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Abstract

The influence of obesity on muscle integrity is not well understood. The purpose of this study
was to quantify structural and molecular changes in the rat vastus lateralis (VL) muscle as a
function of a 12-week obesity induction period and a subsequent adaptation period (additional
16-weeks). Male Sprague-Dawley rats consumed a high-fat, high-sucrose (D10, n=40) diet or a
chow control-diet (n=14). At 12-weeks, DIO rats were grouped as prone (DIO-P, top 33% of
weight change) or resistant (DIO-R, bottom 33%). Animals were euthanized at 12-weeks or 28-
weeks on the diet. At sacrifice, body composition was determined and VL muscles were
collected. Intramuscular fat, fibrosis, and CD68+ cells were quantified histologically and
relevant molecular markers were evaluated using RT-gPCR. At 12- and 28-weeks post obesity
induction, DIO-P rats had more mass and body fat than DIO-R and chow rats (p<0.05). DIO-P
and DIO-R rats had similar losses in muscle mass, which were greater than those in chow rats
(p<0.05). mRNA levels for MAFbx/atroginl were reduced in DIO-P and DIO-R rats at 12- and
28-weeks compared to chow rats (p<0.05), while expression of MURF was similar to chow
values. DIO-P rats demonstrated increased mRNA levels for pro-inflammatory mediators,
inflammatory cells, and fibrosis compared to DIO-R and chow animals, despite having similar
levels of intramuscular fat. The down-regulation of MAFbx/atroginl may suggest onset of
degenerative changes in VL muscle integrity of obese rats. DIO-R animals exhibited fewer
inflammatory changes compared to DIO-P animals, suggesting a protective effect of obesity

resistance on local inflammation.

Keywords: Sarcopenic Obesity, Intramuscular Fat, Rat, Systemic Inflammation, Vastus Lateralis
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Introduction

Obesity is associated with a variety of co-morbidities and chronic diseases'. The systemic
metabolic implications of obesity include chronic-low level inflammation, which may affect the
integrity and function of tissues?, and may lead to complications after orthopedic surgery?®.
Muscle is a vulnerable tissue in a chronic low-level inflammatory environment as it is highly
plastic and undergoes regular remodeling®. As muscle is a key site for glucose storage and
utilization, increased intermuscular adipose tissue deposits are positively correlated with insulin
resistance®, and increase with obesity®’. The mechanical, inflammatory, and metabolic link

between obesity and musculoskeletal health is still unclear:.

Acute muscle atrophy is associated with an up regulation of muscle RING-finger protein-
1 (MuRF) and MAFbx/atrogin-1 (MAFbx), two muscle-specific E3 ubiquitin ligases that are
universally expressed across denervation, hindlimb suspension, and casting atrophy models®.
However, aging animals have demonstrated a down regulation of MAFbx and MuRF compared
to young animals®. These data suggest that these atrophy-related factors may behave differently
in acute versus chronic stages of muscle loss®. In addition, it has been suggested that MAFbx
and MuRF are not altered with a high fat diet't. However, confirming these findings in a
preclinical model of high-fat high-sucrose (HFS) diet-induced obesity may elucidate previously

undetected structural and molecular changes in muscle with metabolic dysfunction??.

Furthermore, a HFS diet leads to obesity prone and obesity resistant phenotypes in
Sprague-Dawley rats'®. We demonstrated that after a 12-week obesity induction and a
subsequent 16-week adaptation period, obesity resistant animals are similar in mass but higher in

body fat compared to lean chow diet control animals at both time points'2. Moreover, we have
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81  observed differential rates of metabolic osteoarthritis progression in these obesity prone and

82  obesity resistant animals after a 12-week obesity induction period**. Obesity prone and obesity
83  resistant animals have similar serum inflammatory profiles'?4. Furthermore, this model presents
84  aunique opportunity to evaluate adiposity and muscle-related changes in the presence of

85  metabolic disturbance, while body mass is conserved.

