changes in the gut
microbiome, mitochondrial bioenergetics, and redox imbalance
occurring with obesity may not all be necessary for the induc-
tion of insulin resistance, but instead reflect the physiological
response to altered composition of the diet such as high fat
intake.

In contrast to HFD approaches, genetic models targeting lep-
tin or its receptor such as the ob/ob or db/db mouse have pro-
vided a hyperphagic model of obesity.”® These genetically
obese mice are also characterized by adipose tissue



hypertrophy, inflammation, and insulin resistance but do not
require HFD feeding to induce this phenotype.'”"'® However, lep-
tin plays a role in immunity,'>*° which likely contributes to the
altered intestinal microbiota composition in ob/ob mice inde-
pendent of diet.>® While the microbiome is altered in db/db
mice fed an ad libitum chow diet compared to lean controls, ca-
loric restriction has been shown to prevent obesity in db/db
mice without altering the gut microbiome composition.?? This
suggests that leptin signaling has a direct influence on intesti-
nal dysbiosis, and therefore it is difficult to determine the con-
tribution of the gut microbiota to obesity-induced insulin
resistance in these genetic models.

In this study, we characterize a spontaneous mutation in
C57Bl/6] mice that leads to rapid development of an obese phe-
notype in the absence of changing dietary composition.
Importantly, hyperphagia was not due decreased plasma leptin
concentrations or mutations within the leptin receptor. We de-
termined the hyperglycemic, hyperinsulinemic, and insulin-
resistant phenotype of obese mice was associated with oxida-
tive stress and inflammation within epididymal white adipose
tissue (eWAT) but occurred without gut dysbiosis or skeletal
muscle mitochondrial respiratory dysfunction. In contrast,
HFD-feeding-induced insulin resistance in both spontaneously
obese mice and lean littermates, while impairing skeletal mus-
cle mitochondrial bioenergetics and altering the gut micro-
biome. Therefore, while adipose inflammation appears intrinsic
to obesity, gut dysbiosis and mitochondrial respiratory dysfunc-
tion are consequences of HFD interventions and may not be di-
rectly required to induce obesity or insulin resistance.

Materials and Methods
Mice

C57Bl/6] mice were bred on site at the University of Guelph.
Lean and obese littermates were cohoused with a 12:12 h light:-
dark cycle and fed a standard chow diet ad libitum. In a subset
of experiments, obese mice were pair-fed to lean littermates. A
group of both obese and lean animals was also subject to an
8-week HFD (60% fat, Research Diets D12492) or low-fat diet
(LFD; 10% fat, Research Diets D12450J). In a separate subset of
these mice (both HFD and LFD), tissues were removed and rap-
idly frozen in liquid nitrogen before (pre) and 15 min following
(post) an intraperitoneal injection of 1 U/kg body weight of insu-
lin (Novorapid). All procedures were approved by the Animal
Care Committee at the University of Guelph and the University
of Ottawa, and all mice were anesthetized at ~16-24 weeks of
age with an intraperitoneal injection of sodium pentobarbital
(60 mg/kg). Thereafter key tissues and feces were removed, im-
mediately snap-frozen in liquid nitrogen and stored at —80°C
until analyses. Alternatively, mitochondrial bioenergetics was
immediately analyzed on fresh tissue as described below.

For chow versus HFD comparison of mouse cecal microbiota,
specific-pathogen-free C57Bl/6] littermate male mice were bred
in house at McMaster University and aged to 8 weeks. All proce-
dures were approved by McMaster University Animal Ethics
Review Board. The HFD group was fed a 45% HFD (Research
Diets D12451) for 16 weeks while the chow group continued on
regular diet for this time (Teklad 22/5 diet, catalog #8640). After
16 weeks of chow or high-fat feeding, the mice were euthanized
and cecums collected for DNA isolation and sequencing.
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Whole Body Characterization

Fasting plasma glucose, insulin, leptin, and nonesterified fatty
acids were determined as previously reported >* using com-
mercially available kits. On separate days, following an over-
night fast, animals were injected intraperitoneally with either
glucose (2 g/kg body weight) or insulin (1 U/kg body weight,
Novorapid) to determine glucose and insulin tolerance, respec-
tively, by monitoring tail blood glucose concentrations. Resting
energy expenditure was determined by monitoring oxygen con-
sumption (VO,) and carbon dioxide production (VCO,) over a 48
h period (Columbus Instruments, Columbus, OH), and subse-
quently calculating total carbohydrate (CHO) and fat oxidation
as previously reported.”*

Hyperinsulinemic-Euglycemic Clamp

Hyperinsulinemic-euglycemic clamps were performed as previ-
ously described.?® A catheter was inserted into the right jugular
vein 5 days prior to the clamp, and on the day of the clamp,
mice were infused with D-[3->H]-glucose for 1 h. An insulin infu-
sate (10 mU/kg/min) containing D-[3->H]-glucose was then in-
fused, and blood glucose levels were titrated with 50% dextrose
to maintain euglycemia for a further 2 h. Basal and clamped
rates of glucose disposal and hepatic glucose production (HGP)
were calculated as previously described.?>

Sequencing of the Mouse Genome

DNA was isolated from the gastrocnemius muscle from two
obese and one lean animal using commercially available kits
(Qiagen), frozen and shipped to The Centre for Applied
Genomics (TCAG) at SickKids. Thereafter, the Next Generation
sequencing facility utilized Illumina HiSeq X to sequence the
genomes, compared to a known reference (mm10 C57Bl/6]), and
filtered to determine common SNPs between the obese mice rel-
ative to the lean littermate. A full list of this returned annotated
file is provided as an expanded view table.

