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Abstract
The aim of this study was to determine how 3-guanidinopropionic acid (β-GPA) treatment, that reduces body
mass, alters obese skeletal muscle mass and regulatory mechanisms controlling muscle mass. Lean (L) and ob/
ob (O) mice were fed either a control (C) or a β-GPA-containing (F) diet for 8 weeks. Body mass decreased in both
β-GPA treated groups. Despite a lower plantar flexor-complex muscle mass, both β-GPA treated groups achieved the
same muscle mass. Raptor-mammalian Target of Rapamycin protein association was lower in OC muscle (vs. LC)
and was not altered with β-GPA, despite reductions in S6K1 activation (OF only). 4E-BP1 phosphorylation increased
in the β-GPA treated groups, but only the OF mice displayed an increase in eIF4E phosphorylation that corresponded
with a trending increase in eIF4G-eIF4E association. Thus, long-term β-GPA treatment augments obesity-induced
dysregulation of mechanisms controlling skeletal muscle mass to that of the lean, while reducing body mass.

Keywords: Translational control; eIF4E; 4E-BP1; mTOR; ob/ob
Introduction
Obesity-related health complications, such as dyslipidemia, glucose
intolerance, insulin resistance, and chronic inflammation, can manifest
themselves through reductions in skeletal muscle quality (i.e. skeletal
muscle mass and function). This decrease in quality is partially due to
an atrophying of the skeletal muscle [1-4], as a result of an imbalance
in the rates of protein synthesis and degradation [5]. Complicating
the situation, when obese individuals lose body mass as part of an
intervention strategy, there is an accompanying reduction in muscle
mass [6,7]. A loss in skeletal muscle mass would be deleterious in this
situation, given its vast metabolic role in glucose and fat metabolism.
Muscle mass accrual relies upon protein synthesis that is primarily
regulated by mRNA translation, with initiation of translation being the
rate-limiting step [8-10]. Translation initiation occurs when eukaryotic
initiation factors (eIFs), such as eIF4E, eIF4G, eIF3, among others,
recruit the 40S ribosomal subunit to the m7 GTP cap on the 5’ end of the
mRNA to be translated [11]. A major regulator of mRNA translation
and cell growth is the mammalian target of rapamycin (mTOR) [12].
Although, acute increases in mTOR activation and/or recruitment to
the translational complex typically result in muscle hypertrophy and
growth [13,14], chronically elevated mTOR signaling, as seen in obese
skeletal muscle, appear to negatively impact insulin signaling pathways
and growth [3,15].
mTOR is comprised of two separate multi-protein complexes,
raptor containing mTOR complex 1 (TORC1) and rictor containing
mTOR complex 2 (TORC2). The knockout of raptor in the TORC1
complex appears to be indispensible for skeletal muscle function and
size [16-18]. TORC1 phosphorylates two downstream substrates, the
eukaryotic initiation factor (eIF) 4E binding protein-1 (4E-BP1) and
p70 ribosomal protein S6 Kinase-1 (S6K1) [19]. In its unphosphorylated
state, 4E-BP1 binds to eIF4E, inhibiting translation initiation. TORC1
phosphorylation of 4E-BP1 promotes its release from the cap-binding
protein eIF4E. EIF4E is then free to bind with the initiation factor,
eIF4G, increasing eIF4F complex formation [20].
S6K1 phosphorylation by TORC1 at T389 releases eIF3, allowing
for the binding of the 40S ribosomal subunit to the translation initiation
complex [21]. S6K1 phosphorylation recruits eIF4B to the eIF4F
complex [21,22]. The eIF4F complex then binds with the mRNA and
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40S ribosomal subunit so that together with a 60S subunit, forms a
functional 80S monosome [8,11]. At this point, mRNA can be translated
and peptides are being formed.
One of the ways that mTOR can be regulated is by the ubiquitous
Ser/Thr kinase heterotrimer, 5’ AMP-activated protein kinase (AMPK)
[23]. When phosphorylated on the T172 site of the catalytic α-subunit,
ATP production in the cell is initiated, while ATP consuming pathways
in the cell are inhibited (e.g. translation and protein synthesis) [23].
Activated AMPK can phosphorylate the tuberous sclerosis complex 2
(TSC2) gene product Tuberin on T227 and S1345 [24]. When active,
a complex with Hamartin (aka TSC1) forms to function as a GTPaseactivating protein (GAP) to the Rheb G protein [25]. When TSC2-TSC1
complex formation increases, Rheb is converted to its inactive GDP
form, decreasing mTOR activity [25]. AMPK activation also causes the
phosphorylation and subsequent inactivation of acetyl-CoA carboxylase
(ACC), the rate- limiting enzyme in fatty acid synthesis [26].
Previously, we reported [27] that short-term (2 week) treatment
with the AMPK agonist, AICAR, normalized metabolic indices (e.g.
circulating insulin, glucose, and lipid, and muscle glycogen and lipid)
and dysregulated/hyperactive growth pathways (e.g. mTOR) in an
obese mouse model, independent of a change in body weight. Though
it remains unclear how obese skeletal muscle adapts to long term
3-guanidinopropionic acid (β-GPA), a known AMPK agonist, treatment
that may cause a decrease in body mass. Therefore, determining the
regulatory processes involved in muscle growth that are altered in
the obese and in the obese that have undergone body mass loss, will
be important in developing strategies that limit skeletal muscle loss
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during body mass loss. We hypothesized that long-term treatment with
3-guanidinopropionic acid (β-GPA) would normalize mTOR signaling
and translation-related proteins, promoting positive adaptations of
obese skeletal muscle relative to body mass.

