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Abstract

Background: The loss of muscle mass and concomitantly strength, poses a serious risk to the elderly and to
astronauts. Dietary cholesterol (CL), in conjunction with resistance training (RT), has been strongly associated with
improvements in lean mass. The purpose of this study was to examine the effects of two opposing environments
on rat skeletal muscle: (1) hindlimb unloading and (2) CL and RT.

Methods: In protocol 1, 13 male Sprague-Dawley rats were unloaded for 28 days (HU; n = 6) or served as cage
controls (CC; n = 7). In protocol 2, 42 rats were assigned to 1 of 6 groups: CC (n = 7), CC + CL (n = 4), RT controls
(RTC; n = 7), RTC + CL (n = 8), RT (n = 8) and RT + CL (n = 8). RT/RTC consisted of squat-like exercise. RT had weights
added progressively from 80 to 410 g over 5 weeks. CL was supplemented in the chow with either 180 ppm
(controls) or 1800 ppm (CL). Lower limb muscles were harvested at the end of both protocols and analyzed by
Western Blotting for sterol regulatory element-binding protein-2 (SREBP-2) and low-density lipoprotein-receptor
(LDL-R) and protein synthesis.

Results: Gastrocnemius and plantaris masses and their body mass ratios were significantly lower in the HU rats than
control rats. The RT rats gained significantly less body and lean mass than the RTC groups, but the plantar flexor
muscles did not show any significant differences among groups. Moreover, RT groups had significantly higher plantaris
mixed muscle fractional synthesis rate (FSR) than the RTC and CC animals, with the CL groups showing greater FSR
than control rats. No significant differences among groups in SREBP-2 or LDL-R were observed in either protocol.

Conclusions: These studies provide evidence for a relationship between skeletal muscle and cholesterol metabolism,
but the exact nature of that association remains unclear.

Keywords: Hindlimb unloading, Dietary cholesterol, Resistance training, And proteins essential to cholesterol metabolism

Background
The loss of muscle mass (sarcopenia) and concomitantly
strength, poses a serious risk to the elderly as well as as-
tronauts. Every decade starting around the age of 40,
adults lose about 8% of their muscle mass, which may
lead to greater body fat and higher risk for chronic dis-
eases such as cardiovascular disease and diabetes [1, 2].
Following a short duration spaceflight of only 17 days,
gastrocnemius and soleus muscle volume of astronauts
decreased by ~ 10% each, which may negatively affect

the successful completion of a mission [3]. Thus, there is
a need to maintain and preferably increase muscle mass
in these populations to minimize this risk.
Resistance training (RT) is an effective intervention that

has shown success in increasing or maintaining muscle.
Following an acute session of resistance exercise (RE),
skeletal muscle protein synthesis rises above resting levels
[4]. The addition of a supplement (amino acids and carbo-
hydrates) after a single bout of RE augments this increase
in protein synthesis [5]. Through repeated bouts of RE (re-
sistance training) with and without supplementation, the
elevated rates of protein synthesis may lead to muscle ac-
cretion, even in the elderly. Ten weeks of RT increased
muscle mass and strength in the elderly while
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postmenopausal women increased lean mass and muscu-
lar strength following 24 weeks of RT with post-exercise
dietary supplementation (protein and carbohydrate) [6, 7].
In addition to dietary supplementation with protein

and carbohydrate, dietary cholesterol, in conjunction
with RT, has been strongly associated with improve-
ments in lean mass. We observed that older adults who
performed 12 weeks of RT had significantly higher gains
in lean mass with greater intakes of dietary cholesterol
[8]. Moreover, greater low-density lipoprotein (LDL)
cholesterol was also associated with larger gains in lean
mass independent of dietary cholesterol [8].
Cholesterol is a critical constituent of all plasma mem-

branes, including skeletal muscle sarcolemma, and pro-
vides membrane fluidity [9]. Additionally, cholesterol is
a component of lipid rafts, which plays a role in cellular
signaling involved with muscle growth [10]. One of the
key proteins involved in cholesterol metabolism is sterol
regulatory element-binding protein-2 (SREBP-2).
SREBP-2 is a transcription factor that increases the ex-
pression of cholesterol biosynthetic enzymes and choles-
terol uptake proteins (i.e. LDL receptor) (LDL-R) when
intracellular sterol levels are low [11].
The purpose of this study was to examine the effects