Mitochondrial Bioenergetics

Standard methodology was utilized to determined mitochon-
drial respiration in isolated mitochondria (red gastrocnemius
[RG] muscle, heart, and liver),”?® permeabilized WAT,” and per-
meabilized muscle fibres*® (Oroboros Oxygraph-2K: Oroboros
Instruments, Innsbruck, Austria). In addition, mitochondrial
H,0, emission was determined in permeabilized muscle fibers
as previously reported® (Oroboros Oxygraph-2K: Oroboros
Instruments, Innsbruck, Austria) and in permeabilized eWAT as
previously reported.”

Western Blotting

Tissue was homogenized in lysis buffer, centrifuged for 15 min
at 1500 g and 4°C, and diluted to 1 pg/uL protein content. Equal
amounts of each sample were loaded for separation by SDS-
polyacrylamide gel electrophoresis and transferred to a polyvi-
nylidene difluoride membrane. Membranes were incubated in
commercially available primary antibodies to detect mitochon-
drial oxidative phosphorylation system (OXPHOS; Sug protein;
1:1000; Mitosciences; ab110413), superoxide dismutase 2 (SOD2;
Sug protein; 1:5000; Abcam; ab13533), catalase (5ug protein;
1:2000; Abcam; ab16731), total c-Jun N-terminal kinase 1/2
(JNK1/2; 10ug protein; 1:1000; Cell Signaling; ¢s9252), phospho-
JNK1/2 (15pg protein; 1:1000; Cell Signaling; cs4671), total
extracellular-signal-regulated kinase 1/2 (ERK1/2; 5pg protein,
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1:1000; Cell Signaling; ¢s9102), phospho-ERK1/2 (15pg protein,
1:1000; Cell Signaling; ¢s9101), total eukaryotic translation initi-
ation factor 2A (EIF20; 5ug protein; 1:1000; Cell Signaling;
¢s9772), phospho-EIF20 (15pg protein; 1:1000; Cell Signaling;
€s9721), cytoplasmic FMR1-interacting protein 2 (CYFIP2; Sug
protein; 1:1000; Abcam; ab95969), phospho-Akt Ser473 (15ug pro-
tein; 1:1000; Cell Signaling; c¢s9271), phospho-Akt Thr308 (15ug
protein; 1:1000; Cell Signaling; cs9275), total Akt (Sug protein;
1:1000; Cell Signaling; cs4691), and 4-hydroxynonenal (4HNE;
20pg protein; 1:1000; Alpha Diagnostics; HNE11-s). The a-tubulin
(5ug protein, 1:1000; Abcam; ab7291) and Ponceau stains were
used as a loading control. Western blots were quantified using
FluorChem HD imaging chemiluminescence (Alpha Innotech,
Santa Clara, US). All samples for each protein were loaded and
detected on the same membrane.

Histology

Adipose tissue and liver were fixed, embedded, and stained as
previously reported.”® Images were taken with an Olympus
(Tokyo, Japan) microscope at x40 magnification and analyzed
with Image] 1.48 (National Institutes of Health) software
obtained from http://rsb.info.nih.gov/ij/download.html.

Gene Expression

Total RNA was obtained from frozen WAT as previously de-
scribed.® Transcript expression was measured using TagMan
Assays with AmpliTaq Gold DNA polymerase (Thermo Fisher
Scientific) in a Rotor-Gene Q real-time polymerase chain reac-
tion (PCR) cycler (Qiagen). Target genes (Tnf, Ccl2, Cxcll, Cxcl9,
Cxcl10, 111b, 114, 1110, Emr1, Ccr7, Cd4, Cb8, and Cd11b) were com-
pared to the Rplp0 housekeeping gene using the AACr method as
previously described.**

Microbiome Bacterial Profiling

Genomic data were extracted from cecum segments and fecal
samples as previously described.’® Illumina compatible PCR am-
plification of the variable 3 (V3) region of the 16S ribosomal RNA
(rRNA) gene was completed on each sample and Illumina MiSeq
was used to sequence DNA products of this amplification.
Taxonomy was assigned to operational taxonomic units (OTUs)
(based on 97% similarity). Ribosomal Database Project classifier
in Quantitative Insights Into Microbial Ecology (QIIME)*? against
the 2011 version of the Greengenes reference database.*® OTU
assignments were converted to relative abundance before beta
diversity calculations to account for depth of coverage and to
normalize across samples. QIIME and R scripts were used to cal-
culate beta diversity using the Bray-Curtis dissimilarity and
principal coordinates analysis (PCoA), to generate plots of taxo-
nomic data, and to perform statistical tests, as previously
described.”

Statistics

Statistical analyses were completed using GraphPad Prism 8
software (GraphPad Software, Inc., LA Jolla, USA). Unpaired,
two-tailed t-tests; one-way analysis of variance (ANOVA) with a
lease significance differences (LSD) multiple comparison post
hoc analysis; or two-way ANOVAs were used as appropriate
(full details and sample sizes listed in figure legends). ADP titra-
tions (drive on respiration and attenuation of H,0,) were ana-
lyzed with GraphPad Prism software as previously

described.*>** Statistically significance was determined as
P <.05. Data expressed as mean + SEM.

