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Abstract

Rotator cuff injuries are the most common injuries among active and
training astronauts. According to the CDC, 1 in 4 adults in the U.S.
experience rotator cuff injuries, particularly affecting the supraspinatus
muscle. Hypercholesterolemia, a condition characterized by high levels
of LDL cholesterol, is prevalent in approximately 2 in 5 adults in the US
and is a risk factor for worsened outcomes in shoulder inflammation and
rotator cuff injury repairs. Chronic inflammation, a prolonged low-grade
inflammatory state, can arise from conditions like hypercholesterolemia
and contribute to muscle atrophy. Skeletal muscle atrophy can be caused
by factors such as disuse, aging, malnutrition, and microgravity, and
currently lacks approved drug therapies. Thus, gaining a comprehensive
understanding of the associations between hypercholesterolemia, chronic
inflammation, and skeletal muscle atrophy is imperative for developing
effective strategies to manage this condition. We conducted an animal
study in Yucatan miniswine to investigate the impact of a high-cholesterol
diet on rotator cuff muscle. The results suggested the presence of chronic
inflammation in rotator cuff muscle hypercholesterolemic swine, associated
with elevated pro-inflammatory cytokines and intramuscular adipocytes,
and skeletal muscle atrophy. The results also revealed upregulation of the
FOXO3/TRIM63/Titin axis in a hyperlipidemic state. These findings open
new perspectives for developing better treatment strategies by targeting
the FOXO3/TRIM63/Titin axis to manage rotator cuff muscle atrophy in
the context of hypercholesterolemia.
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Introduction

Compared to activities done safely inside the International Space
Station (ISS), spacewalks are considered one of the most dangerous jobs
in mankind and can certainly contribute to the physical and psychological
stress of astronauts. In August 2021, the NASA Office of Inspector General
performed an audit to examine the current progress of the next-generation
spacesuits for the ISS and Artemis missions [1]. This audit also revealed
the health-related risks associated with the current spacesuit and examples
of negative health outcomes from specific missions. Spacesuit-related risks
include decompression sickness, thermal regulation, shoulder injuries,
hand injuries, malnutrition, and dehydration. Extravehicular activity (EVA)
injuries of hands and shoulders are usually sustained with the EMU spacesuit
during spacewalks and EVA training. However, rotator cuff injuries are the
most common among active and training astronauts [2,3]. In zero gravity,
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astronauts tend to use their upper extremities for movement
and physical tasks, versus their lower extremities, resulting in
the overuse of shoulders and hands. The spacesuit hardware
of the upper torso was the main cause of injury during
active duty [2]. However, rotator cuff injuries have only
increased recently in the National Aeronautics and Space
Administration (NASA), perhaps due to the changes in space
suit design or changes in the spaceflight requirements (i.e.
all astronauts must be EVA certified starting in 2000) [4].
Astronauts selected in the 1990’s have higher incidences
of shoulder surgery. Astronauts who have performed more
than five spacewalks were twice as likely to sustain shoulder
injuries than astronauts who performed one spacewalk [5].

Shoulder injury is a broad term that encompasses many
different types of myopathies or tendinopathies relating to the
shoulder rotator cuff. Rotator cuff injury could manifest from
hypercholesterolemia due to higher levels of total cholesterol,
triglycerides, and LDL cholesterol [6-9]. Dyslipidemia and
muscle atrophy are associated with the failure of rotator
cuff repairs and increased risk of retear [8-12]. However,
the underlying molecular pathways involved in muscle
and tendon injuries contributing to RCI are yet to be fully
understood. It should also be noted that astronauts also
develop hypercholesterolemia contributing to cardiovascular
diseases [13]. However, the current collection of space-
related biomedical research on hypercholesterolemia is
insufficient and does not reveal much about the effect of
microgravity on astronauts’ cholesterol [14]. Cholesterol is
not a routine measurement for astronauts when landing [14]
and measuring HDL, LDL, triglycerides, and lipoprotein
levels is important because levels change during space
mission and after spaceflight [15]. If the pursuit of space
travel is continued, additional research is necessary to develop
enhanced treatments for EVA-associated rotator cuff injuries
in addition to addressing microgravity-induced change in
cholesterol levels and its effects on muscle atrophy.

Skeletal muscles are highly adaptable and can undergo
hypertrophy (increase in muscle mass) or atrophy (decrease
in muscle mass) in response to changes in physical activity
levels or other factors such as aging or disease [16,17].
The ability of skeletal muscles to generate significant
force and power is crucial for human athletic performance
and essential for activities of daily living. Overall, skeletal
muscle contributes significantly to metabolic homeostasis,
and alterations in its metabolism have been correlated with
various metabolic disorders, including insulin resistance,
type 2 diabetes, and obesity [18,19]. Sustaining healthy
skeletal muscle function through exercise and other lifestyle
modifications is vital for overall metabolic health. Skeletal
muscle atrophy is a condition characterized by muscle wasting
or when protein degradation exceeds protein synthesis [20].
The plasticity of skeletal muscle is widely studied by experts
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and weight trainers alike in the scope of muscle hypertrophy
by exploiting mechanisms to increase myofiber regeneration
[21-23]. However, muscle atrophy remains incompletely
elucidated due to its common acknowledgment as a condition
to be proactively avoided because diminished muscle mass
and strength are risk factors associated with disability and
mortality [24].

Metabolic studies have shown a growing interest in
how excess or deficiencies in cholesterol could impact the
homeostasis of skeletal muscle [25-27]. Excess serum
cholesterol, or hypercholesterolemia, is prevalent in metabolic
disorders (i.e. obesity, diabetes, malnutrition), peripheral
atherosclerosis, cancer, and aging [28,29]. Cholesterol
depletion induced by statin drugs may exacerbate muscle
atrophy [30]. Altered lipid metabolism plays a role in skeletal
muscle weakness, as shown in obesity-like disease models. In
rats, a short-term high fat diet impaired function in oxidative-
type skeletal muscles [31]. For patients with spinal muscular
atrophy (SMA), malnutrition is a major concern because of
defects in fatty acid transport and mitochondrial B-oxidation
[32,33]. In addition to altered lipid metabolism, glucose
metabolism alteration may cause skeletal muscle atrophy, as
observed in diabetes [34]. Too much cholesterol can cause
negative effects on important skeletal muscle membrane-
protein species, such as those found in the transverse tubule,
or t-tubule. The t-tubule is considerably more cholesterol-rich
than the sarcolemma and increasing this level further impedes
the trafficking of intracellular glucose transporter, GLUT4, to
the t-tubule and other surface membranes [35,36]. Cholesterol
and hydration play a critical role in cell membrane fluidity
and are directly correlated with each other [37]. This is
demonstrated by increased serum cholesterol concentration in
blood tests in dehydrated patients [38]. Dehydration can lead
to hypertension, muscle fatigue, and dizziness [39-41]. This
suggests that hypercholesterolemia, through inflammation
and fatty infiltration, can promote skeletal muscle atrophy.
A study has demonstrated that intramuscular adipose tissue
directly obstructs skeletal muscle contractions [42]. Although
obesity is often associated with hypercholesterolemia, patients
with anorexia nervosa can also develop hypercholesterolemia
and experience muscle atrophy due to malnutrition [43].