86 The purpose of the present study was to quantify changes in the structural and molecular
87 integrity of the rat vastus lateralis (VL) muscle as a function of obesity following a HFS obesity
88 induction period (12-weeks) and a subsequent adaptation period (additional 16-weeks) in obesity

89  prone and obesity resistant Sprague-Dawley rats.
90  Methods

91 Fifty-four male 8-12 week old male Sprague-Dawley Rats were individually housed on a

92 12/h dark/light cycle. Sample size calculations are reported elsewhere!®. Animals were

93  randomized into either the HFS diet-induced obesity group (DIO, 40% of total energy as fat,

94  45% of total energy as sucrose, n=40, custom Diet #102412, Dyets, Inc,)*2*, or the standard

95  chow low fat diet group (chow, 12% fat, 3.7% sucrose, n=14, Lab Diet 5001) for a 12-weeks ad

96 libitum. All experiments were approved by the University of Calgary Life and Environmental

97  Sciences Animal Care Committee. Throughout the obesity induction period, animal mass was

98  recorded weekly. After 12-weeks, DIO animals were stratified into tertiles according to their

99  change in body mass over 12-weeks and termed obesity prone (DIO-P, top 33% of animals by
100  change in body mass, n=13) or obesity resistant (DIO-R, bottom 33% of animals by change in
101 body mass, n=13), which was determined a priori. The middle tertile group was not further

102 considered. Half of the animals from each group (DIO-P, n=6; DIO=R, n=6; chow, n=7) were
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euthanized after the obesity induction period, while the remaining animals were followed for an
additional 16 weeks, or 28 weeks in total (36-40 weeks old, DIO-P, n=7; DIO=R, n=7; chow,
n=6). Primary outcomes included body fat, VL histology, and VL muscle mass. Secondary

outcomes included VL gPCR data.

Body Composition. Animals were euthanized by barbiturate overdose (Euthanyl®, MTC
Animal Health Inc., Canada). Immediately after sacrifice, body composition was measured using
Dual Energy X-ray Absorptiometry and analyzed with software for small animal analysis

(Hologic QDR 4500; Hologic, USA).

Histology.

Slide preparation: At sacrifice, the right VL muscle was harvested and whole muscle wet
weight was measured (g). Muscles were immediately flash frozen in liquid nitrogen and stored at
-80°C. A slice from the mid-belly of the tissue was cut and mounted in OCT compound and 10
micron serial cross-sections were prepared using a cryostat at -25°C. Slides were stored

overnight at -25°C before staining.

Oil Red O Staining: Slides were stained with Oil Red O (ORO) working solution
prepared from 3 parts ORO stock: 2 parts distilled water and refrigerated at 4°C for 10 minutes
before use. ORO stock solution was made by adding 2.5g Oil Red O (Sigma) to 400mL 99%
isopropanol (Fisher). Sections were washed in distilled water, quickly dipped in 60%
isopropanol, and stained for 20 minutes in the ORO working solution. Slides were then rinsed in
60% isopropanol and then rinsed in distilled water. Sections were counterstained for 1 minute

with Harris hematoxylin, rinsed in tap water, and cover-slipped with glycerol jelly.
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Picrosirius staining: Slides were air dried, immersed in Bouin’s fixative solution for 1
hour at 60°C, in a water bath, and then washed in distilled water. Picrosirius red solution was
made by adding 0.1g of Sirius red stain from Sigma, to 100ml of a saturated aqueous picric acid
(1.3% in water from Sigma). Sections were stained in this solution for 1hr at room temperature.
Slides were rinsed in 0.5% acetic acid, dehydrated in 3 changes of 100% ethanol, cleared in

xylene and mounted with DPX mounting media.

Stain Quantification: Sections were imaged at 100x magnification on an Olympus BX53
light microscope and analyzed using a custom MatLab program. The intensity of each stain was

averaged across each muscle section (30-50 frames/animal).

Exploratory Fibre Area Measurements: Muscle fibres were segmented from one
picrosirius red-stained slide/animal using custom software developed in C++ and Python and an
open-source region competition code®®. Briefly, the segmentation procedure involved color to
grayscale conversion numerically maximizing contrast*®. Fibre edge probability maps were then
generated based on the eigenvalues of the hessian matrix measured across scale-space'”*8, and
pixels with a probability higher than 15% were considered as an edge®. The binary inverse of
these edges served as seeds for the region competition algorithm. The resulting segmentations
were user-inspected, and fibre areas of correctly labeled regions were calculated. Sections with

>120 labeled fibres were analyzed.

Immunohistochemistry.

Slides were fixed in ice cold 100% acetone as described previously®®. Briefly, sections
were blocked with 3% hydrogen peroxide in PBS, followed by 2.5% normal horse serum (Vector
Labs, USA). Sections were then incubated with the primary antibody, ED1 mouse anti-rat CD-
68+, a marker for pro-inflammatory macrophages (Ad Serotec, USA) at 1:100 dilution overnight

at 4°C. The secondary antibody, anti-mouse 1gG peroxidase was applied for 30 mins at room
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temperature (IMPRESS kit, Vector labs, USA). Sections were incubated in a Cyanine 3
fluorophore, prepared in Tyramide Signal Amplification buffer (PerkinElmer,USA) for 20 mins.
DAPI was applied to visualize nuclei and sections were mounted in VVectashield mounting media
(Vector Labs, USA). Four images per VL cross-section were obtained using an Olympus FV100
confocal microscope (Japan) using a QImaging Retiga 4000R camera and QCapture Software

(Canada) at 200x magnification.