Methods and Procedures
Materials
β-GPA was purchased from Sigma-Aldrich (#G6878; St. Louis,
MO). ATP Determination Kit (A22066) was purchased from Invitrogen
Detection Technologies (Carlsbad, CA). All antibodies were purchased
from Cell Signaling Technology (Danvers, MA). Biomag beads were
purchased from Qaigen (Valencia, CA). All other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO).

Animals
All experimental procedures were approved by the Institutional
Animal Care and Use Committee of the West Virginia University
School of Medicine. Lean and ob/ob (#000632) male mice from
Jackson Laboratories (Bar Harbor, ME) were used for the proposed
experiments. All animals were maintained on a 12:12, light:dark cycle
and control mice were fed a standard chow, while the experimental
treatment groups were fed a standard chow diet containing 1% β -GPA
(see following section for detail). The experimental groups consisted
of 8 C57BL/6 (lean; LF) and 8 ob/ob mice (OF) fed a standard chow
containing 1% β -GPA, and 8 lean (LC) and ob/ob (OC) mice fed
standard chow only. Food and water were available ad libitum . Body
and food weight was measured every third day (2x week). The average
body of each mouse was calculated at the end of each week to track body
mass. After the 8 week treatment, and following a 12 hour fast, a final
body weight was determined to the nearest milligram and then tissues
were collected while the animal was under anesthesia (vaporized 4%
isoflurane). The plantar flexor complex (soleus, plantaris, medial and
lateral head of the gastrocnemius) muscle groups were removed from
the right and left limbs and weighed, then the right muscle group was
immediately homogenized and the left leg was frozen in liquid nitrogen
for subsequent analysis. The right tibia was removed and immediately
placed at -20° C for subsequent analysis.

Chow containing β-Guanidinopropionic Acid (β-GPA)
β-GPA was provided to Harlan Laboratories (Somerville, NJ) by
our laboratory and mixed with standard chow (Cat# 2018) for a final
concentration of 1% β-GPA [28-31].

Muscle size
The plantar flexor complex was dissected tendon-to-tendon, fat
around the tissue was removed, and then the muscle was weighed
to the nearest milligram. Muscle samples were then immediately
homogenized or frozen in liquid nitrogen for subsequent analysis. Due
to the possibility that the β-GPA treatment caused a change in body and
muscle mass, muscle mass was normalized to either body mass or tibial
length.