Rotator cuff muscle atrophy is also a common condition
that can result in significant shoulder pain and disability. It is
characterized by a loss of muscle mass and muscle weakness
in the rotator cuff muscles including subscapularis, teres
minor, supraspinatus, and infraspinatus. Recent research
has shown that hypercholesterolemia may play a role in the
development of rotator cuff muscle atrophy [44]. High levels
of cholesterol have been associated with changes in muscle
composition and function, including reduced muscle fiber
size and impaired muscle regeneration [45]. Furthermore,
high cholesterol levels have been linked to insulin resistance,
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inflammation, and oxidative stress, all of which can
contribute to muscle atrophy. Insulin resistance can impair
muscle protein synthesis and promote muscle breakdown,
while chronic inflammation and oxidative stress can lead to
muscle damage and impair muscle regeneration [18]. This
study aims to investigate the effect of hypercholesterolemia
on muscle atrophy involving muscle protein degradation.
We hypothesize that hypercholesterolemia-induced chronic
inflammation and oxidative stress will increase titin protein
degradation and result in muscle atrophy.

Materials and Methods

The rotator cuff muscle tissues (supraspinatus) were
collected from hypercholesterolemic Yucatan microswine
and control tissue samples were collected from Yucatan
miniswine fed with normal diet being used in other studies.
For the hypercholesterolemic group, female microswine aged
4-5 months (25-30 kg) kept at the animal facility of Western
University of Health Sciences, Pomona, California, with a 12
h light and dark cycle at 72—74 °F and cared for per National
Institute of Health standards were used (R19TIACUCO026).
The swine were fed for 1 year with a hypercholesterolemic
atherogenic diet purchased from Research Diets Inc (RDI)
(NJ, USA) at Sinclair Bio-resources before transferring to our
animal facility. RDI's high-cholesterol diet (#D17012601)
contains 51% carbohydrates, 20% protein, 10% fat, and 4%
cholesterol. For the control group, female Yucatan miniswine
aged 4-5 months (20-30 kg) fed with the Mini-Pig Grower
Diet (Test Diet # 5801) and allowed to drink water ad libitum
were used (R20IACUCO038). After 1 year, tissues from a
total of 14 Yucatan swine, n=7 microswine (high cholesterol
diet) and n=7 miniswine (normal diet), were collected for
rotator cuff tissue histology and primary skeletal muscle cell
isolation. Blood was collected for biochemical analysis and
the total cholesterol levels in Yucatan microswine were in
the range of 450-700 mg/dl while in Yucatan miniswine, the
levels were in the range of 80-120 mg/dl.

Tissue Harvesting and Processing

The supraspinatus muscle of the rotator cuff was harvested
after euthanasia and divided into three parts for histological
studies (stored in 10% formalin at room temperature), RNA
isolation (stored in RNA/ater™, -80°C), and protein isolation
(stored at -80°C). Formalin-fixed supraspinatus muscle
samples were prepared in standard cassettes and processed
with the Sakura Tissue Tek VIP E300 Programmable
Infiltration Tissue Processor. Processed tissue cassettes were
transferred to the TN1700 Embedding Center to be embedded
onto metal-based molds and cooled on a 5°C cooling plate.
Formalin-fixed, paraffin-embedded (FFPE) tissue blocks
were sectioned at Sum using a tungsten carbide knife in a
Leica RM2265 rotary microtome (LeicaTM, Germany).
Sectioned tissue pieces were attached to positively charged
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glass slides and baked at 60°C for 60 minutes and later used
for histology and immunostaining.

Hematoxylin and Eosin and Masson’s Trichrome
staining

Tissue sections were deparaffinized, rehydrated, stained,
washed with deionized (DI) water, dehydrated, and finally
dried for coverslip mounting. For Hematoxylin and eosin,
tissues were stained in hematoxylin for 1 minute, washed for
3 minutes, dipped in Bluing reagent 10 times, then stained
in Eosin for 3 minutes. For Masson’s Trichrome, tissues
were stained in Bouin’s solution for 1 hour at 56°C, washed
in running water until the yellow color dispersed, stained
in Wiegert iron hematoxylin for 10 minutes, rinsed with
warm running water for 5 minutes, washed in DI water for
2 minutes, then stained in Biebrich scarlet-acid fuchsin for
6 minutes, washed in DI water for 3 minutes, then stained
in phosphomolybdic-phosphotungstic acid for 10 minutes,
and immediately transferred into aniline blue for 6 minutes,
then washed in 1% acetic acid twice for 2 minutes. All
stained tissues were scanned with a Leica DM6 B Upright
Microscope at a scale of 100um. Three to four random images
were captured from each section and three sections from each
swine were scanned for each protein of interest.

Immunohistochemistry

For immunohistochemistry (IHC), sections were
deparaffinized and rehydrated similarly as described before.
Antigen retrieval was done in 1% citrate buffer at 95°C for
30 minutes and cooled before washing. Tissues were circled
with a pap pen and incubated in 3% hydrogen peroxide for
15 minutes. Tissue sections were incubated with blocking
serum (from Vectastain) for 1 hour at room temperature.
After tipping off the blocking solution, tissue sections were
incubated with primary antibodies (Table 1) overnight at 4°C
and washed three times with 1X PBS following incubation.
Then, the tissue sections were incubated with secondary
antibodies for 1 hour at room temperature, and tissue sections
were washed three times with 1X PBS. ABC solution from
VECTASTAIN Elite ABC Kit, Peroxidase for either Rabbit
IgG (PK-6101), Mouse IgG (PK-6102), or Goat IgG (PK-
6105) was used to incubate tissue sections for 30 minutes.
After washing, chromogen detection used was DAB (Thermo
Scientific 34002) or AEC (Vector Laboratories SK-4200).
Negative staining controls were stained with non-immune
IgG antibody, Donkey anti-Rabbit IgG (H+L), HRP, with
only primary antibody, and with only secondary antibody.
Triplicates for each antibody and tissue combination were
imaged at 100um for Imagel] analysis. Average stained
intensity (average intensity of the color) was measured using
the Color Deconvolution 2, an ImagelJ plug-in [46]. Three to
five images from each stained tissue section were scanned for
analysis.
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Table 1: Primary Antibodies with their respective dilution factors used for immunostaining.