Analysis and data visualization of microbial 16S rRNA gene
profiling was performed in R. The Wilcoxon rank-sum test was
used for pairwise comparisons between two groups.
Adjustment for the false discovery rate was calculated with the
Benjamini-Hochberg method® and statistical significance was
accepted at P <.05. Custom R scripts used for data analysis are
available from the corresponding author on reasonable request.

Results
Mouse Phenotype

While breeding wildtype (WT) C57Bl/6] mice, a litter of pups
spontaneously arose that resulted in lean and obese cagemates
at maturity. Obese littermates at 20 weeks of age were up to 4
times heavier (~80 g) compared to lean littermates (~25 g;
Figure 1A). The obese phenotype was associated with increased
mass and size of WAT, liver, heart, and kidneys (Figure 1A and
B; Figure S1A). We, therefore, tracked the time course of changes
in body mass in subsequent litters of mice. While pups <4
weeks of age (i.e., during weaning) did not differ in body weight,
some animals displayed a marked and rapid increase in body
weight beginning at 5 weeks of age (~10 g between weeks 5 and
6; Figure 1C). The obese phenotype was not sex specific, as a
subset of both male and female mice displayed rapid weight
gain. The increase in body weight was associated with hyper-
phagia when tracked over several weeks (Figure 1D), as well as
hyperglycemia, hyperinsulinemia, and increased plasma leptin
concentrations when assessed at ~18 weeks of age (Figure 1E).
Surprisingly, obesity occurred in the absence of higher plasma
fatty acids (Figure 1E).

Genetic Characterization

Given the hyperleptinemia in our spontaneously obese mice
(Figure 1E), our model does not appear to replicate the ob/ob
mouse. We next aimed to establish that this model was not
simply recapitulating the db/db mouse (mutation in the leptin
receptor in the presence of hyperleptinemia).*® To accomplish
this, DNA was sequenced from two obese mice and one lean lit-
termate mouse. No mutations were observed within the leptin
receptor gene (Lepr), or within ~2 million base pairs on chromo-
some 4 (Table S1). These data suggest that the current obesity
model is independent of leptin deficiency or mutations within
the leptin receptor. To examine other potential genetic targets,
we next filtered the genomic data to probe for common muta-
tions within two of our spontaneously obese mice. We also rea-
soned that our obesity-associated mutation would likely be
uncommon in C57Bl/6] mice, and therefore we compared these
animals to the mm10 reference genome (UCSD).*”*® This ap-
proach resulted in 16 common (previously identified in >5 spe-
cies), 10 rare (previously identified in 2-5 species), and 10
unique (previously identified in <2 species) nonsynonymous
mutations (Figure 1F; Table S1). Of the unique mutations found
in our spontaneously obese mice, the CYFIP2 gene has been
linked to binge eating and addiction behavior,*® and therefore
could contribute to the development of hyperphagia and obesity
in the present animals.

In support of a putative role of CYFIP2 in our spontaneously
obese phenotype, the CYFIP2 gene appears to be a hotspot for
mutations with downstream functional outcomes, as muta-
tions in several exons (4, 5, 14, 20, and 31; Figure 1G) of the
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Figure 1. Characterization of Spontaneous Obese Mice. (A, B) Some littermates displayed pronounced obesity and adiposity, which also manifested in increased mass of the liver,
heart, kidney, and adipose tissue. (C, D) Obesity occurred between week 4 and 5 of age as a result of a marked increase in food intake. (E) Obesity was associated with hyperglyce-
mia, hyperinsulinemia, increased leptin, but unaltered plasma NEFA concentrations. (F) In total, 36 nonsynonymous mutations were shared between two obese animals com-
pared to one lean littermate, including 16 common mutations (occurring in >10 other species), 10 rare mutations (occurring in 2-5 other species), and 10 unique mutations
(occurring in <2 other species). (G) The Cyfip2 gene appears to be a hotspot for mutations, including the S968F mutation and several others within the cytoplasmic fragile-X inter-
acting, WAVE and Nap1 binding domains. Data expressed as mean + SEM of results obtained from n= 3-10 for each genotype. *P < .05 versus lean (unpaired two-tailed Student’s
t-test). Nap1, Nck-associated protein 1; NEFA, nonesterified fatty acids; WAVE, Wiskott-Aldrich syndrome protein—family verprolin-homologous protein.

human CYFIP2 gene have been linked to the development of
Prader-Willi syndrome.*° Intriguingly, the mutation we identi-
fied in our obese model (S968F) has previously been attributed
to some of the genetic differences between C57Bl/6] and 6N
mouse lines, as the Cyfip2 S968F mutation was introduced in
the C57Bl/6N strain almost 70 years ago (Figure S1B).*" It was,
therefore, possible that the mutation detected arose because
our 6] mice were crossed with 6N mice and would imply the
CYFIP2 mutation is unrelated to the observed obese phenotype
in our strain of mice. However, other differences exist between
the 6] and 6N mice, which we utilized to determine this possi-
bility. Specifically, the 6] strain has a deletion in exon 7-11 of
the nicotinamide nucleotide transhydrogenase (NNT) gene,*
coding a protein involved in mitochondrial antioxidant de-
fense, and representing a mutation which is not present in the
6N strain (Figure S1B). We reasoned that if C57Bl/6 mouse
strains were crossed, the full-length NNT gene would be intro-
duced into the genome, and we would detect an insertion at
the corresponding position of chromosome 13 (bp 119334317-
119409011) within our obese genomic data. However, when we
compared our mouse genomes to the mm10 genome as a