Muscle tissue preparation
Similar to our previously described methods of muscle tissue
homogenization [27], a CHAPs-containing buffer (40 mM HEPES
(pH 7.5), 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10
mM glycero-phosphate, 40 mM NaF, 0.3% CHAPS) with the addition
of 10 µl/ml protease inhibitor, 1 µl/ml DTT, 5 µl/ml Benzamidine, 2.5
µl/ml Sodium Vanadate, was used to homogenize the skeletal muscle.
After homogenization and prior to centrifugation, 50 µl aliquot of
J Obes Weig los Ther
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the homogenate was placed in a separate tube with 50µl of an equal
volume of 2X SDS- polyacrylamide gel loading buffer to analyze total
lysate protein expression. The remaining homogenate was centrifuged
at 1000xG for 10min at 4°C. This cytosolic-rich supernatant was then
combined with an equal volume of 2X SDS-polyacrylamide gel loading
buffer, and the remaining pellet will be discarded.

Protein determination
A Coomassie Stain Assay (Thermo Scientific) was used to
determine protein concentration of the muscle lysate samples. Once
diluted and combined with the Coomassie reagent, the samples were
analyzed (595nm; Biotek Synergy 2 Microplate Reader) to determine
the absorbance. The protein concentration was calculated based upon a
bovine serum albumin standard provided with the kit.

Western blot analysis
Protein expression of total (S6K1, 4E-BP1) and phosphorylated
(AMPK (P) T172, ACC (P) S79, rpS6 (P) S240/244, eEF2 (P) T56)
forms of the respective proteins from plantar flexor complex muscle
homogenates was determined from equal protein by Western blot
analysis, as previously described [27]. Protein expression following
Western analysis was visualized using enhanced chemiluminescence
(ECL) and captured by a camera-integrated system (SynGene), then
expression was assessed by ImageJ software (version 1.44). Results were
normalized to β-Tubulin, unless where specified, and expressed as a
percent of the lean control group. At least two samples from each group
were run on each gel for analysis.

Immunoprecipitation
As previously described [27], the sample was homogenized in a
CHAPS-containing buffer (see previous section for details), and then
500 µg of lysate was combined with eIF4E or mTOR antibody and
mixed overnight at 4°C. Immune complexes were isolated with a goat
anti-rabbit or –mouse BioMag IgG beads (Qaigen), using a magnetic
stand. Precipitates were eluted in SDS sample buffer, boiled, pelleted
by magnet, collected, and subjected to standard Western analysis for
eIF4E, phosphor eIF4E (S209), eIF4G, and 4E-BP1 (eIF4E IPs only) or
mTOR and raptor (mTOR IPs only). The ratios of 4E-BP1, phosphoeIF4E, and eIF4G to eIF4E, and raptor to mTOR were calculated and
expressed as percentage of lean control value. At least two samples from
each group were run on each gel for analysis.

ATP determination
An Invitrogen Detection Technologies ATP Determination Kit
was used to measure ATP concentrations from muscle lysates, per
the manufacturer’s instructions. This is a bioluminescence assay for
quantitative determination of ATP with recombinant firefly luciferase
and its substrate D-luciferin. The concentration of ATP for each sample
was calculated based upon ATP standards provided with the kit. ATP
concentrations were expressed in µM/g wet weight of tissue.

Statistics
Results are means ±standard error of the mean for eight mice per
treatment group, except where stated (data for one OC mouse was
not used for the analysis because the data were more than 2 standard
deviations away from the mean).Comparisons were made for each
variable using a one-way or two-way (body weight data only (Figure
3) ANOVA with a Tukey or Bonferroni post hoc test, respectively, to
establish significant differences between groups, only after the F statistic
indicated an overall significance in the data via Prism (version 3.0,
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GraphPad Software, La Jolla, CA). Significance level was set a priori at
P< 0.05.