Vastus lateralis gPCR. Samples of mid-belly frozen vastus lateralis tissue were
powdered at liquid nitrogen temperatures with a Braun Mikro-dismembrator (Braun Biotech
International, USA) and total RNA isolated using the TriSpin method?%?!, gPCR was performed
as described previously with an iCycler (BioRad Laboratories Inc, ON) and rat-specific primers
were validated for the molecules listed in Supplementary Table 12X, All assessments were

performed in duplicate under optimal conditions that conformed to qPCR criteria.

Statistical Comparisons. All groups were compared to their respective chow control
group within time points, and DIO-P animals were compared to DIO-R within time points.
Levene’s test for equality of variance was conducted on all outcomes. If equality of variance was
rejected (p<0.05), Kruskal-Wallis non-parametric tests were used to evaluate each outcome
between phenotype/diet groups (DIO-P, DIO-R, chow). If equal variance was confirmed,
ANOVAs were performed to assess differences between groups. Bonferroni corrections were
applied when appropriate (IBM SPSS Statistics 20, 0=0.05). Statistics were conducted on raw
values for mRNA levels, but data are presented as fold change compared to chow control-diet

animals.

Results
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Body Composition, Vastus Lateralis Muscle Mass and Sarcopenia Index. At both time
points assessed, DIO-P animals demonstrated statistically more mass and body fat than the DIO-
R and chow animals (Figure 1A, Figure 1B, p<0.05). At both time points, DIO-P and DIO-R
animals had similar decreases in wet VL muscle mass compared to chow-fed control rats (Figure
2A, p<0.05). When VL mass was normalized to body mass, the sarcopenia index calculated for
DIO-P animals was statistically lower for DIO-P animals compared to both DIO-R and chow
animals at both time points (Figure 2B, p<0.01). DIO-R animals also demonstrated statistically
lower sarcopenia indices compared to chow at each time point (p<0.05), suggesting an induced

and sustained muscle loss, despite similar mass when compared to chow.

Vastus Lateralis Morphological Changes. DIO-P and DIO-R animals demonstrated
similar levels of ORO staining at both time points, and values were significantly greater than
their corresponding chow-fed control (Figure 3A, Figure 3B, p<0.001). Of note, intramuscular

fat was observed between and within fibres.

At 12-weeks, intramuscular fibrosis levels were increased in DIO-P animals compared to
DIO-R and chow animals, and DIO-R animals had increased fibrosis compared to chow (Figure
3C,D). At 28-weeks, fibrosis was similar between DIO-P and DIO-R animals, which was
significantly greater than that detected in chow animals. Similarly, CD68+ cells were increased
in DIO-P compared to DIO-R and chow animals at 12-weeks (p=0.028), but were similar in
DIO-P and DIO-R animals (p>0.05), but greater than chow animals, at 28-weeks (Figure 3E,F).
In a subset of animals, fibre area measurements revealed decreased muscle fibre area in both

DIO-P and DIO-R animals compared to chow-fed control animals at both time-points (Figure 4).
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At 28-weeks, there was a significant negative relationship between body fat and VL mass
(Figure 5A; r=-0.50, p=0.03), but not at 12-weeks (p=0.10). At both time points, there was a
positive relationship between body fat and VL fat (Figure 5B; 12-weeks: r=0.79, p<0.001; r=28-
weeks: r=0.84, p<0.001). Furthermore, there was a positive relationship between body fat and
picrosirius red staining (12-weeks r=0.77, p=0.001; 28-weeks r=0.56, p=0.001), and between VL
fat and picrosorius red staining (Figure 5C; 12-weeks r=0.73, p=0.001; 28-weeks r=0.63,

p=0.003) at both time points.

Vastus Lateralis Atrophy Marker qPCR Assessments. Across both time points, mMRNA
levels for MAFbx were down-regulated in DIO-P and DIO-R animals compared to values for
chow-fed animals (Figure 6, p<0.05). MuRF expression levels were similar across all animals at

28-weeks (p>0.05).