of two opposing environments on rat skeletal muscle:
muscle-wasting, through an established animal paradigm
(hindlimb unloading) (HU) mimicking spaceflight and
disuse, and muscle-promoting with dietary cholesterol
and RT [12–18]. We hypothesized that SREBP-2 and
LDL-R protein expression in rat skeletal muscle would
be reduced in the muscle-wasting condition while these
proteins would be elevated in the muscle-promoting en-
vironment. Furthermore, we hypothesized that dietary
cholesterol and RT would enhance skeletal muscle mass
and rates of protein synthesis when compared to the
cage control animals and rats performing RT only.

Methods
Protocol 1
Animals
Thirteen 6-month-old male Sprague Dawley rats were ob-
tained from Harlan Laboratories (Houston, TX). Following
14 days of acclimation, the rats were allocated to individual
cages in a climate and light regulated (12 h light/12 h dark
cycle) room. Rats were given free access to a standard ro-
dent diet (Harlan Teklad 8604) and water. Rats were then
assigned to one of two groups based on body mass: cage
control (CC, n = 7) or hindlimb unloading (HU, n = 6). All
experimental procedures were approved by Texas A&M
University’s Institutional Animal Care and Use Committee.

Hindlimb unloading
Rats in the HU group underwent 28 days of tail suspen-
sion [19]. Following anesthesia with isoflurane, the rat’s

tail was cleaned with a brush and soap, rinsed, and dried
with a towel. A gauze pad containing acetone was ap-
plied to the tail and a hair dryer was used to dry the tail.
The tail was then covered with a quick drying adhesive
(Cramer Q.D.A. tape adherent, Gardner, KS), which was
allowed to dry before an additional adhesive was applied
to the sides of the tail (Amazing Goop, Eclectic Prod-
ucts, Pineville, LA). A harness consisting of cloth tape, a
bobby pin, a paper clip, and staples was placed over the
second adhesive on the tail. After allowing approxi-
mately 30 min. for the second adhesive to dry, the ani-
mal was placed in an HU cage, and the harness was
fixed to a pulley and cable apparatus that was situated
across the top center region of the cage. This attachment
was adjusted to create an approximately 30° head-down
tilt in order to preclude the animal’s hindlimbs from
touching the walls and floor of the cage, but to permit it
to move freely with its forelimbs everywhere else.

Tissue harvest
After 28 days of HU, rats were anesthetized with an in-
traperitoneal injection of ketamine (50 mg/kg) and
medetomidine (0.5 mg/kg), and the gastrocnemius and
plantaris muscles were excised, weighed and frozen im-
mediately in liquid nitrogen for subsequent analysis.
Adrenal glands were also removed and wet weights were
measured to determine the stress responses to HU.

Western blotting
Following pulverization in liquid nitrogen, approximately
40 mg of gastrocnemius and plantaris muscle was
weighed and placed in individual vials with 270 μl of a
lysis buffer [25 mM HEPES, 5 mM ß-glycerophosphate,
200 μM ATP, 25 mM Benzamidine, 2 mM PMSF dis-
solved in DMSO, 4 mM EDTA, 10 mM MgCl2, and 0.5%
protease inhibitor (Sigma-Aldrich, St. Louis, MO)] and
30 μl of 10% Triton X-100. The samples were then ho-
mogenized, placed on ice for 1–1.5 h and centrifuged at
14,000 rpm at 4 °C for 30 min. The supernate, which
contained the cytosolic and membrane-bound proteins,
was saved for the bicinchoninic acid protein assay and
electrophoresis [20].
Eighty micrograms of protein was obtained from each

sample and mixed with Laemmli sample buffer. The
samples were heated for 10 min and separated by
SDS-PAGE for 101 min at 30 mA. The proteins from the
gels were transferred to nitrocellulose membranes
through a 3-step wet transfer protocol (1.3 mA/cm2 for
1 h, 3.8 mA/cm2 for 14 h, 7.5 mA/cm2 for 1 h). The
membranes were blocked with non-fat milk in TBS
(blocking buffer) for 1 h at room temperature, washed
with TBS for 5 min for 3 replicates and then incubated
with either SREBP-2 (Santa Cruz Biotechnology, Dallas,
TX) or LDL-R (Abcam, Cambridge, MA) primary
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antibodies overnight at 4 °C. The membranes were sub-
jected to a set of 3 TBS washes and then incubated with
secondary antibody for 1 h at room temperature. After
another series of 3 TBS washes, enhanced chemilumin-
escence (SuperSignal West Pico Chemiluminescent
Substrate, Thermo Scientific, Rockford, IL) was used to
detect (FluorChem Alpha Innotech) the protein bands of
interest. The integrated density values (IDV) of the
bands were normalized to the standard for the respective
membranes and to the Ponceau stain as a loading con-
trol [21]. The values were reported in arbitrary units
with the cage control values set at 1.