reference (C57Bl/6]), no mutations were detected within the
NNT gene (Figure S1C; Table S2). Therefore, it appears that the
C57Bl/6] mice in this study spontaneously developed the
Cyfip2 S968F mutation. Since litters are extremely small in
number (n =2-3), we cannot rely on Mendelian genetics to esti-
mate the frequency of inheritance. However, as the obese ani-
mals sequenced were both homozygous and heterozygous for
the S968F mutation, this suggests a dominant phenotype. In
cell culture preparations, the Cyfip2 S968F mutation has been
linked to decreased mRNA stability/half-life,** and since the
CYFIP2 protein is ubiquitously expressed within the brain, we
examined CYFIP2 content in the cortex of 6N, lean 6], and
spontaneously obese 6] animals. Despite the S968F mutation,
CYFIP2 protein content was not different between 6N and 6]
genotypes, or in our obese animals (Figure S1D), suggesting to-
tal CYFIP2 protein content cannot explain the addictive behav-
ior of 6N mice® or the apparent hyperphagia in the obese mice
used in our experiments. Regardless, since WT 6N mice do not
develop obesity on a standard diet, it is evident that the pre-
sent obese animals display a polygenic form of obesity not
solely linked to CYFIP2.
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As alternative targets involved in our polygenic obese
model, nine other mutations appeared unique to this strain of
mice (Figure 1F, Table S1). While polycystic kidney disease one
like three (Pkdl13) represents one of these unique mutations,
Pkdl13 has been linked to changes in kidney external appear-
ance®®; and as obese animals displayed smooth kidneys that
appeared devoid of cysts (Figure S1A), it is therefore unlikely
that this mutation contributes to the observed obese pheno-
type. In contrast, mutations in galectin-3-binding protein
(Lgals3bp) have been associated with obesity in humans** and
a functioning transmembrane P24 trafficking protein 10
(Tmed10) appears required for normal ER function and pre-
venting ER stress within the liver,*>*® suggesting mutations in
these genes could be involved in an obese phenotype. Clearly,
several genetic mutations could contribute to the observed
spontaneous obesity occurring in our strain of C57Bl/6] mice.
Regardless of solidifying which gene causes obesity, these
mice represent a unique model to study the mechanisms asso-
ciated with obesity-related glucose intolerance in the absence
of HFD feeding or defects in leptin.

Insulin Sensitivity and Energy Expenditure

Insulin resistance and glucose intolerance are closely linked
with obesity in genetic and diet-induced models; therefore, we
examined several indices of glucose homeostasis in our line of
obese mice. Compared to lean littermates, spontaneously obese
mice had profound glucose intolerance and insulin resistance
(Figure 2A and B). Weight gain and impaired glucose control
were consistent in both males and females (Figure S2A-C).
Furthermore, hyperinsulinemic-euglycemic clamps revealed a
3-fold lower glucose disposal rate, and 20-fold lower glucose in-
fusion rate (Figure 2C-F) in obese mice, indicating robust periph-
eral and hepatic insulin resistance. While HGP was not different
at rest, obese mice were resistant to the ability of insulin to sup-
press HGP (~5-fold lower than lean mice, Figure 2G) which is
not surprising given the marked liver hypertrophy (Figure 1B;
Figure S1A). Furthermore, decreased insulin-stimulated phos-
phorylation of Akt™% in the oxidative RG muscle of obese
mice indicates skeletal muscle insulin resistance (Figure 2H and
I). However, in contrast to the impairments in glucose control
and insulin sensitivity, no alterations in plasma triglyceride
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Figure 2. Glucose Intolerance and Insulin Resistance in Spontaneous Obese Mice. (A, B) Spontaneously obese mice presented with profound glucose and insulin intoler-
ance. (C-F) Hyperinsulinemic-euglycemic clamps revealed dramatically lower GDR and GIR in obese mice. (G) HGP was elevated in spontaneously obese mice, and the
ability of insulin to suppress HGP was attenuated. (H, I) RG muscle of obese mice was insulin resistant, indicated by a reduction in Akt™° phosphorylation following
insulin stimulation. (J) Despite insulin resistance, lipid tolerance (triglyceride responses) following lipid ingestion was not altered in obese mice. Data expressed as
mean * SEM of results obtained from n=4-8 for each genotype. *P < .05 versus lean, 'P < .05 versus basal unstimulated (unpaired two-tailed Student’s t-test). AUC, area
under curve; GDR, glucose disposal rate; GIR, glucose infusion rate; GTT, glucose tolerance test; ITT, insulin tolerance test.
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Figure 3. Decreased Fat Oxidation and Energy Expenditure Do Not Contribute to the Development of Obesity. (A-D) Total activity, fat oxidation, CHO oxidation, and en-
ergy expenditure in lean and obese mice when averaged over the middle of the second light cycle (ie, 10-13 h) during 48 h of indirect calorimetry. (E-H) Total activity,
fat oxidation, CHO oxidation, and energy expenditure in lean and obese mice when averaged over the middle of the second dark cycle (ie, 22-1 h) during 48 h of indirect
calorimetry. Data expressed as mean * SEM of results obtained from n=4-10 for each genotype. *P < .05 versus lean (unpaired two-tailed Student’s t-test).

levels before or after ingestion of lipids/oil were observed in
obese mice (Figure 2J), indicating normolipidemia and the ab-
sence of changes in intestinal lipid absorption.