Conversely, gPCR assessments for a subset of adiopokines and inflammatory markers
indicated differences between DIO-P and DIO-R animals, despite similarities in the relative
percentage of ORO staining in VL muscle from DIO-P and DIO-R animals. Specifically, at 12-
weeks, adiponectin (3-fold increase in DIO-P compared to DIO-R and chow animals, p=0.007,
Table 1), Monocyte Chemoattractant Protein-1 (MCP-1/CCL2, 2.2-fold increase vs. DIO-R,
p=0.02 and 2.5 fold increase vs. chow animals, p=0.008) and Interferon-gamma-inducible
protein 10 (IP-10/CXCL-10) mRNA levels were up-regulated in the muscle tissue of DIO-P
animals compared to both DIO-R and chow-fed control animals (Figure7, p<0.05). DIO-R and
chow animals exhibited similar mMRNA levels for these markers. Adiponectin, IP-10 and MCP-1
levels were similar to those of chow animals by 28-weeks for DIO-P and DIO-R animals

(p>0.05).
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Further, a subset of markers assessed exhibited a dose-response relationship with
response to obesity. DIO-P mRNA levels for leptin were increased approximately 5-fold
compared to DIO-R animals (p=0.01, Table 1) and 17-fold in DIO-P animals compared to chow
at 12-weeks (p=0.002, Figure 7). DIO-R and chow animals demonstrated similar mRNA levels
for leptin. Similarly Interleukin-1p (IL-13) mRNA levels were up-regulated in DIO-P animals
(3.1 fold change versus chow, p=0.007), and also up-regulated in DIO-R compared to chow-fed
control animals (1.7 fold versus chow, p=0.022). Additionally, peroxisome proliferator activated
receptor gamma (PPARY), a marker of adipose cell differentiation??, mRNA levels were
increased 1.9-fold in DIO-P animals compared to chow (p=0.02). Insulin-like growth factor-1
(IGF-1) levels were increased 3-fold in DIO-P animals compared to chow (p=0.01). mRNA
levels for Leptin, PPARy and IGF-1 were similar across groups at 28-weeks, while DIO-P

animals demonstrated 2.4-fold increased mRNA levels for IL-1p (p=0.01).
Discussion

In this study, we demonstrated strong associations between body fat and a direct measure
of VL intramuscular fat at two time points; immediately post-obesity induction (12-weeks on the
diet), and after a further 16-week adaptation period (28-weeks total). Our major findings include
1) similar levels of intramuscular fat across DIO-P and DIO-R animals at both time points; 2)
increased fibrosis at 12-weeks in DIO-P compared to DIO-R and chow animals, and increased in
DIO-R compared to chow; 3) MAFbx/atroginl mRNA levels were down-regulated in all DIO
animals at both time points; 4) mMRNA levels for a select subset of molecular markers involved in
chronic inflammation were differentially up-regulated in DIO-P and DIO-R animals at 12 and

28-weeks.
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Although intramuscular fat infiltration observed after the obesity induction period,
appears similar in DIO-R and DIO-P animals, fibrosis was increased in 12-week DIO-P animals
compared to both DIO-R and chow. As fat is an active endocrine organ?, these findings
highlight the potential implication of intramuscular fat deposits on muscle structure and
function, of inflammatory changes within the muscle, and a potential role for muscle
inflammation in the development of subsequent pathology (e.g. sarcopenic obesity and/or
metabolic osteoarthritis). Relevant to this point, CD68+ cells were quantified, and the results
indicated a significantly enhanced presence of pro-inflammatory cells in DIO-P compared to
DIO-R and chow animals at 12-weeks. The levels observed here were concordant with previous
reports of CD68+ cells in animals following metabolic challenge®*. Future studies with short
time points are needed to understand early changes in intramuscular fat deposition, the obesity
response, and the inflammatory changes in muscles and joints prior to the time points assessed in
the present studies. Adipose tissue lipid storage is altered with obesity, and adipose tissue
fibrosis is considered a hallmark of metabolic alterations 2>?%, Furthermore, insulin resistance is
thought to be a consequence of human adipose tissue fibrosis 2. Cross-talk has been observed
between adipose tissue and skeletal muscle during obesity onset?”. Both mechanically and
biologically, infiltration of fat and fibrosis in muscle tissue can compromise function, insulin
sensitivity and biological homeostasis within the muscle 2°. However, the determinants of this
intramuscular fibrosis, or whether this fibrosis relates to intramuscular adipose tissue deposits,

are unclear 27,

The findings regarding MAFbx/atroginl were surprising, as previous reports have
suggested that MAFbx/atroginl mRNA levels are unchanged with high fat feeding®*.