Protocol 2
Animals and operant conditioning
Forty-two male Sprague-Dawley rats (age = 5–6months)
were purchased from Harlan Laboratories and resided in
individual cages within a temperature and light regulated
room at an animal housing facility. Following 7 days of ac-
climation, rats were randomized by body mass to one of
the following groups: cage control (CC, n = 7), cage con-
trol + cholesterol (CC +CL, n = 4), resistance training
control (RTC, n = 7), resistance training control + choles-
terol (RTC + CL, n = 8), resistance training (RT, n = 8) or
resistance training + cholesterol (RT +CL, n = 8). The In-
stitutional Animal Care and Use Committee at Texas
A&M University approved all experimental procedures.
Operant conditioning was used to train the RT and RTC

groups to pull down on an illuminated bar situated high
above the rat to turn it off. To achieve this movement, the
rat needed to rise up on its hindlimbs to depress the
switch. A foot shock of short duration (1mA, 60Hz) was
utilized as negative reinforcement to promote this learning
process. These animals performed this exercise for 4 ses-
sions of 50 repetitions without any added resistance. Fol-
lowing these 4 sessions, an additional 2 bouts were
completed with the rats performing the same protocol
while wearing a non-weighted, leather and Velcro vest.
Throughout the study, rats in the cage control groups did
not perform any operant conditioning or RT.

Resistance training
During the study, the RT groups engaged in 5 weeks of
progressive resistance training. Each week, 3 resistance
exercise sessions were completed, which were separated
by at least 48 h. For the 1st session, 80 g was added to
the vest, and rats needed to perform 50 repetitions. Sub-
sequently, weight was increased but repetitions were
concomitantly reduced, resulting in total volume grad-
ually decreasing by 5% per week such that the final ses-
sion consisted of 16 repetitions with 410 g. The RTC
groups performed similar training and experienced the
same number of shocks as the RT groups; however, the
RTC groups exercised without resistance.

Food
All rats were given free access to a standard rat chow
diet (Purina Test Diet 5001). This diet consisted of 54%
carbohydrates, 24% protein, 12% fat, 7% ash, 5% fiber
and vitamins. However, at the start of the study, the CL
groups were fed a similar chow that differed only in
cholesterol levels (1800 ppm for CL vs. 180 ppm for
standard chow).

Dual energy X-ray absorptiometry (DEXA)
At baseline and at the end of the study, DEXA (GE
Lunar Prodigy) scans of the animals using a special pro-
gram designed for rats were taken after administering
anesthesia via Ketamine (40–55mg/kg) and Medetomi-
dine (0.4 mg/kg) in order to determine alterations in
body composition.

Deuterium oxide for protein synthesis
Twenty hours before the final resistance exercise session,
1.5 ml of deuterium oxide was injected intraperitoneally
into each rat. Animals were also given free access to
drinking water containing 4% deuterium oxide to main-
tain enrichment levels [22].

Tissue harvest
After the rats were euthanized with Ketamine and Mede-
tomidine, blood samples were obtained from the carotid
artery, and then skeletal muscle (soleus, gastrocnemius,
plantaris and quadriceps femoris) was harvested, weighed,
and immediately placed in liquid nitrogen. Adrenal glands
were also removed and weighed.