Results
ATP Concentration and AMPK phosphorylation
A reduction in ATP concentration has previously been reported
following β-GPA administration [28], therefore confirmation of
the treatment was determined. Following 8 weeks of consuming a
chow-containing β-GPA and a 12hr fast, ATP concentrations were
significantly less (p<0.05) in the skeletal muscle of both β-GPA treated
groups compared to the control groups (Figure 1A). In support of
this, Western analysis of skeletal muscle samples showed a significant
increase (p<0.05) in AMPK phosphorylation in the OF versus LC mice
(Figure 1B). However, no significant difference was observed in the
AMPK substrate, ACC, between groups (Figure 1B).

Body mass
Body mass of the OC mice were significantly different (p<0.05) from
the LC mice throughout the 8 week experimental period (Figure 2). OC
mice had a final weight 86.5% heavier than their LC counterparts (Table
1). LF mice were significantly different (p<0.05) from the LC mice
after week 0.5 on (Figure 2) with a final weight 42.2% lighter (Table
1). The body weight for the OF mice decreased (p<0.05) to a similar
(A)

Figure 2: Long term (8 wk) β-GPA feeding attenuates weight gain in lean
and ob/ob mice. During 8 weeks of feeding with 1% β-GPA mixed chow body
weight was measured twice weekly as well as post feeding before sacrificing.
Data shows mean weight per treatment plus standard error of the mean.
Comparisons made using Two- way ANOVA with Bonferroni statistical analysis
to LC. LC=lean control, LF=Lean β-GPA fed diet, OC=ob/ob control, OF=ob/ob
β-GPA fed diet. P < 0.05 versus LC (n=8 per group). * = statistically significant
from LC. # = statistically significant from LF. † = statistically significant from OC.
NS = not significant.

level of the LC mice in the middle of week 4 (Figure 2). This reduction
in weight remained until week 6, at which point the OF mice gained
weight through to the end of the 8 week study. Despite this gain, the OF
remained 29.3% lighter than the OC mice and 32.0% heavier than LC
mice (Table 1) after 8 weeks on the β-GPA-containing diet.

Plantar flexor complex muscle characteristics

(B)

The absolute weight of the plantar flexor complex was significantly
lower (p<0.05) in the OC mice compared to the LC group (Table 1).
When muscle weight was expressed relative to body mass, the OC
mice were 57.4% lower (p<0.05) than that of the LC mice (Table 1).
After 8 weeks of β-GPA feeding, the OF group’s absolute plantar flexor
complex muscle weight was still 43.3% lower (p<0.05) than the LC mice
(Table 1) and 28.6% less (p<0.05) than the OC mice (Table 1). However,
the LF group’s absolute muscle weight loss (-41.7%; vs. LC) was similar
to the OF loss (vs. OC). Thus, the loss (i.e. delta) in muscle mass was
less for the OF versus LF (Table 1). When expressing muscle weight
relative to tibial length, the OC were significantly lower (p<0.05) than
LC mice (Table 1). Following the β-GPA treatment, the muscle weight
relative to tibial length for the LF and OF groups were 39.8% and 23.5%
lower (p<0.05) than LC mice, respectively (Table 1). Though statistical
significance was found in both treated groups, it should be noted that
there is very little variance for tibial length between groups. 		