Antibody Dilution Catalog#
Adiponectin 1:400 ab126611
CD163 1:100 ab87099
CD206 1:200 ab64693
CD68 1:100 ab125212
CD86 1:100 ab269587
COL-1 1:200 ab6308
COL-3 1:200 ab7778
FOXO3 1:200 NB100-614
IL-10 1:200 ab9969
IL-18 1:200 ab156791

Real-Time qPCR

Total RNA was isolated from rotator cuff tissues and
isolated primary cells using Trizol. The total RNA was diluted
with 10uL of RNA/DNAase-free water and stored at -80°C
until measured with NanoDrop for the yield of RNA. 1ul of
diluted RNA concentration was measured using 260/280 and
values between 1.8-2.0 were acceptable. To make cDNA,
Bio-Rad iScript cDNA Synthesis Kit (#1708891) was used
to make a 20pL cocktail and amplified with the Bio-Rad
T100 Thermal Cycler (Volume: 20uL, 25°C for 5 minutes,
46°C for 20 minutes, 95°C for 1 minute, and stored at 4°C
indefinitely). The cDNA concentration was measured with
NanoDrop again and diluted as needed. For each sample,
3 pL (15ng) of cDNA was mixed with 7 pL of master mix

Antibody Dilution Catalog#
IL-1Ra 1:50 sc8481
IL-6 1:50 ab6672
LDLR 1:100 ab52818
LEP 1:100 ab16227
MCP-1 1:100 ab9669
MuRF1 1:200 PA5-76695
Myogenin 1:200 NB100-5651
TNF-a 1:200 ab6671
TTN 1:100 NB600-1206

cocktail for each gene of interest (1 pL forward primer, 1
pL reverse primer, and 5 pL. of SYBR green) for a total of
10puL and was triplicated in a 96 well PCR plate. Forward
and reverse primer nucleotide sequences are listed in Table
2. PCR was conducted using BioRad CF96 Thermal Cycler
with 39 cycles. The cycling conditions were 3 min at 95°C
for initial denaturation, 39 cycles of 15s at 95°C, and 15s at
55-60°C (according to the primer annealing temperatures)
followed by melting curve analysis. Cq values were compiled
to calculate delta-delta-CT (27°T) to compare fold change
and statistical significance was calculated using a two-sided
t-test. The primers for different genes in swine (Table 1) were
obtained from Integrated DNA Technologies (Coralville,
IA, USA). Normalization for relative mRNA expression was
evaluated with housekeeping gene, 18S.

Table 2: Forward and reverse nucleotide sequences for genes of interest used in this study for RT-qPCR.

Gene Name Forward

CD68 5-TCCCAGTGACCAAACCATCC-3’
CD86 5-GTTGTGTGTGGGATGGTGTC-3
CD206 5-TAGGGGTGCCCTCAAAAACC-3
CD163 5-CTGTGATGATGGCTGGGATAG-3’

IL-6 5'-TGCAGTCACAGAACGAGTGG-3'

TNF-a 5-CATCTACCTGGGAGGGGTCT-3'
IL-1B 5-ATGGACAAGCTGAGGAAGATG-3'
MCP-1 5-AAACGGAGACTTGGGCACAT-3'
ADIPOQ 5-TTGAAGGTCCCCGAGGTTTC-3'

LEP 5-CTTCATCCCTGGGCTCCATC-3'

MYOD1 5-GCTCCGCGACGTAGATTTGA-3'
FOXO3 5'- ACAAACGGCTCACTCTGTCC-3'
TRIM63 5-TCTTCCAGGCTGCAAATCCC-3'
TTN 5-AAGCGACTGATTGGGGAGTTG-3'
18s 5'-CCCACGGAATCGAGAAAGAG-3'

Reverse
5-TTGGAACAGATGCTCACGGA-3’
5-GTTTGTTCACTCGCCTTCCTG-3
5-GCGTGTCATTTCTGCACTCC-3
5-AATGTGTCCAGTTCCCTCAC-3’
5'-CAGGTGCCCCAGCTACATTAT-3'
5-CCAGATAGTCGGGCAGGTTG-3'
5-CCCATGTGTCGAAGAAGATAGG-3'
5-CTTGCAAGGACCCTTCCGTC-3'
5-GAACGGTAGACATAGGCGCT-3'
5-GGCAGACTGGTGAGGATCTG-3'
5-GGAGTCGAAACACGGGTCAT-3'
5-GTTGCTGTCGCCCTTATCCT-3'
5-GTGACGGTCCATGATCACCT-3'
5-GGCTTGGTTCGCTAAGTCCA -3'
5-TTGACGGAAGGGCACCA-3'
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Table 3: List of primary and secondary antibodies with dilutions
used for Western blot analysis.

Antibody Dilution Catalog#
Beta Actin 1:1000 ab8226

TTN (Titin) 1:1000 ab284860
MURF1 (TRIM63) 1:2000 pa5-76695

Goat anti-Mouse 1gG (H+L), HRP 1:3000 | Bio-Rad 5178-2504

Donkey anti-Rabbit IgG (H+L), HRP | 1:3000 | Invitrogen A16023

Western Blot

Protein isolation from rotator cuff tissue was processed
using RIPA buffer with protease inhibitor and mechanically
homogenized in 2.0 mL microcentrifuge Eppendorf tubes.
Cells were washed twice with cold 1x PBS, RIPA buffer
with protease inhibitor was added for 10 minutes at 4°C
on a shaker, and then cell lysate was transferred into 2.0
mL microcentrifuge Eppendorf tubes. Homogenized tissue
samples and cell lysate were centrifuged at 12,000 rpm for
15 minutes at 4°C. Protein concentration estimation was
determined using Bradford Assay and the BSA standard
curve. Protein was diluted in 4x Laemmli Sample Buffer
(Bio-Rad #1610747) with a reducing agent, 2.5% beta-
mercaptoethanol, according to concentration calculations
for 20-30pg of protein. Proteins were separated using SDS-
PAGE with 10-well Mini PROTEAN TGX Pre-cast Gels
(4%-15%) and Precision Plus Protein Standard in Dual
Color (Bio-Rad # 1610374) followed by wet transfer to
PVDF membrane. After transfer, total protein was checked
with Ponceau S Solution (P7170), imaged, and then washed
using 1x Tris-Buffered Saline with 0.1% Tween 20 (TBS-T).
Once the pink color was completely washed out, blocking
buffer (5% non-fat milk in TBST) was added and incubated
for 1 hour at room temperature. Primary antibodies (Table 3)
were prepared in a blocking buffer and incubated overnight
at 4°C. Primary antibodies were re-collected and the PVDF
membrane was washed 3 times with TBS-T for 5 minutes
each. Then, the secondary antibody (Table 2) was incubated
for 45 minutes at room temperature. Chemiluminescence
was detected using Pierce ECL Western Blotting Substrate
(32106) by adding equal amounts of reagent 1 and reagent 2
to the PVDF membrane right before scanning on the Bio-Rad
ChemiDoc™ MP Imaging System.