Fractional synthesis rates (FSR)
Plasma samples and standards were prepared and analyzed
as described previously [23]. Briefly, 20 μl of plasma/stand-
ard, 4 μl of 5% acetone in acetonitrile (vol/vol), and 2 μl of
10 N NaOH were combined and permitted to settle for 24
h. Each sample/standard was thoroughly mixed with
600 μl of chloroform and 0.5 g of Na2SO4. The sample/
standard was analyzed on a GC-MS (Agilent 5973N-MSD
furnished with an Agilent 6890 GC System and DB17-MS
capillary column).
Approximately 30 mg of muscle (soleus and plantaris)

from each sample was homogenized with 0.3 ml of 10%
TCA and centrifuged for 15 min at 3800 rpm at 4 °C.
The resultant pellet was then washed with 10% TCA,
centrifuged, and disposed of the supernate for an add-
itional 3 times. The pellet was then mixed with 6 N HCl
and incubated for 18 h at 100 °C. The hydrolysate was
then freeze dried for 24 h before 100 μl of a 3:2:1 ratio of
methyl-8, methanol and acetonitrile were added to each
sample and analyzed on the GC-MS.
The following equation was used to determine the

mixed muscle protein FSR:
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EA � EBW � 3:7� t½ �‐1:
EA signifies the quantity of 2H-labeled alanine in pro-

tein (%), EBW indicates the amount of 2H2O found in
body water (%), and t represents time in h [23].

Western blotting
Quadriceps femoris and red gastrocnemius muscle sam-
ples were analyzed for SREBP-2 and LDL-R using the
same protocol that was previously mentioned.

Statistical analysis
For protocol 1, all the data were analyzed using Statis-
tical Analysis System (SAS) Enterprise Guide (v.7.1). An
independent samples t-test was used to analyze differ-
ences between HU and CC groups. For gastrocnemius
mature SREBP-2, adrenal mass and adrenal mass to
body mass ratio, since these variables did not pass the
Shapiro-Wilk Test of Normality, a Wilcoxon rank-sum
test was used instead. For protocol 2, IBM (SPSS) Statis-
tics 23 was used to analyze all the data. Two-way ana-
lysis of variance (ANOVA) was performed for activity
and cholesterol groups. For both protocols, all the data
were expressed as mean ± standard error (SE) and a
p-value of < 0.05 was considered significant. Post hoc ana-
lysis with the Tukey-Kramer test was used to determine
significant differences between groups in protocol 2.

Results
Protocol 1
Effect of 28 days of hindlimb unloading on body, muscle
and adrenal mass
Following 28 days of unloading, there was no significant
difference in body mass (p = 0.09) (Table 1), but there
was a significant difference in the change in body mass
between HU and CC groups (− 23.8 ± 2.8 g and 12.4 ±
3.7 g, respectively, p < 0.05). Gastrocnemius and plantaris
masses and their body mass ratios were also significantly
lower (p < 0.05) in the HU rats than control rats.

Adrenal mass to body mass ratio (p < 0.05), but not ad-
renal mass (p = 0.08), was significantly higher in the HU
rats than the CC rats.

Effect of 28 days of hindlimb unloading on SREBP-2 and
LDL-R in skeletal muscle
There were no significant differences between groups in
mature SREBP-2 for the gastrocnemius (p = 0.14) or
plantaris muscles (p = 0.56) (Fig. 1). Similarly, there was
no significant difference between groups in precursor
LDL-R in the gastrocnemius muscle (p = 0.48) (Fig. 2).

Protocol 2
Effect of dietary cholesterol and/or resistance training on
body mass and composition, food intake and organ masses
At baseline, there was no significant difference in body
mass among groups (Table 2). After 5 weeks, body mass
was significantly less in the RT animals compared to the
RTC groups, with no effect of dietary cholesterol. Fur-
thermore, weight gain was significantly lower in the RT
rats compared to the RTC and cage control animals.
Food intake in the RT and RTC groups were significantly
less than the cage control rats.
Based on DEXA data, there were no significant differ-

ences in total lean or fat mass among groups at baseline.
However, at the end of the study, the RT animals had
significantly less total lean mass than the RTC groups
while the RTC and RT rats had significantly lower body
fat compared to the cage control groups.
Soleus, soleus to body mass ratio, gastrocnemius,

gastrocnemius to body mass ratio, and plantaris were
not significantly different among groups (Table 3). How-
ever, plantaris to body mass ratio was significantly higher
in the RT rats than the cage control animals. Adrenal
mass and adrenal mass to body mass ratio were signifi-
cantly higher in the RTC and RT groups compared to
the cage control rats. It should be noted that gastrocne-
mius to body mass ratio and adrenal mass failed
Levene’s test for homogeneity of variances.