MAFbx/atroginl is an E3 ligase in the ubiquitin proteasome pathway utilized for protein
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258  degradation in numerous models of skeletal muscle atrophy, and has been shown to be down-
259  regulated with aging. Therefore, the down-regulated expression of MAFbx/atroginl at both time
260  points in our study may be an indication of an early onset of sarcopenic-like muscle changes in
261  animals both prone and resistant to obesity. However, MuRF-1 mRNA expression was similar
262 across all groups at 12- and 28-weeks on the HFS diet. This finding is also surprising as these
263  two proteins are often up or down-regulated coordinately®. Here, we speculate that the

264  discordance between MAFbx/atroginl and MuRF-1 may indicate a more gradual, chronic

265  trajectory toward muscle loss, when compared to severe, acute atrophy induction models

266  (hindlimb suspension, denervation, casting)® that lead to rapid muscle atrophy. Furthermore,
267  similar mRNA levels for MAFbx expression previously observed at 30-months®, were observed
268  after the 12-week diet intervention (5-6 months of age) in the present study, suggesting that

269  obesity can result in changes similar to those associated with aging. The HFS obesity induction
270  model may provide the advantage of detecting a gradual cascade of events over time, ultimately
271 leading to intramuscular fat infiltration and disparate fibrosis by obesity responses that could be

272 tracked, providing critical foundational knowledge regarding sarcopenic obesity.

273 However, decreased expression of MAFbx/atrogenl in DIO animals after such a long

274  period of HFS feeding, could be interpreted as protective—a potential attempt at minimizing

275  muscle loss. Our data indicated decreased muscle fibre area in DIO-P and DIO-R animals at both
276  time points, suggesting atrophy-related changes may have occurred by 12-weeks, and are

277  sustained through 28-weeks, in obese animals. Furthermore, after obesity induction, DIO animals
278  demonstrated an up-regulation of IGF-1 expression compared to chow animals, which is

279  considered to be a primary growth factor pathway governing protein turnover in muscle?®. IGF-1

280  may protect against skeletal muscle atrophy, blocking the MAFbx/atrogin-1 pathway??, and is
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known to reduce inflammation?®. As muscle loss was likely initiated prior to 12-weeks in the
present study, the up-regulation of IGF-1 expression at 12-weeks, in addition to the sustained
down-regulation of MAFbX, could be interpreted as a possible physiological response to mitigate
muscle atrophy and inflammation in DIO-P animals. Of note, we focused on the ubiquitin-ligase
pathway for our initial effort to understand changes in muscle with DIO. Future studies will
explore fibre area changes in more detail and will consider the potential role of decreases in the

lysosomal pathway of protein synthesis, rather than focusing on muscle protein degradation.

Previous work suggests that lipid deposits in muscle affect function and maintenance®. In
the present studies, despite similar levels of intramuscular fat deposition, the response to obesity
yielded increases in CD68+ cell numbers and mRNA levels for inflammatory markers between
DIO-P and DIO-R animals. Molecular outcomes previously measured at 9-months of age were
similar in high-fat fed mice and control animals, supporting the notion that animals have
achieved an altered set-point or heterostasis over time when metabolically challenged long-
term®. Here, we contribute insight into molecular changes at earlier and later time points,
namely after 12-weeks (3-months) of obesity induction with a HFS diet and after an additional
16-weeks on the diet (28-weeks/7-months total) in DIO-P and DIO-R groups. At 12-weeks,
upregulation of mMRNA levels for several markers (MCP-1, IGF-1, PPARY, leptin, IP-10, IL-1p)
in obese animals was observed in DIO-P animals, while only IL-1p was increased in DIO-R
animals compared to chow controls. As evidenced by the local upregulation of IL-1f3, coupled
with the histological evidence of increased fibrosis and CD68+ cell number, the muscles in our
study were likely affected by low-level chronic inflammation. Sarcopenic obesity*?, a condition
that results from the compounded effects of obesity on age-dependent decline in muscle structure

and strength, is not well understood. However, an increase in pro-inflammatory cytokine levels
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has been implicated®? Therefore, we speculate that the levels of IL-1B and the metabolic
challenge may have contributed to similar intramuscular fat deposition in DIO-P and DIO-R
animals. The present study was not designed to address which factors were responsible for the
dysregulation in tissue homeostasis that led to the observed compromise of muscle structural
integrity and from what tissues these biomarkers may have originated (intramuscular fat or

muscle).