We next examined the possibility that a reduction in fat oxi-
dation or total energy expenditure could contribute to the ob-
served phenotype. However, despite reduced activity, absolute
rates of fat oxidation were unaltered, while CHO oxidation and
total energy expenditure were increased in both light and dark
cycles in spontaneously obese animals (Figure 3A-H). Similar to
body weight, these changes were not sex specific, as both male
and female mice displayed similar increases in total energy ex-
penditure, likely as a result of the increased body weight (Figure
S2D-K). Altogether, the spontaneous mutation in C57Bl/6] mice
resulted in obesity and severe insulin resistance due to hyper-
phagia in the absence of a reduction in energy expenditure or a
direct link to a single genetic mutation.

Mitochondrial Bioenergetics

Given the link between mitochondrial bioenergetics and insulin
resistance, we next examined if mitochondrial dysfunction con-
tributed to poor glucose control and insulin resistance in obese
mice. However, mitochondrial respiration, coupling rates, and
leak respiration were not impaired in isolated mitochondria from
the heart (Figure 4A) and skeletal muscle (Figure 4B). Intriguingly,
respiration rates were subtly higher in the liver of obese mice
(Figure 4C), however, this change was small in magnitude and the
biological relevance remains unknown. Since these measure-
ments are independent of mitochondrial content, we also
assessed protein content of the OXPHOS within these tissues.
However, obesity did not alter mitochondrial protein content with

the exception of a reduction in OXPHOS in the liver (Figure 4D and
E; Figure S3A-F). In addition, OXPHOS content was not reduced in
eWAT of obese animals (Figure 4D and E) and mitochondrial respi-
ration was not impaired (Figure 4F). Recently, increased mitochon-
drial ROS has been implicated as a cellular event more indicative
of HFD-induced dysfunction within eWAT.*"*® Indeed, we deter-
mined that lipid-supported mitochondrial ROS emission rates
were increased in eWAT of obese mice (Figure 4G), in association
with increased 4HNE (marker of lipid peroxidation and redox
stress; Figure 4H) compared to lean littermates.

In addition to altering OXPHOS capacity, HFD feeding has
been associated with reductions in skeletal muscle mitochon-
drial ADP sensitivity’ and the capacity to utilize lipids.*® We,
therefore, examined these parameters in permeabilized muscle
fibers. Spontaneously obese animals displayed normal respira-
tion and indices of mitochondrial ADP sensitivity, lipid-
supported respiration, and malonyl-CoA sensitivity (Figure 4I
and J). Furthermore, obese mice did not present with greater
4HNE or altered content of mitochondrial antioxidant proteins
(SOD2, catalase) in skeletal muscle (Figure S3G and H).
Combined, these data suggest the absence of skeletal muscle
mitochondrial respiratory dysfunction in obese mice and show
that impaired respiratory function or alterations in mitochon-
drial ADP sensitivity are not necessary in development of insu-
lin resistance during obesity in mice.

Adipose Tissue and Liver Morphology, Inflammation
and Intracellular Signaling

Adipose tissue expansion and inflammation is a hallmark of
obesity and plays a fundamental role in the development of
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Figure 4. Mitochondrial Respiratory Dysfunction Is Not Required for the Development of Obesity. (A-C) Mitochondrial respiration was not reduced in mitochondria iso-
lated from the heart, liver, or skeletal muscle of obese animals. (D, E) With the exception of a reduction in OXPHOS within the liver, mitochondrial content was not al-
tered in obese mice. (F) Respiration in permeabilized eWAT was not influenced by obesity. (G, H) Mitochondrial lipid-supported ROS emission rates and 4HNE protein
content were increased in eWAT of obese mice, indicating oxidative stress. (I, J) In permeabilized muscle fibers, maximal respiration and ADP sensitivity were not af-
fected by obesity. Data expressed as mean = SEM of results obtained from n=5-10 per genotype. *P < .05 versus lean (unpaired two-tailed Student’s t-test). DNP, dinitro-
phenol; JH,0,, rate of hydrogen peroxide production; JO,, rate of oxygen utilization; Km, Michaelis-Menten constant; L, lean mice; L-Carn, L-carnitine; M, malate; M-
CoA, malonyl-CoA; Ob, obese mice; P, pyruvate; P/O, the content of ADP utilized relative to oxygen; S, succinate; Vmax, maximal respiration rate.

insulin resistance?; therefore, we next aimed to examine these
processes in our spontaneous obese model. We randomized
5-week-old obese mice to consume food ad libitum or pair fed to
lean littermate mice to examine the effect of restricting food in-
take. This approach resulted in similar weight gain in obese ani-
mals compared to lean mice once pair feeding commenced (ie, 5
weeks: Figure 5A and B). Moreover, food restriction mitigated
glucose and insulin intolerance (Figure 5C-F). While pair feeding
did not alter eWAT adipocyte cross-sectional area (CSA;
Figure 5G and H), eWAT crown-like structures (CLS) were dra-
matically reduced following food restriction (Figure 5I). Within
eWAT, pair feeding did not reduce macrophage/dendritic
markers (Emrl, Cdllb; Figure 5]) or inflammatory protein
markers (Figure S4A-C) associated with obesity. However, pair
feeding partially reduced markers of cytotoxic, helper, and
memory T-cells (Cd4, Cd8, Ccr7) in obese mice (Figure 5] and K).
While liver steatosis was apparent in spontaneously obese
mice, pair feeding dramatically reduced liver lipid droplets
(Figure 5L and M), in association with reducing pEIF2a (Figure
S4A, B, and D). Combined, these data strongly indicate that hy-
perphagia causes obesity, insulin resistance, and adipose in-
flammation, while food restriction mitigates several of these
effects.