Statistical Analysis

Data is presented as the mean + SEM. Data were analyzed
using GraphPad Prism 9. For IHC, RT-qPCR, and Western
blots, the comparison between two groups for the expression
of the protein or gene of interest was performed using a two-
tailed Student’s t-test. The comparison between more than
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two groups for the expression of the protein and transcripts
of interest was performed using One-way ANOVA with
Bonferroni’s posthoc test. A probability (p) value < 0.05
was accepted as statistically significant. *p <0.05, **p<0.01,
*¥*%p <0.001 and ****p <0.0001.

Results

Hypercholesterolemia is associated with muscle
atrophy, inflammation, and fatty infiltration in
Rotator Cuff Muscles

Hematoxylin and eosin (H&E) staining of normal
skeletal muscle tissue depicted distinct muscle fiber bundle
morphology with minimal instances of fatty infiltration and
minimal leukocyte infiltration (Figure 1A). H&E staining
of hypercholesterolemic skeletal muscle tissue revealed an
altered muscle morphology compared to normal tissues. There
was increased fatty infiltration in between muscle bundles
and in between muscle fibers, which can be detected by the
floating, purple-stained nuclei (eccentric nucleus) and pink-
stained cytoplasm characterizing adipocyte. The presence of
mono-lobed nuclei macrophages along the fascia of muscle
fibers suggest the presence of inflammation. The most obvious
difference in morphology is the disorganization of muscle
fibers and decreased myofibril size in the hypercholesterolemic
tissue, which is stained in pink (Figure 1B) compared to
normal tissues (Figure 1A). The presence of leukocyte,
adipocyte, and myofibril atrophy in hypercholesterolemic
tissue prompted further immunohistochemical and
transcriptional investigation of pro-inflammatory cytokines
and chemokines including interleukin (IL)-6, tumor necrosis
factor (TNF)-a, IL-1B, monocyte chemoattractant protein
(MCP)-1, macrophage markers (CD68, CD86, CD206, and
CD163), adipocyte cytokines (adiponectin and leptin), and
atrophy-specific markers including myoblast determination
protein (MYOD)1, Forkhead box O3 (FOXO3), Tripartite
Motif Containing 63 (TRIM63/MuRF1), and titin.

Masson’s Trichrome staining revealed the difference
in skeletal muscle fiber size between normal and
hypercholesterolemic supraspinatus muscle. The fiber size
was like the atrophy observed in the H&E staining. Masson’s
Trichrome stain of normal supraspinatus muscle indicates
uniform muscle fiber bundles and minimal sites of fatty
infiltration along the fascia, which is stained in blue (Figure
IC). The most notable feature of hypercholesterolemic
supraspinatus muscle was the intense blue staining of
collagen in between the muscle bundle fascia, apparitions
of adipocytes entangled in the collagen fibers (indicated by
the black boxes in Figure 1D), and how collagen penetrates
through individual muscle fibers, indicating possible sites
of fibrosis. This result of increased collagen staining in
hypercholesterolemic supraspinatus muscle prompted further
investigation in the immunohistochemistry of collagen-I and
collagen-III.
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Figure 1: Hematoxylin & Eosin (A and B) and Masson’s Trichrome
(C and D) staining of hypercholesterolemic Yucatan microswine
and control miniswine supraspinatus. Panel A shows minimal fatty
infiltration in normal tissue compared to panel B, which shows
more leukocyte and fatty infiltration, as well as muscle atrophy,
in high cholesterol tissue, as shown in panel B. Panel C, normal
tissue, shows light density of blue-stained collagen (fascia) with
apparitions of adipocytes, indicated by their pink-stained cytoplasm
and black nuclei, indicated in the box. Arrows show the direction
of blue-stained fascia. Panel D, high cholesterol tissue, shows very
dense, blue-stained collagen (fibrosis) with many apparitions of
adipocytes, as indicated in the boxes. Additionally, variations in
muscle fiber size indicate atrophy. 20x magnification was used in
panels A and B. 10x magnification was used in panels C and D.
These images are representative of 7 microswine in each group.

Hypercholesterolemia is associated with altered
collagen content

Chronic inflammatory reactions induced by tissue
injury can ultimately result in collagen reorganization
and fibrosis. Excessive deposition of extracellular matrix
components, including collagen, causes fibrosis, which
leads to tissue overgrowth, hardening, and scarring [47].
To further support the finding of increased collagen
staining in supraspinatus muscle with Masson’s Trichrome,
immunohistochemistry staining of collagen I (COL 1) and
collagen III (COL 3) was done. is the results revealed a
positive expression of low-density lipoprotein receptor
(LDLR), COL 1, and COL 3 in the fascia (Figure 2).
Upon analyzing both tissue groups, it was observed that
the hypercholesterolemic tissue exhibited a significantly
higher average stained intensity of pro-fibrotic collagen-
III, compared to the normal tissue (Figure 2G). Although
COL 1 staining showed an increase, it was not statistically
significant. Notably, increased LDLR expression in the
hypercholesterolemic tissue compared to normal tissues
confirmed hypercholesterolemic condition [48]. Theseresults
are consistent with previous findings from other studies
[49-52].
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Figure 2: THC staining of LDL receptor (LDLR), Collagen-I
(COL-1), and Collagen-III (COL-3) in hypercholesterolemic
supraspinatus muscle compared to normal supraspinatus muscle.
Immunohistochemistry (IHC) staining of LDLR, COL-1, and COL-
3 in normal (A—C) and high cholesterol tissue (D-F). (G) Average
stained intensity and percent-stained area analysis of IHC staining.
Red staining in panels A and D was accomplished by a 3-amino-
9-ethylcarbazole (AEC) substrate kit, whereas brown staining in
panels B—-C and E-F was accomplished by a 3, 3'-diaminobenzidine
(DAB) substrate kit. The data are presented as mean + SEM (n =7
in each group). **p<0.01 and ***p<0.001.