Table 1 Effect of 28 days of hindlimb unloading on body, skeletal muscle and adrenal mass

Cage Control (n = 7) Hindlimb Unloading (n = 6)

Baseline body mass (g) 481.6 ± 15.0 478.8 ± 12.8

Post-study body mass (g) 494.0 ± 16.2 455.0 ± 12.1

Gastrocnemius (mg) 2553.8 ± 77.8 1907.1 ± 53.5*

Gastrocnemius to body mass (mg/g) 5.18 ± 0.09 4.20 ± 0.13*

Plantaris (mg) 535.7 ± 19.9 420.7 ± 15.7*

Plantaris to body mass (mg/g) 1.08 ± 0.02 0.93 ± 0.04*

Adrenal mass (mg) 28.8 ± 2.3 51.7 ± 18.9

Adrenal to body mass (mg/g) 0.06 ± 0.01 0.11 ± 0.04§

Data are means ± standard error (SE)
*Significantly different (P < 0.005) from cage control animals
§Significantly different (P < 0.05) from cage control animals
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Effect of dietary cholesterol and/or resistance training on
fractional synthesis rates
After 5 weeks of exercise, the RT groups had significantly
higher plantaris mixed muscle FSR than the RTC and
CC animals (Fig. 3). Furthermore, there was a significant
effect of cholesterol, with the CL groups showing greater
plantaris mixed muscle FSR than the No CL rats. There
was no significant difference among groups for soleus
mixed muscle FSR (Fig. 4). It should be noted that

plantaris FSR failed both Levene’s test for homogeneity
of variances and the Shapiro-Wilk test of normality.

Effect of dietary cholesterol and/or resistance training on
SREBP-2 and LDL-R in skeletal muscle
Following 5 weeks of exercise, there was no significant
difference among groups for mature SREBP-2 in the red
gastrocnemius (Fig. 5) or quadriceps femoris (Fig. 6)
muscles. Similarly, there was no significant difference

Fig. 1 The effect of 28 days of hindlimb unloading on mature sterol regulatory element-binding protein-2 (SREBP-2) in gastrocnemius and
plantaris muscles. Data are means ± standard error (SE). Cage Control (n = 7). Hindlimb Unloading (n = 6)

Fig. 2 The effect of 28 days of hindlimb unloading on precursor low-density lipoprotein-receptor (LDL-R) in gastrocnemius muscle. Data are
means ± standard error (SE). Cage Control (n = 6). Hindlimb Unloading (n = 4)
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among groups for precursor (130 kDa) or mature LDL-R
in the quadriceps femoris muscle (Fig. 7). It should be
noted that mature LDL-R for the quadriceps femoris
failed the Shapiro-Wilk test of normality.

Discussion
The current study aimed to investigate the effects of op-
posing treatments on rat skeletal muscle to obtain a

better understanding of skeletal muscle in different envi-
ronments. In protocol 1, 28 days of unloading resulted in
an expected decrease in body mass and a lower amount
of hindlimb muscle mass than CC animals but no sig-
nificant effect on SREBP-2 and LDL-R in rat skeletal
muscle. While in protocol 2, 5 weeks of RT and dietary
cholesterol did not promote the predicted gains in body
and lean mass and elevation of proteins essential to

Table 2 Effect of dietary cholesterol and/or resistance training on body mass, food intake, and body composition