HFD-Feeding Exacerbates the Obese Phenotype and
Impairs Mitochondrial Bioenergetics

While adipose inflammation was directly linked to obesity, mi-
tochondrial respiratory dysfunction was not present in any tis-
sue studied in spontaneously obese mice. As a result, we
subjected both lean littermate and spontaneously obese mice to
an HFD or LFD to determine if HFD feeding would exacerbate in-
sulin resistance while impairing mitochondrial bioenergetics.
Regardless of genotype, HFD-feeding recapitulated the typical
phenotype associated with this diet-induced model, including
increased body weight (Figure 6A and B), impaired glucose ho-
meostasis (Figure 6C and D), and reduced insulin-stimulated
AktS®™73 phosphorylation within eWAT (Figure 6E-G). In further
support of an independent relationship between obesity and
adipose tissue inflammation, regardless of diet, eWAT ROS
emission rates (Figure 6H) and 4HNE protein content (Figure
S4E) were higher in spontaneously obese mice, indicating cellu-
lar stress responses associated with insulin resistance in this
tissue.” Within skeletal muscle, regardless of diet, mitochon-
drial ROS emission rates were higher in obese mice (Figure 7A).
While obese mice did not display overt oxidative stress on LFD
(Figure S3G and H), the ability of ADP to suppress ROS was
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Figure 5. Food Restriction Attenuates Many of the Phenotypic Characteristics of Obesity. (A, B) Pair feeding obese animals to match caloric intake of lean animals nor-
malized weight gain. (C-F) Pair fed obese mice presented with normal glucose and insulin tolerance. (G-I) Histological images of eWAT revealed that pair feeding did
not affect adipocyte CSA, but attenuated CLS. (J) Pair feeding did not affect the mRNA signature associated with inflammatory tone or macrophage/dendritic markers
(Emr1, Cd11b) associated with obesity. (K) Food restriction partially improved markers of T-cells, including cytotoxic, helper, and memory T cells (Cd4, Cd8, Ccr7). (L, M)
Histological images of the liver demonstrated that pair feeding reduced lipid droplet content. Data expressed as mean + SEM of results obtained from n=4-14 per ge-
notype. *P < .05 versus lean, 1P < .05 versus obese pair fed (one-way ANOVA with LSD post hoc). AUC, area under curve; A.L., ad libitum obese mice; GTT, glucose toler-
ance test; ITT, insulin tolerance test; L, lean mice; Ob, obese mice; P.F., pair fed obese mice.

impaired following HFD feeding in both lean and obese mice
(Figure 7B and C), which coincided with an increase in 4HNE
content (Figure 7D and E). In addition, mitochondrial ADP sensi-
tivity was impaired following HFD feeding (Figure 7F and G).
This occurred in the absence of changes in mitochondrial ETC
protein content in the RG (Figure S4F) or maximal Complexes I
and II-supported mitochondrial respiratory capacity (Figure
S4G). Combined, these data show that while obesity is associ-
ated with a conserved increase in mitochondrial H,O,, HFD
feeding, but not obesity per se, impairs skeletal muscle mito-
chondrial respiration .

Dissociation between the Microbiome and the Obese
Phenotype

An alteration in the composition of the gut microbiome during
obesity is commonly reported as a connection between inflam-
mation, adipose tissue metabolism, and insulin resistance.
Hence, we also examined the possibility that spontaneously
obese mice had taxonomic alterations in the gut microbiome
(cecum of males, feces of females) compared to lean cagemates.

In the cecums, we detected 117 taxa, only 9 of which were dif-
ferent in lean versus spontaneously obese mice (5 increased, 4
decreased; Figure S5). In contrast, over 30 taxa were different in
HFD-fed male mice compared to chow-fed littermates (Figure
S6). These data suggest that profound obesity in spontaneously
obese mice does not alter the beta diversity to the same extent
as HFD feeding. This is further supported by similar relative
abundances of the most abundant taxa and overlapping/super-
imposed PCoA blots in taxonomic results from both cecum and
feces in spontaneously obese mice and lean littermate mice
(Figure 8A and B). In contrast, we confirm an obesogenic HFD
dramatically alters the microbial taxa in the cecum of C57Bl6/J
mice, clearly resulting in divergent PCoA plots (Figure 8A and B;
“Diet effect model”). Furthermore, we and others have shown
that HFD feeding increases intestinal permeability>® detected by
increased fluorescein isothiocyanate (FITC)-dextran in serum
following a gavage, but this effect did not occur in spontane-
ously obese animals (3704 = 1013 relative fluorescence; n=3)
compared to lean littermates (6040 + 1319 relative fluorescence;
n=3; P=.2). These data suggest that spontaneously obese mice
have minimal changes in the taxonomy of the gut and fecal
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Figure 6. HFD-Feeding Induces Insulin Resistance in Lean and Obese Mice. (A, B) Eight weeks of HFD-feeding increased body weight in lean and obese mice. (C, D)
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Figure 8. The Gut Microbiome Is Altered with HFD-Feeding Compared to Lean Controls, but Intestinal Dysbiosis Is Not Evident in Spontaneously Obese Mice. (A)
Stacked bar graph showing the relative abundance of the 13 most abundant bacterial taxa using Genus level assignments in the cecum (males only) and feces (females
only) between lean and obese littermate mice. (B) PCoA of Bray-Curtis dissimilarity in the cecum (males only) and feces (females only) between lean and obese litter-
mate mice. A comparator group of mice was fed a chow diet or HFD to demonstrate the effect of diet on Bray-Curtis dissimilarity in the PCoA plot. n=5 for each lean/
obese experiment. n =7 for chow and n= 18 for HFD in comparator group. Individual differences in taxa are reported in Supplementary Figures.