Hypercholesterolemia is associated with
inflammation in the Rotator Cuff Muscle

The dysregulation of pro-inflammatory cytokine
production has been implicated in the pathogenesis of
various chronic inflammatory diseases including RCI
[53,54]. To investigate this, immunohistochemistry of
cytokines and chemokine of the pro-inflammatory response,
IL-6, TNF-q, IL-1B3, and MCP-1, were tested. IHC staining
revealed a significantly increased immunopositivity for pro-
inflammatory cytokines and MCP-1 in the skeletal muscle
fascia of the hypercholesterolemic tissues compared to the
control tissues (Figure 3 panels A-H and I). The RT-PCR
studies revealed significantly increased transcript levels of
IL-6 and MCP-1 in hypercholesterolemic tissues compared
to control muscle tissue (Figure 3I). The IHC and RT-PCR
results support the findings of the presence of persistent
inflammation in the hypercholesterolemic tissues. The main
question that remains unanswered is the source of these
pro-inflammatory cytokines. However, based on the current
results, it is highly likely that macrophages [55] or adipocytes
[56] are the major sources of these cytokines. Given that the
hypercholesterolemic microswine were exposed to a high-
cholesterol diet for one year before sacrifice, the phenotype
of macrophages and adipocytes in this model may differ from
their typical characterization under normal conditions. To
investigate this possibility, immunohistochemistry and gene
expression analyses were performed to confirm the source of
pro-inflammatory cytokines.
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Hypercholesterolemia is associated with increased
macrophage infiltration in Rotator Cuff Muscles

Macrophages have been known to play a role in the
perpetuation of chronic inflammation in hypercholesterolemia
[57]. Inresponse to pro-inflammatory cytokines, macrophages
produce additional cytokines, which attract more immune
cells to the site of inflammation [55,58]. This leads to a
vicious cycle of immune activation and inflammation. IHC for
macrophages (CD68+), pro-inflammatory M1 macrophages
(CD86+), and anti-inflammatory M2 macrophages (CD206+
for M2a and CD163+ for M2b) showed that macrophages are
predominantly localized in the skeletal muscle fascia, where
pro-inflammatory cytokines were also observed (Figure 4
A-H). IHC image analysis revealed a statistically significantly
decreased macrophages (CD68+) and M2 macrophages
(CD206+) while an increase in M1 macrophages (CD86+)
(Figure 4 panel J) in hypercholesterolemic swine compared
to control swine. These findings were supported by the
average stained intensity and average stained percent area
(Figure 4 panel J). To our surprise the mRNA transcript of
CD68, CD86, and CD 206 with PCR (Figure 4 panel I) in the
control and hypercholesterolemic tissues were not consistent
with IHC findings. The mRNA transcripts showed increased
CD68 and CD206 while decreased CD86 and CD163 in
hypercholesterolemic tissues compared to normal tissues.
The mRNA transcripts suggest the presence of inflammation
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(increased CD68) and the immune response of the body
(increased CD206) in the hypercholesterolemic group.
However, decreased mRNA transcript for M1 macrophages
in the presence of inflammation and increased CD86 protein
expression on IHC is inconsistent and this may be due to
transcriptional or post-transcriptional regulation. Another
reason may be the duration of hypercholesterolemic diet,
and the surgery and treatment given to these swine for other
project conducted on these swine [59].

Hypercholesterolemia upregulates leptin expression
in rotator cuff muscles.

In hypercholesterolemic conditions, increased secretion of
pro-inflammatory adipokine leptin and decreased secretion of
anti-inflammatory adipokine adiponectin from hypertrophied
and hyperplastic adipocytes contributes to persistent low-
grade inflammation [60,61]. Adipocytes also promote the
recruitment of macrophages further amplifing inflammation
through the production of pro-inflammatory cytokines. To
examine the primary sites of expression for adiponectin
(ADIPOQ) and leptin (LEP), IHC was performed, and the
results revealed immunopositivity for adiponectin and leptin
in the skeletal muscle fascia where adipocyte apparitions
were detected through H&E staining (Figure 5 A-D). Upon
analyzing the average stained intensity and percent average
stained area, we checked mRNA expression of Leptin-lean
as well as leptin-obese using different primers because
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Figure 3: Pro-inflammatory cytokines transcriptional and semi-quantitative protein expression in hypercholesterolemic supraspinatus muscle
compared to normal supraspinatus muscle. Immunohistochemistry (IHC) staining of IL-6, TNF-a, IL-1B, and MCP-1 in normal (A-D) and
high cholesterol tissue (E-H). (I) Fold change in mRNA expression between normal and hypercholesterolemic tissue. (J) Average stained
intensity (left side) and percent-stained area (%; right side) analysis of IHC staining. Brown staining in panels A—D was accomplished by the
DAB substrate kit, whereas red staining in panels E-H was accomplished by the AEC substrate kit. Student’s t-test was used for statistical
analyses. The data are presented as mean = SEM (n = 7 in each group). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. The images are

representative of all swine involved in this study.
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Figure 4: Immunostaining and PCR analysis of macrophages in hypercholesterolemic supraspinatus muscles compared to control supraspinatus
muscle. (A—H) Immunohistochemistry (IHC) staining of CD68, CD86, CD206, and CD163. (I) Fold change in mRNA expression between
normal and hypercholesterolemic tissue. (J) Average stained intensity and percent-stained area analysis of IHC staining. Brown staining in
panels A—C was accomplished by the DAB substrate kit, whereas red staining in panels D-H was accomplished by the AEC substrate kit. The
data are presented as mean + SEM (n = 7 in each group). *p<0.05, **p<0.01, ***p<0.001. The images are representative of all swine involved

in this study.

leptin levels may cause weight loss and the swine were on
different types of diet (normal vs hypercholesterolemic). it
was observed that both adiponectin and leptin expression
were significantly increased (Figure 5F). These findings were
validated by the significantly increased gene expression levels
of both ADIPOQ and LEP (Figure 5E) in hyperlipidemic
muscle tissues.

Hypercholesterolemia upregulates atrophy-specific
transcription factors.

Myoblast determination protein 1 (MYOD1) and Forkhead
box O3 (FOXO03) have been shown to co-express in vitro and
depend on each other for myotube stability [62]. To examine
the expression of FOXO3 and MYOD! in tissues, I[HC was
performed. However, due to the unavailability of swine
specific MYOD1 antibodies, MYOG was used instead as both
are classified under myogenic regulatory factors (MRFs) [63].
Interestingly, FOXO3 and MYOG were positively stained
in skeletal muscle fascia in the histological location where
pro-inflammatory cytokines were detected (Figure 6 A-D).
Both FOXO03 and MYOG exhibited a significant increase
in expression, as determined by the analysis of the percent-
stained area and average stained intensity (Figure 6F). These
findings were validated by the significantly increased gene

expression levels of MYODI and FOXO3 (Figure 6E). In
summary, the observed increase in these factors suggests
a mechanism adapted by the body to maintain decreasing
muscle mass in response to hypercholesterolemia-associated
inflammation and atrophy. However, the concern is why in the
presence of increased expression of these factors, the muscle
mass is atrophied on H and E staining. This may be either
due to persistent inflammation degrading muscle proteins and
regeneration may take longer time (the swine were sacrificed
after 1 year) and the continued hypercholesterolemic diet.
We next analyzed the muscle proteins in both groups.