Variable CC RTC RT

Baseline body mass (g) No CL 408.0 ± 6.7 418.0 ± 10.3 403.9 ± 10.4

CL 404.5 ± 10.0 412.5 ± 11.4 400.1 ± 12.0

Post-study body mass (g) No CL 443.4 ± 14.4 463.1 ± 8.1 404.7 ± 16.7*

CL 444.9 ± 12.5 444.2 ± 15.3 417.6 ± 15.1*

Average daily food intake (g/day) No CL 24.1 ± 0.6 21.7 ± 0.9§ 20.4 ± 0.8§

CL 24.0 ± 0.3 22.8 ± 0.8§ 21.4 ± 0.4§

Baseline lean mass (g) No CL 338.6 ± 4.5 345.7 ± 9.8 338.8 ± 7.4

CL 353.5 ± 15.7 344.8 ± 7.0 327.1 ± 9.4

Post-study lean mass (g) No CL 350.9 ± 8.6 375.7 ± 10.7 336.3 ± 9.9*

CL 356.5 ± 4.9 362.0 ± 11.5 343.1 ± 12.6*

Baseline fat mass (g) No CL 43.6 ± 2.6 50.6 ± 6.2 46.0 ± 3.4

CL 43.3 ± 4.4 45.4 ± 4.6 43.8 ± 2.4

Post-study fat mass (g) No CL 72.3 ± 6.3 54.9 ± 5.9§ 42.8 ± 6.1§

CL 63.8 ± 4.5 51.8 ± 4.7§ 43.9 ± 4.4§

Data are means ± standard error (group size n). CC = Cage Control. RTC = Resistance training control. RT = Resistance training. CL = Cholesterol. n = 4–8 per group
*Significantly different (P < 0.05) from RTC groups
§Significantly different (P < 0.05) from CC groups

Table 3 Effect of dietary cholesterol and/or resistance training on muscle and adrenal mass

Variable CC RTC RT

Gastrocnemius (mg) No CL 2250.5 ± 56.3 2305.4 ± 60.4 2058.6 ± 120.0

CL 2318.9 ± 65.5 2300.9 ± 80.8 2191.7 ± 107.7

Gastrocnemius to BM (mg/g) No CL 5.12 ± 0.12 4.98 ± 0.07 5.18 ± 0.19

CL 5.21 ± 0.06 5.19 ± 0.10 5.32 ± 0.09

Soleus (mg) No CL 183.9 ± 13.3 185.6 ± 7.4 168.9 ± 9.7

CL 183.8 ± 10.2 183.6 ± 10.6 174.3 ± 8.7

Soleus to BM (mg/g) No CL 0.42 ± 0.05 0.40 ± 0.01 0.42 ± 0.01

CL 0.41 ± 0.02 0.41 ± 0.02 0.42 ± 0.01

Plantaris (mg) No CL 452.3 ± 20.6 487.4 ± 13.8 444.9 ± 19.6

CL 462.3 ± 9.1 472.1 ± 17.4 460.8 ± 20.1

Plantaris to BM (mg/g) No CL 1.03 ± 0.05 1.05 ± 0.02 1.12 ± 0.03*

CL 1.04 ± 0.02 1.07 ± 0.03 1.12 ± 0.02*

Adrenal mass (mg) No CL 39.3 ± 7.0 63.9 ± 10.5* 50.9 ± 4.5*

CL 38.3 ± 2.7 65.1 ± 7.1* 64.4 ± 2.3*

Adrenal to BM (mg/g) No CL 0.09 ± 0.01 0.14 ± 0.02* 0.13 ± 0.01*

CL 0.09 ± 0.01 0.14 ± 0.01* 0.16 ± 0.01*

Data are means ± standard error (group size n). CC Cage Control, RTC Resistance training control, RT Resistance training, CL Cholesterol, BM Body mass. n = 4–8
per group
*Significantly different (P < 0.05) from CC groups

Lee et al. Lipids in Health and Disease            (2019) 18:3 Page 6 of 12



cholesterol metabolism, but did effectively show higher
protein synthesis in plantaris.
Following HU (protocol 1), change in body mass along

with gastrocnemius and plantaris muscle masses and
their muscle mass to body mass ratios were significantly
lower in the HU animals. Several studies previously re-
ported significant atrophy of the gastrocnemius and
plantaris muscles following various durations of HU [14,
15, 18]. The gastrocnemius muscle mass to body mass
ratios in the HU (4.20 mg/g) and CC (5.18 mg/g) animals
in the current study were comparable to the ratios in a
separate 28-day unloading study (HU: 4.05 mg/g; CC:

5.31 mg/g) [15]. Furthermore, the plantaris muscle mass
to body mass ratios in the HU (0.93 mg/g) and CC (1.08
mg/g) rats also were similar (HU: 0.91 mg/g; CC: 1.08
mg/g) to that study’s ratios, demonstrating the effective-
ness of the HU methodology utilized in this
investigation.
After 5 weeks of training, the RT animals gained sig-

nificantly less body and lean mass than the RTC groups.
This attenuated increase may be attributed to two re-
lated issues. The exercise performed by the RT and RTC
rats was stressful, as demonstrated by the significantly
higher adrenal mass and adrenal mass to body mass