Interesting questions emerge regarding the differences in intramuscular inflammation
observed at 12-weeks. Up-regulation of the adipocyte lincage marker PPARYy, and
proinflammatory markers produced by fat cells (leptin, IP-10), are consistent with the
intramuscular fat measured in the present study in DIO-P animals®, but not DIO-R animals,
suggesting altered activation of the fat tissue within the VL muscles of these groups. Further, the
inflammatory changes in DIO-P animals were consistent with previously reported changes in
sarcopenic muscles (i.e. increased IL-1B, MCP-1)**. Leptin is one pro-inflammatory marker of
interest in several musculoskeletal and rheumatic diseases, and with obesity. In muscle however,
leptin appears to influence signaling pathways that promote muscle regeneration, suggesting an
important role in skeletal muscle maintenance®. Low-level chronic inflammation from metabolic
dysfunction, and leptin, can affect homeostasis of tissue-resident cells (macrophages, adipocytes,
stem cells)®2. In the present study, the combination of increases in leptin and pro-inflammatory
cells, may have contributed to the increases in fibrosis in DIO-P animals. Together with the
elevation of several pro-inflammatory markers in the muscle of DIO-P animals, leptin may be
playing a pro-inflammatory role, as the VL mRNA levels for leptin were markedly higher in
DIO-P animals compared to DIO-R, and compared to mRNA levels for other proinflammatory

markers in DIO-P animals.
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Furthermore, muscles may be attempting to regulate this pro-inflammatory environment,
as evidenced by adiponectin up-regulation within the DIO-P VL muscles®. Adiponectin
generally attenuates inflammatory responses. Leptin, however, far exceeded the relative fold
changes for adiponectin, suggesting that leptin may be playing a considerable pro-inflammatory
role in this model. DIO-R muscles did not demonstrate the same up-regulation of pro- or anti-
inflammatory mediators, or CD68+ cells, suggesting a possible protective mechanism in muscles
of DIO-R animals. These findings further underscore the importance of evaluating obesity prone
and resistant animals. We suggest that the response to obesity exhibited in DIO-R animals may
provide novel insight into partial protective mechanisms against muscular inflammation and

structural alterations.

Monocyte chemoattractant protein-1 (MCP-1)/CCL2 is typically produced in response to
oxidative stress, various cytokines (TNF-a, IL-1B, IL-6) and growth factors®, and is a potent
chemokine that promotes the chemotaxis of monocytes 3. MCP-1/CCL2 is produced by
numerous tissues and cells, including macrophages. Through the recruitment of macrophages,
MCP-1/CCL2 plays a critical role in the repair and regeneration of skeletal muscle®’. Sustained
increased levels of MCP-1/CCL2, and the presence of pro-inflammatory macrophages, are
associated with systemic inflammation in the obese population, and are linked to insulin
sensitivity®®. In fact, MCP-1/CCL2 and its receptor have been shown to increase sharply within
just three days of high fat feeding in mice, resulting in a significant increase in pro-inflammatory
macrophages in skeletal muscle after 10 weeks, suggesting that MCP-1/CCL2 could be a marker
of early change with metabolic challenge?*. Previously, MCP-1/CCL2 levels were shown to be
increased in sarcopenic obese patients, supporting a potential link between chronic serum

inflammation and subsequent muscle loss®. Elevated levels of MCP-1/CCL2 mRNA levels in
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DI0O-P animals, and increased numbers of CD68+ cells, in the present study suggest a low-level
pro-inflammatory environment within the muscle. Considering the critical role that CCL2 plays
in the recruitment of innate immune cells for the repair and regeneration of muscle, it is difficult
to conclude whether the absence of MCP-1/CCL-2 serves as a harmful or protective effect in
DIO-R animals. More investigation is needed to understand a beneficial threshold for MCP-
1/CCL2, and implications of altered expression of MCP-1/CCL-2, in repair and regeneration in

this model.

By understanding the protective effects of obesity resistance, inflammatory modulation
may be possible. Future studies will focus on short-term metabolic challenges during the obesity
induction period to clarify the time course of intramuscular fat accumulation, atrophy marker
fluctuation, fibrosis and inflammation to better understand these complex relationships.
Moreover, the involvement of neural and vascular components in obesity-associated alterations
are emerging as areas of interest in fat cell activation and function’, and should also be

investigated in this context.