Hypercholesterolemia upregulates atrophy-specific
marker TRIM63 in rotator cuff muscles.

The E3 ubiquitin ligase MuRFI1/TRIM63 plays an
important role in skeletal muscle atrophy [64]. Positive
TRIM63 staining was observed in the skeletal muscle
fascia of hypercholesterolemic tissues (Figure 7C) [65,66].
Increased MURF1 expression is associated with titin
degradation [67]. IHC revealed immunopositivity for titin
in the expected general area of skeletal muscle (Figure 7
B & D) and titin expression was significantly decreased in
hypercholesterolemic tissues (Figure 7E). RT-qPCR and
Western blot analysis of TRIM63 and titin (77N) supported the
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Figure 5: Adipocyte cytokines transcriptional and semi-quantitative
protein  expression in hypercholesterolemic  supraspinatus
muscle compared to normal supraspinatus muscle. (A-D)
Immunohistochemistry (IHC) staining of Adiponectin (ADIPOQ)
and Leptin (LEP). (E) Fold change in mRNA expression between
normal and hypercholesterolemic tissue (ADIPOQ = Adiponectin;
LEP L = Leptin “Lean”; LEP_O = Leptin “Obese”). (F) Average
stained intensity and percent-stained area analysis of IHC staining.
Brown staining in panels A-D was accomplished by the DAB
substrate kit. The data are presented as mean £ SEM (n = 7 in
each group). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. The
images are representative of all swine involved in this study.

results of IHC and PCR (Figure 7 F-H). Overall, these results
showed a significant increase in both the gene and protein
expression of TRIM63, and its association with decreased
titin gene and protein expression suggests an upregulation of
muscle atrophy in hypercholesterolemic tissues.

Discussion

Theresults of this study revealed that hypercholesterolemia
is associated with increased fatty infiltration, leukocyte
infiltration, decrease in muscle mass (atrophy), expression
of pro-inflammatory cytokines and chemokines, and altered
collagens. The findings suggest that chronic low-grade
inflammation could lead to decreased muscle mass due to
degradation of muscle protein titin. Chronic inflammation
is known to cause fibrosis by promoting the deposition
of extracellular matrix (ECM) components, particularly
collagen [68]. In our study, we observed increased levels of
pro-inflammatory cytokines and chemokines, macrophages,
and adipokines in hypercholesterolemic tissue. This suggests
an association of hypercholesterolemia with persistent
inflammation and decreased muscle mass. Pro-inflammatory
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Figure 6: Atrophy-specific transcription factors gene expression
and semi-quantitative protein expression in hypercholesterolemic
supraspinatus muscle compared to normal supraspinatus muscle.
(A-D) Immunohistochemistry (IHC) staining of MYOG and Leptin.
(E) Fold change in mRNA expression of MYOD1 and FOXO3
between normal and hypercholesterolemic tissue. (F) Average
stained intensity and percent-stained area analysis of IHC staining.
Red staining in panels A—D was accomplished by the AEC substrate
kit. The data are presented as mean = SEM (n = 7 in each group).
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. The images are
representative of all swine involved in this study.

cytokines can promote the activation and differentiation of
fibroblasts into myofibroblasts, which are responsible for
the deposition of ECM components. Interestingly, we also
observed an increase in LDLR levels in the experimental
tissue, confirming the hypercholesterolemic condition.
This finding may have implications for the development of
fibrosis, as high levels of LDL have been shown to promote
fibrosis in various tissues, including the liver and heart [68].
LDL can stimulate the production of transforming growth
factor-beta (TGF-p), a key mediator of fibrosis, and promote
the activation of myofibroblasts [70]. A key finding of this
study was adipocytes as the source of pro-inflammatory
cytokines in hypercholesterolemic rotator cuff muscle,
further investigations are needed to confirm this hypothesis.
The inconsistent results for the protein and gene expression
for macrophages, M1 (CD86+), and M2 macrophages
(CD206+ and CDI163+), transcriptional and post-
translational modification may have contributed to this and
the role of transcription factors and microRNAs (miRNAs),
both regulating the gene expression, in the presence of
hypercholesterolemia should be investigated [71,72].
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Figure 7: TRIM63 and titin gene expression and protein expression
in hypercholesterolemic supraspinatus muscle compared to normal
supraspinatus muscle. (A—D) Immunohistochemistry (IHC) staining
of TRIM63 and TTN. (E) Average stained intensity and percent-
stained area analysis of IHC staining. (F) Fold change in mRNA
expression between normal and hypercholesterolemic tissue. (G)
Western blot of TRIM63 and titin in normal and high cholesterol
skeletal muscle; Beta-actin is the loading control. (H) Average
band intensity of TRIM63 and titin protein. Brown staining was
accomplished by DAB. The data are presented as mean + SEM
(n = 7 in each group). *p<0.05, **p<0.01, ***p<0.001,
**%%p<0.0001. The images are representative of all swine involved
in this study.

Skeletal muscle and adipocytes depend on each other
to coordinate metabolism and tissue regeneration [73,74].
Fatty infiltration of skeletal muscle is characterized by
dysfunctional leptin signaling, loss of muscle strength,
reduced insulin sensitivity, and increased mortality among
the elderly [75,76]. Intramuscular fatty infiltration, typically
diagnosed using imaging techniques such as magnetic
resonance imaging (MRI) or computed tomography (CT)
scans, refers to the accumulation of fat or adipose tissue
within the muscle fibers of skeletal muscle. It is associated
with several metabolic disorders, including insulin resistance,
type 2 diabetes, and obesity [77]. It is also commonly seen
in older adults and individuals with sedentary lifestyles.
The accumulation of intramuscular fat can impair muscle
function and reduce muscle strength and endurance [78] by
increasing the recruitment of inflammatory macrophages and
proinflammatory cytokine secretion. Fatty infiltration and
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macrophage infiltration of muscle tissue can also occur in
normal-weight individuals with metabolic disorders [55]. The
presence ofadipocyte infiltration in the muscle and the presence
of immune cells and cytokines in hypercholesterolemic
tissues support the notion to investigate the association of
hypercholesterolemia and muscle atrophy and the underlying
mechanisms. Age-related metabolic alterations may affect
how nutritional intake impacts endocrine functions, muscle
mass homeostasis, and lipid profile [22]. Aging impacts
muscle mass through sarcopenia and chronic inflammation
[18,56].