Fig. 3 The effect of dietary cholesterol and/or resistance training on plantaris fractional synthesis rates. Data are means ± standard error (SE).
n = 3–5 per group. *Significantly different (P < 0.05) from CC and RTC groups. §Significantly different (P < 0.05) from No CL groups

Fig. 4 The effect of dietary cholesterol and/or resistance training on soleus fractional synthesis rates. Data are means ± standard error (SE).
n = 4–5 per group
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ratio than the cage control animals. Second, the RT and
RTC groups consumed on average, significantly less food
per day than the cage control rats, with the RT animals
consuming the least amount. In fact, the exercise may
have contributed to the lower food intake, with the
stress deterring the rats from consuming more food.
Thus, the combination of exercise and lower food con-
sumption may explain why the RT groups gained less
lean and body mass than the RTC animals.
Despite the RT animals gaining the least amount of

lean mass, the gastrocnemius, soleus and plantaris and
their respective body mass ratios (except plantaris to

body mass) did not show any significant differences
among groups. Additionally, post-study total fat mass
was significantly lower in the RT & RTC groups than
the CC animals. Taken together, this exercise protocol
did not enhance muscle size but did promote overall
leanness for the RT & RTC groups. One study that uti-
lized an exercise protocol similar to this study also re-
ported no change in muscle mass for these particular
muscles [24]. However, that study did not measure total
lean mass. Future studies investigating RT in animals
should include total body lean mass to provide an over-
all effect of the exercise protocol.

Fig. 5 The effect of dietary cholesterol and/or resistance training on mature sterol regulatory element-binding protein-2 (SREBP-2) in
gastrocnemius muscle. Data are means ± standard error (SE). n = 3–8 per group

Fig. 6 The effect of dietary cholesterol and/or resistance training on mature sterol regulatory element-binding protein-2 (SREBP-2) in quadriceps
femoris muscle. Data are means ± standard error (SE). n = 4–8 per group
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Dietary cholesterol did not appear to play a significant
role in skeletal muscle gains with RT, but did with plan-
taris mixed muscle FSR. We observed significant gains
in lean mass with greater dietary cholesterol intake fol-
lowing 12 weeks of RT in older adults [8]. Other investi-
gators have reported no significant effect of dietary
cholesterol on lean mass gains with RT [25]. Since the
RT and RTC animals consumed less food than the cage
control animals, the potential beneficial effects of dietary
cholesterol following RT may not have been observed in
this study. Future studies should address this issue of
food intake.
Following 5 weeks of exercise, the RT groups had sig-

nificantly higher plantaris mixed muscle FSR and plan-
taris to body mass ratio than the CC animals. Since fast

twitch fibers are more responsive to RT, predominantly
fast twitch muscles such as the plantaris muscle are
more likely to hypertrophy in response to training than
slow twitch muscles (soleus) [26, 27]. From one study on
acute RE, both plantaris and soleus FSR were not signifi-
cantly different between exercising rats and cage control
animals [23]. Those results, combined with our data,
suggest that repeated resistance exercise is necessary to
observe changes in FSR.
In the first protocol, mature SREBP-2 protein levels in

the gastrocnemius and plantaris muscles were not sig-
nificantly different between groups. However, there ap-
peared to be a trend (p = 0.14) towards significance for
mature SREBP-2 in the gastrocnemius muscle, with HU
rats expressing lower levels. In a previous study