microbiome and that alterations in the gut microbiota are not
required for inflammation and insulin resistance in our non-
HFD-fed model of obesity.

Discussion

We characterized a new spontaneous mouse model of obesity
in our C57Bl/6] colony and found that several mechanisms com-
monly purported to cause obesity-related insulin resistance in
other mouse models are not necessary for insulin resistance. In
spontaneously obese mice fed the same diet as lean littermates,
adipose tissue displayed marked cellular stress and higher
markers of inflammation; however, we found no discernable
changes in the gut microbiome composition or mitochondrial
respiratory function despite profound obesity, insulin resis-
tance, adipose, and liver hypertrophy. These data suggest adi-
pose tissue hypertrophy, inflammation, and redox imbalance
can contribute to whole-body inflammation and insulin resis-
tance in severely obese mice. In contrast, as impairments in
skeletal muscle mitochondrial bioenergetics and gut dysbiosis
only occurred following HFD feeding, these cellular processes
may be driven by changes in diet rather than obesity per se, and
therefore are not required for a certain level of insulin
resistance.

Insulin resistance within adipose tissue impairs insulin-
mediated suppression of lipolysis, causing lipid oversupply, re-
active lipid accumulation, and redox stress in peripheral tissues
germane to whole-body glucose homeostasis. As a result, adi-
pose tissue has become a focus in the pursuit of a mechanistic
understanding of the development of insulin resistance. Several
processes have been emphasized in the induction of insulin re-
sistance within WAT, as genetic models ablating mitochondrial
ROS® or JNK signaling® prevent short-term HFD-induced WAT
insulin resistance. In this study, despite consuming an LFD,
spontaneously obese mice displayed marked obesity and insu-
lin resistance in association with adipocyte hypertrophy (CSA),
increased mitochondrial ROS, and inflammation/oxidative
stress (CLS, macrophage mRNA expression, immune T-helper
cell mRNA expression, 4HNE), phenocopying HFD models.
These data suggest that certain aspects of adipose inflamma-
tion are intrinsic to obesity, particularly since food restriction
mitigated some of these markers. Moreover, as key organelles
involved in energy metabolism, impairments in mitochondrial
content and/or function in several tissues have long been impli-
cated in the development of obesity and insulin resistance.®*°?
While markers of mitochondrial content in WAT are decreased
in ob/ob mice,>® db/db mice,** and HFD-fed mice,® recent evi-
dence indicates that impaired mitochondrial respiration in this
tissue is not associated with HFD-induced WAT insulin
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resistance.*’**® This notion is supported by our current findings
that mitochondrial respiration normalized to tissue weight was
not reduced in eWAT of spontaneously obese mice.
Furthermore, since CSA was increased in obese animals, a logi-
cal assumption would be that fewer adipose cells were added
per gram of tissue.*”"*® This would suggest that respiration per
WAT cell would actually be higher in spontaneously obese
mice, similar to previous findings in HFD-fed models.**
Combined, these data indicate obesity-induced increases in
eWAT ROS and inflammation occur without a reduction in oxi-
dative capacity and are independent of dietary composition.

Immune responses during obesity are also linked with
changes in the gut microbiota. For example, changes in gut mi-
crobial composition during obesity have been associated with
increased gut permeability, and as a result, increased circulat-
ing bacterial lipopolysaccharide and cell wall muropeptides
capable of inducing inflammation, lipolysis, and insulin resis-
tance.>>® Furthermore, antibiotic treatment has been shown to
attenuate the increase in mRNA expression of inflammatory
markers (IL-1, tumor necrosis factor-o) and adipocyte hypertro-
phy in both HFD-fed WT mice and ob/ob mice, suggesting that
changes in the composition of gut microbiota or microbial load
are linked to tissue inflammation during obesity.”® However, in
our study, we observed a robust increase in adipocyte hypertro-
phy (CSA) and inflammation in the absence of changes in
microbiota composition in spontaneously obese mice. These
results suggest that excessive caloric intake and energy
imbalance are capable of inducing obesity and WAT inflamma-
tion independent of changes in the composition of the gut
microbiome.