Hypercholesterolemia is strongly associated with
adipose tissue accumulation and adipocyte hypertrophy
in response to the increased need to store excessive
cholesterol and other lipids. However, adipocytes become
metabolically dysfunctional when their lipid storage reaches
abnormally excessive levels and consequently triggers the
inflammatory response [79]. Hypercholesterolemia is often
characterized by a chronic inflammatory response to LDL-
cholesterol dominated by macrophages and foam cells [80].
Lipotoxicity can trigger inflammation and tissue damage as
pro-inflammatory cytokines including IL-1, IL-6, TNF-q,
and adipokines like leptins are released from resident
and infiltrated macrophages and adipocytes [81]. Chronic
inflammation can disrupt proteins in the skeletal muscle fiber
triggering atrophy [82]. Chronic inflammation in skeletal
muscle is dependent on macrophage kinetics and disturbance
in cell signaling can lead to muscle fiber degeneration [83].
In chronic inflammation, both M1 and M2 macrophages
increase and compete for arginine metabolism as arginine
is a shared substrate for iNOS and arginase. However, M2c
macrophages reduce the effects of cytokines secreted by
M1 macrophages, leading to a shift in metabolism from
iNOS to arginase, resulting in a pro-fibrotic environment.
M2 macrophages also increase myogenic factors to promote
regeneration in injured skeletal muscle [84]. An increase
in macrophage population, M2a macrophages, and M2c
macrophages in hypercholesterolemic tissues in this study
suggest the response of the body to promote regeneration,
however, inconsistency between gene and protein expression
warrant investigation.

Mitochondrial ~function and mitochondrial DNA
(mtDNA) can also be another relevant target in microgravity-
mediated muscle atrophy caused by oxidative stress, DNA
damage, and inflammation [85,86]. Reactive oxygen species
(ROS) can activate NF-«B pathways and subsequent release
of cytokines like TNF-a, as well as damaging the sarcolemma
and contractile proteins, exacerbating muscle dysfunction
in dystrophic muscle cells [87]. The findings of this study
with increased fatty infiltration, macrophage recruitment,
and expression of inflammatory cytokines in hyperlipidemic
muscle tissues suggest a correlation of hypercholesterolemia
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with reduced muscle mass.

Inflammation-induced striated muscle atrophy has been
observed in the dysregulation of muscle fibers such as actin,
myosin, and titin [88-90]. Actin fragments were generated by
caspase-3 and further degraded by a ubiquitin-proteasome
[91]. Muscle-specific E3 ubiquitin-ligase, TRIM63, has been
shown to degrade myosin light chains 1 and 2, myosin heavy
chains, and myosin-binding protein C [92]. FOXO3 is a
recognized transcription factor that triggers ubiquitin ligases
(TRIM63 and Atrogin-1) which induce skeletal muscle
atrophy [93]. A recent transcriptome study demonstrated
that transfecting myotubes with an active mutant of FOXO3,
FOXO3a, decreased average myotube diameter by 27.5%,
demonstrating the important role of FOXO3 in regulating
muscle atrophy [94,95]. TRIM63 was hypothesized to regulate
gene expression in skeletal muscle through ubiquitination
events, allowing it to coordinate with myogenic regulatory
factors and control gene activity at the transcriptional level.
Expression of TRIM63 and myogenic factors, MYOD]1 and
MYOG, were shown to increase with denervation, which
results in muscle atrophy [96]. Increased expression of E3
ubiquitin ligases (TRIM62, TRIM63, and Atrogin-1) was
associated with inflammation and skeletal muscle atrophy.
Inhibition of pro-inflammatory cytokine, IL-6, was observed
when knockout TRIM62 C2C12 myotubes [97]. An animal
study has shown that there is an inverse correlation between
the gene expression of titin (TTN) and TRIM63 in skeletal
muscle atrophy [98] (Figure 1). While full-length TTN-KO
in mice resulted in embryonic lethality, knockout of Z-disc-
anchored TTN successfully demonstrated skeletal muscle
atrophy in mice [99]. TRIM63 has also been observed in titin
degradation in cardiomyopathies [100].

The results of immunohistochemical staining and gene
expression analysis revealing upregulation of skeletal muscle
atrophy-specific transcription factors in the presence of
persistent inflammation suggest that inflammation may be a
crucial factor inducing muscle atrophy. Specifically, positive
staining for FOXO03 and MYOG was observed in the skeletal
muscle fascia of hypercholesterolemic tissue, and gene
expression levels of MYODI1 and FOXO3 were increased.
This synergy between FOXO3 and MYODI was also
observed in another animal study [62]. Additionally, these
findings support the theory that chronic inflammation drives
the upregulation of skeletal muscle atrophy through FOXO3
[101-103]. Furthermore, this study found that TRIM63 was
significantly upregulated in hypercholesterolemia tissue,
indicating an upregulation of muscle atrophy; while TTN
gene and protein expression were significantly decreased,
indicating a decrease in muscle integrity and function. These
results further support TRIM63 as a recognized marker for
muscle atrophy in human, rodent, and swine models [104].
Additionally, our results of decreased titin support the findings
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of previous research that have also indicated titin loss as an
indication of weak skeletal muscle integrity and dysfunction
[99,105]. Overall, these results suggest that TRIM63 and
TTN may have important roles in the development of muscle
atrophy and loss of muscle function in the context of chronic
inflammation observed in hypercholesterolemia. Further
research is needed to understand the underlying mechanisms
and develop potential therapeutic strategies to prevent or treat
muscle atrophy in chronic inflammatory conditions.

Overall, the results of this study suggest that
hypercholesterolemia in muscle can cause chronic
inflammation by adipocyte hypertrophy, thus increased
secretion of adipokine, leptin, which signals a pro-
inflammatory vascular response and recruit immune cells such
as monocytes, neutrophils, and dendritic cells to infiltrate the
muscle tissue. Monocytes that infiltrate the inflamed muscle
tissue are transformed into macrophages (M1 or M2) in the
presence of pro- and anti-inflammatory cytokines. Mixed
crosstalk signaling from macrophages and cytokines can
lead to upregulation of transcription factors, MYODI1 and
FOXO3, which will signal for increased TRIM63 expression
and ultimately lead to titin degradation in fast-twitch skeletal
muscle fibers.

Conclusion

The results of this study have shed light on the negative
impact of hypercholesterolemia on skeletal muscle tissue,
specifically the rotator cuff muscle. The findings indicate a
cross-talk between inflammation-MYOD1/FOXO3/TRIM63-
titin degradation in the presence of hypercholesterolemia
in the skeletal muscles. The results have contributed to
the understanding of how hypercholesterolemia affects
skeletal muscle tissue. The findings of this study may have
implications for the development of therapeutic strategies
to prevent or treat muscle atrophy in chronic inflammatory
conditions, such as hypercholesterolemia in the general
population, cancer patients, and astronauts- the translational
aspect of this study. Future studies should aim to investigate
the underlying molecular mechanisms of how LDL causes
skeletal muscle atrophy and explore potential therapeutic
targets to prevent or treat this condition.