Fig. 7 The effect of dietary cholesterol and/or resistance training on low-density lipoprotein-receptor (LDL-R) in quadriceps femoris muscle.
(a) Precursor LDL-R. n = 3–6 per group (b) Mature LDL-R. Data are means ± standard error (SE). n = 3–7 per group
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investigating the liver of rats undergoing 14 days of HU,
mature SREBP-2 expression was reported to be elevated
in comparison to CC animals [28]. Those results, in
combination with our data, present contrasting effects of
HU on cholesterol metabolism in the liver and muscle.
In the liver, since HU rats have been reported to have
higher hepatic cholesterol synthesis than control ani-
mals, the elevated mature SREBP-2 expression in
unloaded rats may lead to higher cholesterol synthesis
[28]. In the gastrocnemius muscle, the lower levels of
mature SREBP-2 in the HU animals compared to CC an-
imals may reflect a diminished need for cholesterol in
the atrophied muscle. Since skeletal muscle is a relatively
low endogenous producer of cholesterol, SREBP-2 acti-
vation should target uptake more than biosynthesis [29,
30]. Lower levels of mature SREBP-2 may lead to less
cholesterol uptake, which may partially explain the ele-
vated blood cholesterol levels observed in HU rats in a
previous study [28]. In one study investigating the effects
of resistance exercise on mRNA levels in skeletal muscle,
SREBP-2 mRNA was reported to be elevated immedi-
ately postexercise in men [31]. In our study, SREBP-2
was not significantly different among groups in either
the red gastrocnemius or quadriceps femoris muscles
following 5 weeks of training. However, there appeared
to be a trend (p = 0.17) towards higher mature SREBP-2
with greater activity in the quadriceps femoris. The
greater amount of SREBP-2 may lead to higher levels of
cholesterol in muscle to facilitate repair following exer-
cise. These contrasting results demonstrate the import-
ance of skeletal muscle activity on SREBP-2 and possibly
cholesterol. Future studies should further explore the ef-
fects of RE and unloading on SREBP-2 and cholesterol.
After 28 days of hindlimb suspension, there was no

difference in the protein expression of precursor (130
kDa) LDL-R in the gastrocnemius muscle between HU
and CC groups. During western blot analysis, the LDL-R
may separate into a mature (160 kDa) form and two pre-
cursor forms (110 kDa and 130 kDa). In this study, the
110 kDa precursor and 160 kDa mature LDL-R could
not be detected with our technique. However, disuse has
been compared to aging since both conditions are asso-
ciated with decrements in muscle mass [2]. In one aging
study, the gastrocnemius muscle of older rats exhibited
significantly lower mature LDL-R when compared with
younger rats [29]. Since muscle mass is lowered in both
conditions, it is possible that the reduction in mature
LDL-R protein content may occur in unloading as well,
coinciding with a diminished need for cellular choles-
terol and consequently a decrease in SREBP-2 protein
levels. The reduced uptake of cholesterol by LDL-R
could be problematic as this may lead to elevated LDL
cholesterol and consequently, increased risk for cardio-
vascular disease [32].

In the present study, LDL-R was not affected by dietary
cholesterol or RT. Following 5 weeks of training, there
were no significant differences among groups in either
precursor (130 kDa) or mature LDL-R protein content in
the quadriceps femoris. In one study, animals consuming
normal or high cholesterol diets did not show significant
difference in hepatic LDL-R activity or protein content
[33]. These data suggest that dietary cholesterol or RT
might not play a significant role in promoting LDL-R pro-
tein content and that the amount of LDL-R available is
sufficient to meet the needs of each environment.
One limitation of these studies was the inability to

measure total cholesterol content within the cell. Since
only SREBP-2 and LDL-R protein expressions were mea-
sured, the effects of these proteins on cholesterol homeo-
stasis were not directly observed and can only be
hypothesized. Future studies assessing cholesterol content
within the cell in conjunction with measuring the expres-
sion of these essential proteins should be considered.

Conclusions
In summary, 28 days of HU resulted in significantly
lower muscle mass in HU rats compared with CC ani-
mals. Furthermore, HU animals exhibited a trend to-
wards lower mature levels of SREBP-2 in the
predominantly fast glycolytic gastrocnemius muscle.
However, unloading did not significantly affect protein
levels of mature SREBP-2 in the predominantly fast oxi-
dative plantaris or precursor LDL-R in the gastrocne-
mius muscles of HU animals when compared with CC
rats. On the other spectrum, 5 weeks of exercise led to
greater gains in lean and body mass in the RTC rats than
RT animals but higher plantaris to body mass ratio and
mixed muscle FSR in the RT than the RTC (plantaris
FSR) and CC (both) animals. Moreover, the groups con-
suming cholesterol had greater plantaris FSR than the
rats not consuming cholesterol. Mature SREBP-2 in
quadriceps femoris exhibited a trend where the RT
groups were greater than the CC animals. However, ma-
ture SREBP-2 in red gastrocnemius muscle and LDL-R
protein levels in the quadriceps femoris were not signifi-
cantly different among groups. Thus, these studies pro-
vide evidence for a relationship between skeletal muscle
and cholesterol metabolism, but the exact nature of that
association remains unclear.
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