In addition to the role of microbiota in inflammation, con-
siderable interest has recently been placed on the gut micro-
biome as a causative factor in the development of obesity-
related insulin resistance. This stems from seminal findings
that germ-free mice are leaner than conventionally colonized
mice despite greater food intake, and colonizing germ-free mice
with bacteria increased body fat and insulin resistance.'* Gut
bacteria contribute to host energy storage by promoting diges-
tion/extraction of ingested nutrients and uptake of CHOs and
fatty acids.>® Furthermore, obesity has been shown to induce a
shift in microbial phyla in obese compared to lean individuals,
an effect which is mitigated by dietary restriction and weight
loss.®® These microbial changes can occur rapidly in as little as 2
days following HFD consumption,’* appear to precede the de-
velopment of chronic inflammation and insulin resistance,®
and are evident in genetic (ob/ob) models of obesity/insulin re-
sistance.”’ Combined, these data would suggest that the micro-
biome is a causative factor in the development of obesity and
insulin resistance. However, it has been difficult to separate the
effects of diet and/or host genetics in these models of obesity,
as diet components or host immunity may be stand-alone fac-
tors that alter the gut microbiome. High fat intake itself, occur-
ring even in the absence of obesity, can alter the composition of
the gut microbiome,®* suggesting the shifts in microbial popula-
tions observed during HFD feeding may be a result of the high
lipid/low fiber intake as opposed to obesity per se. In support of
this notion, in this study, while HFD dramatically altered micro-
bial communities in the cecums of WT mice compared to chow-
fed lean animals, these changes were not evident in our sponta-
neously obese mice relative to lean littermates despite profound
obesity and insulin resistance. Our results in spontaneously
obese mice are in-line with others showing that pair feeding db/
db mice normalized body weight without altering the gut micro-
biome from that of obese ad libitum fed db/db animals.??

Altogether, we provide evidence that obesity due to hyperpha-
gia does not necessarily promote intestinal dysbiosis in male or
female mice. As a result, a change in the microbial taxonomy
may not be required for obesity and dysbiosis may in contrast
be a better biomarker of diet than obesity.

Skeletal muscle is a key tissue contributing to whole-body
glucose homeostasis and is highly sensitive to the detrimental
effects of a high-fat environment.*®? Indeed, reactive lipids
have a strong association with the induction of skeletal muscle
insulin resistance’® and mitochondria display a high sensitivity
to lipid-induced ROS.®? Furthermore, genetic models decreasing
the bioavailability of lipids (diacylglycerol acyltransferase
(DGAT) overexpression)®* or promoting fatty acid oxidation
within mitochondria (peroxisome proliferator-activated recep-
tor gamma coactivator 1-alpha (PGC-1a) overexpression)®® pre-
serve insulin sensitivity. As result, mitochondria are a key
organelle involved in energy metabolism/insulin sensitivity,
and similar to WAT, impairments in skeletal muscle mitochon-
drial content/function have long been associated with the de-
velopment of obesity and insulin resistance. In particular,
impairments in submaximal mitochondrial bioenergetics are
key events linked with HFD-induced insulin resistance, as mito-
chondrial respiration in the presence of physiological ADP con-
centrations, the sensitivity of mitochondria to ADP, and the
ability of ADP to suppress mitochondrial ROS emissions are at-
tenuated in HFD conditions and diabetes.®®® However, in this
study, the sensitivity of ADP to stimulate respiration and atten-
uate ROS was only affected by HFD and not the spontaneously
obese phenotype; therefore, changes in submaximal mitochon-
drial respiration are not directly linked to obesity. In contrast
(like eWAT), absolute mitochondrial ROS emission rates were
increased in spontaneously obese mice regardless of diet, sug-
gesting mitochondrial redox balance may be an important re-
sponse inherent to obesity-induced insulin resistance. Thus, it
seems that although changes in mitochondrial ADP kinetics can
induce insulin resistance, these cellular responses are not re-
quired and may be dependent on P-CoA accumulation, a lipid
moiety that has been shown to directly inhibit ANT-mediated
mitochondrial ADP transport®” and impair mitochondrial ADP
sensitivity.'® In support, previous findings have indicated that 7
days of bedrest®® and 14 days of limb immobilization®® impair
insulin sensitivity in the absence of changes in skeletal muscle
mitochondrial ADP sensitivity or the ability of ADP to suppress
mitochondrial ROS. While speculative, the generation of 4HNE
may be required for impairments in ADP sensitivity as ANT has
been suggested to be susceptible to 4HNE-mediated redox
changes.”®”" Moreover, HFD feeding® and aging®® both increase
4HNE content while attenuating mitochondrial ADP responsive-
ness; cellular events which are absent following bed rest despite
impaired insulin sensitivity.®® Together, these data suggest that
different intracellular mechanisms may be involved in the in-
duction of insulin resistance in the absence of HFD feeding and
that HFD feeding may directly and independently influence mi-
tochondrial ADP sensitivity.

Conclusion

We have characterized a spontaneous mutation in C57Bl/6]
mice that resulted in profound obesity, whole-body insulin re-
sistance, and adipose tissue hypertrophy, inflammation, and re-
dox imbalance; effects which were blunted by pair feeding
obese mice to that of lean controls. We provide evidence that
skeletal muscle mitochondrial respiratory dysfunction and gut
dysbiosis occur during HFD feeding but were not present in



spontaneously obese mice. Our findings suggest gut dysbiosis
and skeletal muscle mitochondrial respiratory dysfunction may
be cellular events linked to HFD feeding and therefore not re-
quired for a certain level of obesity-induced insulin resistance,
while in contrast, several aspects of adipose inflammation and
redox imbalance appear intrinsic to the obese phenotype.
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