Future Perspectives

Further research in mimicking the effects of
hypercholesterolemia in C2C12 myotubes would provide
great insight into the direct mechanism between LDL and
markers of muscle atrophy. One potential area of focus
could be the role of titin degradation in these processes.
Preventing titin degradation may have significant therapeutic
implications, either by preventing the onset of muscle
atrophy or by enhancing muscle repair following injury.
However, more research will be necessary to fully explore
this hypothesis and its potential clinical applications.
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Additionally, investigating the roles of ApoB and LDLR
in regulating the FOXO3/TRIM63/Titin axis, as well as
the involvement of transcription factors and miRNAs, may
provide further insight into the molecular pathways involved
in muscle atrophy and related conditions. Methods like FISH
(fluorescent in situ hybridization) can confirm co-expression
between FOXO3, TRIM63, and Titin in FFPE rotator cuff
tissues using kits that offer multiplex fluorescence, such as
ACD RNAscope™ Multiplex Fluorescent Detection Kit. To
take this one step further, NanoString can use these fluorescent
morphology probes to capture regions of interest (ROIs) to
sequence by subjecting the tissue to an additional hybridization
step. Another method developed by 10x Genomics uses in
situ polyadenylation to reveal coding and noncoding RNAs.
The results from transcriptome spatial sequencing would
reveal precisely which genes are upregulated during muscle
atrophy. However, the success of spatial sequencing relies
on fresh tissue due to the instability of mRNA. Overall,
continued investigation into the complex signaling between
cytokines and cellular degradation pathways will be critical
for developing new treatments and preventative strategies for
muscle atrophy and related conditions.

Limitations of the Study

This study revealed a significant correlation between
hypercholesterolemia-induced chronic inflammation with
muscle atrophy. However, there are a few limitations.
Firstly, the use of two different breeds of Yucatan miniswine
and Yucatan microswine in the in-vivo study. The use of
hyperlipidemic miniswine would have contributed to the
validation of our results. To address this, we did preliminary
studies, and the results support that hypercholesterolemia in
miniswine is also associated with decreased muscle mass
and atrophy (Supplementary Figure S1, S2, S3, and S4).
Second, the study did not investigate potential interventions
to reduce chronic inflammation in hypercholesterolemic
rotator cuff muscle tissue, which would be of great interest
to future research. Additionally, the parametric statistical
analyses employed assume that our data adheres to a normal
distribution, however, due to the limited sample size, this
could not be validated.
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Figure S1: Hematoxylin & Eosin (A—C) and Masson’s Trichrome
(D-E) staining of normal Yucatan miniswine supraspinatus,
hypercholesterolemic ~ Yucatan  microswine  supraspinatus,
and hypercholesterolemic Yucatan miniswine supraspinatus.
Supraspinatus muscle tissues in hypercholesterolemic Yucatan
miniswine revealed fatty infiltration, muscle mass degeneration,
increased inflammation, and increased collagen deposition.
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Figure S2: TRIM63 and titin gene expression and protein
expression between normal miniswine supraspinatus muscle,
hypercholesterolemic microswine supraspinatus muscle (red
color), and hypercholesterolemic miniswine supraspinatus muscle
(green color). (A) Western blot of TRIM63 and titin in normal and
both high cholesterol skeletal muscle; Beta-actin is the loading
control. (B) Average band intensity of TRIM63 and titin protein.
The statistical analysis used was 1-way ANOVA. The data are
presented as mean = SEM (n=7 in each group). *p<0.05, **p<0.01,
*#%*p<0.001, ****p<0.0001. HC = High Cholesterol. Supraspinatus
muscle tissues in hypercholesterolemic Yucatan miniswine revealed
increased TRIM63 expression and decreased titin expression.
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Figure S3: Skeletal muscle atrophy gene expression between normal
miniswine supraspinatus muscle, hypercholesterolemic microswine
supraspinatus muscle (grey color), and hypercholesterolemic
miniswine supraspinatus muscle (green color). (A) Fold change in
mRNA expression of MYODI1 and FOXO3. (A) Fold change in
mRNA expression of TRIM63 and TTN. The statistical analysis
used was 1-way ANOVA. The data are presented as mean =+
SEM (n = 7 in each group). *p<0.05, **p<0.01, ***p<0.001,
****%p<0.0001. HC = High Cholesterol. Supraspinatus muscle
tissues in hypercholesterolemic Yucatan miniswine revealed
increased MYOD1, FOXO3, and MURF1/TRIM63 expression and
decreased titin expression.
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Figure S4: ApoB, COL-I, and COL-III gene expression between
normal miniswine supraspinatus muscle, hypercholesterolemic
microswine  supraspinatus ~ muscle (grey color) and
hypercholesterolemic miniswine supraspinatus muscle (green
color). (Statistical analysis used was 1-way ANOVA. The data are
presented as mean +£ SEM (n = 7 in each group). *p<0.05, **p<0.01,
**%p<0.001, ****p<0.0001. HC = High Cholesterol. Supraspinatus
muscle tissues in hypercholesterolemic Yucatan miniswine revealed
increased ApoB, collagen I, and collagen III expression.

Citation: Hoangvi Le, Vikrant Rai, Devendra K Agrawal. Inflammation and Fatty Infiltration Correlates with Rotator Cuff Muscle Atrophy in
Hypercholesterolemic Yucatan Microswine. Journal of Orthopedics and Sports Medicine. 6 (2024): 198-214.



	Title
	Abstract
	Keywords
	Introduction
	Materials and Methods 
	Tissue Harvesting and Processing  
	Hematoxylin and Eosin and Masson’s Trichrome staining 
	Immunohistochemistry 
	Real-Time qPCR  
	Western Blot 
	Statistical Analysis  

	Results
	Hypercholesterolemia is associated with muscle atrophy, inflammation, and fatty infiltration in Rota
	Hypercholesterolemia is associated with altered collagen content 
	Hypercholesterolemia is associated with inflammation in the Rotator Cuff Muscle 
	Hypercholesterolemia is associated with increased macrophage infiltration in Rotator Cuff Muscles 
	Hypercholesterolemia upregulates leptin expression in rotator cuff muscles. 
	Hypercholesterolemia upregulates atrophy-specific transcription factors.  
	Hypercholesterolemia upregulates atrophy-specific marker TRIM63 in rotator cuff muscles. 

	Discussion
	Conclusion 
	Future Perspectives 
	Limitations of the Study 
	Author Contribution
	Funding
	Institutional Review Board Statement:  
	Informed Consent Statement
	Acknowledgments
	Conflicts of Interest
	Table 1
	Table 2
	Table 3
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	References
	Supplementary Files