There are a number of limitations to this work. As previously reported, an a priori power
calculation resulted in the use of a minimal number of animals/group for these studies'®. Future
work aims to include fewer groups, with increased numbers of animals per group. Also, the
vastus lateralis is a mixed muscle comprised of fast twitch oxidative glycolytic and fast twitch
glycolytic fibres, and very few slow twitch oxidative fibres. Therefore, we cannot generalize our
findings to a muscle that is predominantly fast or slow twitch. As predominantly slow twitch
muscles contain higher numbers of satellite cells per fibre, and chronic inflammation may have
significant effects on these progenitor cells, and muscle fibre type may be critical in the

regeneration process®.
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Also, intramuscular fat was identified using a specific stain for neutral lipids (ORO).
There could be non-neutral lipids contributing to the intramuscular fat that were not captured by
our assessments. Moreover, histological assessments of fibrosis and CD68+ cells were
completed only at 12- and 28-weeks post DIO. Immediate, acute inflammatory changes cannot
be deduced from the results of this study, but may be critical in the changes described here.
Furthermore, it is unclear if fat infiltration, inflammatory changes, and resultant fibrosis within
the muscle affect subsequent muscle function. Ongoing studies are aimed at evaluating the
functional adaptations of altered muscle structure due to obesity-associated alterations in muscle

structural integrity, and future studies will focus on short-term diet-induced muscle alterations.

Conclusion

Similar to humans, Sprague-Dawley rats are heterogeneous in their response to obesity.
We illustrate that obesity responses are associated with increased degenerative changes in muscle
structural integrity. Furthermore, obesity may induce muscular changes similar to aging before
the culmination of the 12-week obesity induction period. Studying DIO-R animals in conjunction
with DIO-P using this HFS diet-induced obesity model may facilitate our understanding of
inflammatory mechanisms with obesity development, and provide valuable mechanistic insight
into the relationship between obesity response and a spectrum of chronic diseases, such as

sarcopenic obesity and osteoarthritis.
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Figure Legends:

Figure 1A: Body mass is increased for DIO-P animals at both time points compared to resistant
and chow animals (p<0.05). Resistant and chow animals have similar body mass at both time
points measured. Data are shown as means * SE, at each time point, and * indicates p<0.05
between prone compared to resistant and chow.

Figure 1B: Graded increases in body fat were observed at both time points. At 12- and 28-
weeks, prone animals had increased body fat compared to both resistant (p=0.026) and chow
animals (p=0.001), and resistant animals had more body fat compared to chow (p=0.005). Data
are presented as mean + at each time point. * indicates p<0.05 for compared to chow, # indicates
p<0.05 for prone compared to resistant.

Figure 2A: Relative muscle wet mass compared to body mass across all groups was similar at
both time points. DIO-P had the lowest sarcopenia index, or relative muscle mass, at both time
points compared to both DIO-R (# indicates p<0.05 compared to DIO-R) and chow (* indicates
p<0.05 compared to chow). Data are shown as raw values within groups at both time points.

Figure 2B: Vastus lateralis muscle mass was decreased across all obese animals at both time
points, compared to their respective chow-fed control group. Data are shown as means + SE.
Post obesity induction 12-week animals are shown in grey, where * indicates significant
differences compared to chow (p<0.05) at 12-weeks. Post adaptive period 28-week animals are
shown in black, where # indicates significant differences at 28-weeks compared to chow
(p<0.05).

Figure 3A: OilRedO staining for one representative slide from each group at 12 and 28-weeks.
Black scale bar represents 100um, images taken at 100x magnification.

Figure 3B: Intramuscular fat percentage was similar between DIO-P and DIO-R animals, and
greater than chow, at both time points. * indicates p<0.05 compared to 12-week chow animals, #
indicates p<0.05 compared to 28-week chow animals. Data are shown as means + SE.

Figure 3C: Picrosirius red staining for one representative slide from each group at 12 and 28-
weeks. Black scale bar represents 100um, images taken at 100x magnification.

Figure 3D: VL Fibrosis was increased in DIO-P animals compared to DIO-R animals, and in
DIO-R animals compared to Chow at 12-weeks. At 28-weeks, VL fibrosis was similar between
DIO-P and DIO-R animals and greater than chow. I indicates p<0.05 compared to DIO-R and
chow animals;* indicates p<0.05 compared to 12-week chow animals, # indicates p<0.05
compared to 28-week chow animals. Data are shown as means + SE.

Figure 3E: CD68+ cell staining for one representative slide from each group at 12 and 28-
weeks. White scale bars represent 100um, images taken at 200x magnification.



586
587
588
589
590

5901
592
593
594
595
596
597
598

599
600

601
602
603

604
605
606

607
608
609
610

611
612
613
614
615

Running Title: Obesity Affects Muscle Integrity 24

Figure 3F: VL CD68+ cell number was increased in DIO-P animals compared to DIO-R, and in
DIO-R animals compared to Chow at 12-weeks. At 28-weeks, VL CD68+ cell number was
similar between DIO-P and DIO-R animals and greater than chow. I indicates p<0.05 compared
to DIO-R and chow animals;* indicates p<0.05 compared to 12-week chow animals, # indicates
p<0.05 compared to 28-week chow animals. Data are shown as means + SE.

Figure 4: A preliminary analysis of muscle fibres revealed decreased fibre area in DIO-P and
DIO-R animals compared to chow at both 12- and 28-weeks. All 12-week groups included n=3
animals/group (chow=551 fibres, DIO-R=863 fibres, DIO-P=679 fibres). 28-week animals
included n=2 animals/group in chow (n=255 fibres) and DIO-R animals (n=424 fibres), and
n=3/group in DIO=P animals (n=627 fibres). Data are shown as box-plots where whiskers
indicate minimum and maximum values, boxes demonstrate the interquartile range from Q1-Q3,
and median values are expressed. * indicates p<0.05 compared to chow control-diet animals at
each time-point.

Figure 5A: Relationships between body fat percentage and vastus lateralis (VL) mass at 12- and
28-weeks across all animals; r=-0.50, p=0.03.

Figure 5B:Relationships between body fat percentage and vastus lateralis (VL) average
OilRedO staining to represent intramuscular fat at 12- and 28-weeks across all animals; 12-
weeks:r=0.79, p<0.001; r=28-weeks: r=0.84, p<0.001.

Figure 5C: Relationships between vastus lateralis (VL) average oil red O staining to represent
intramuscular fat and VL fibrosis at 12- and 28-weeks across all animals; 12-weeks r=0.73,
p=0.001; 28-weeks r=0.63, p=0.003.

Figure 6: MAFbx/atroginl, but not MURF, is down-regulated in all DIO animals at both time
points with exposure to high-fat, high-sucrose diet. Data are presented normalized to chow
control diet mMRNA levels, and graphed as means + SE. * indicates p<0.05 compared to 12-week
chow animals.

Figure 7: Relevant molecular markers associated with muscle atrophy are differentially up-
regulated across all obesity prone (P) animals at 12-weeks compared to obesity resistant (R).
Data are presented normalized to chow-fed control mMRNA levels, and graphed as means + SE. *
indicates p<0.05 DIO-P compared to DIO-R; # indicates p<0.05 compared to chow control-diet
animals.
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Table 1: Ratios of mMRNA levels between DIO-P: DIO-R animals suggest obesity-response
dependence among pro-inflammatory, anti-inflammatory, and growth factor primers, but not
atrophy primers, evaluated in these studies; * p<0.05; **p<0.01, ***p<0.001.

Gene Ratio DIO-P: Ratio DIO-P: Ratio DIO-R:
DIO-R chow chow
Leptin 5.1** 16.7** 34
Adiponectin 3.2%* 2.9% 0.9
IP-10 2.4* 2.5* 1.1
IGF-1 2.1 (p=0.08) 3.0** 1.9
MCP-1 2.2* 2.5%* 1.1
PPARY 1.4* 1.9* 1.4
IL-1B 1.8* 3.1** 1.7*
MuRF-1 1.0 0.4* 0.4*
MAFbx/atrogin-1 1.1 0.6* 0.7*
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Supplementary Table 1: gPCR Primer Sequences

Primer Forward Sequence Reverse Sequence Origin
MCP-1 ACT ATG CAG GTC TCT GTC AC TGC CAG TGA ATG AGT AGC AG M54771
IGF-1 GCA TTG TGG ATG AGT GTT GC GGT CTT GTT TCC TGC ACT TC X06043
PPARY CTT GGC CAT ATT TAT AGC TGT CATTATT [ TGT CCT CGATGG GCTTCAC NM_013124
Leptin CCTGTG GCT TTG GTCCTATCT G CTG CTC AAAGCC ACCACCTCTG | NM_013076
IP-10 CAA GGC TTC CCA ATT CTC ACC TGG ACT GCATTT GA U22520
IL-1B AAC CTG CTG GTG TGT GAC GTT C CAG CACGAGGCTTTTTTGTTGT | NM_008361
Visfatin CAC TCA GCA TTC AGC GTA GG GCC AGT GCT GCC GTC ATA AT NM_144744
Adiponectin | TCA CCC CAG ATG ACA GGA AA CAT GAC ACA TTC CAC CAC CA NM_053365
k