TORC1

Figure 1: Long term (8 wk) β-GPA feeding decreases ATP levels in ob/ob
gastrocnemius muscle and increases fasted AMPK signaling . A) Amount of
ATP was calculated in the experimental samples from a provided standard
curve from Invitrogen Detection Technologies’ ATP Determination Kit (A22066).
B) Western blot methods for AMPK T172 and ACC S79 phosphorylation
sites were normalized to β-Tubulin (expressed as a percent of LC). LC=lean
control, LF=Lean β-GPA fed diet, OC=ob/ob control, OF=ob/ob β-GPA fed diet.
Representative Western blots are shown. P < 0.05 (n=8 per group, except OC
n=7, 1 mouse was removed because it was more than 2 standard deviations
from the mean). Comparisons made using One-way ANOVA with Tukey’s posthoc test to LC. * = statistically significant from LC. # = statistically significant
from LF. † = statistically significant from OC.
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After 8 weeks of β-GPA treatment, the rapamycin-sensitive mTOR
complex (TORC1) protein, raptor, had lower (p<0.05) association with
mTOR in mTOR immunoprecipitates in OC mice compared to LC, and
remained at the same level following the β-GPA treatment (Figure 3).
Activation status of TORC1 substrates, S6K1, S6K1’s substrate, ribosomal
protein S6 (rpS6), and 4E-BP1, was also determined from cytosolic-rich
fractions. Following a 12 hour fast, S6K1 phosphorylation at T389 was
lower (p<0.05) in OF mice versus OC mice returning its activation to a
level comparable to lean levels (Figure 4A), independent of a change in
total protein expression of S6K1. No significant difference was found
in rpS6 phosphorylation between groups (Figure 4A). However, the
phosphorylation of 4E-BP1 was significantly higher (p<0.05) in the LF
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LC

Body Weight (g)

Gastrocnemius
Complex (mg)

31.29±0.58

158.45±5.6

LF

18.13±1.15*

92.44±3.6*

OC

58.37±0.72*#

125.90±0.01*#

OF

41.29±2.31*#†

89.89±6.0*†

Muscle Mass
Delta (mg)

MW/BW (mg)

MW/BW Delta
(mg)

5.07±0.2
-66.01±2.0

5.18±0.2

+0.11

2.16±0.2*#
-36.01±5.99

2.20±0.2*#

+0.04

Tibial Length (mm)

MW/TL (mg/ml)

18.69±0.13

8.48±0.3

18.09±0.15*

5.11±0.2*

18.53±0.14

6.79±0.5*#

17.84±0.14*†

5.03±0.3*†

Shown as mean ± standard error of the mean. LC=lean control, LF=Lean -GPA fed diet, OC=ob/ob control, OF=ob/ob -GPA fed diet. * = statistically significant from
LC. # = statistically significant from LF. † = statistically significant from OC.
Table 1: Body and muscle weight comparisons following long term (8 wk) β-GPA. Feeding.

and OF groups compared to LC mice (Figure 4B), independent of a
change in total 4E-BP1 protein expression.

(A)

Translation initiation and elongation
The formation of the translation initiation complex (i.e. eIF4F)
was examined in eIF4E immunoprecipitates from control and treated,
lean and obese (ob/ob) plantar flexor complex muscle lysates. The
association of eIF4G with eIF4E showed a trend towards significance
(p=0.07) in the OF group (Figure 5A). However, 4E-BP1 associated
with eIF4E was not different between any of the groups (Figure 5A).
Interestingly, the phosphorylation status of the mRNA cap-binding
protein, eIF4E, on S209 (from eIF4E immunoprecipitate samples) was
significantly elevated (p<0.05) in OF mice (Figure 5B). Elongation did
not seem to be affected by body weight or treatment in this study, given
a lack of change in the phosphorylation of elongation factor 2 (eEF2)
(Figure 6).

Discussion
Determining alterations in obese skeletal muscle mass and regulatory
mechanisms controlling muscle mass, while losing total body mass/
weight, was the impetus for the current study. The results of the present
study show that long term β-GPA feeding of ob/ob mice can normalize
aspects of hyperactive mTOR-related signaling seen in obesity, and

(B)

Figure 4: Long term (8 wk) β-GPA feeding improves fasted mTOR signaling
in ob/ob skeletal muscles. Equal protein from lean and ob/ob male mice
gastrocnemius, soleus, and tibialis anterior muscle homogenates were
analyzed by Western blot methods for A) S6K1 T389 and rpS6 S240/244 B)
4E-BP1 on T37/46 phosphorylation sites and normalized to β-Tubulin. LC=lean
control, LF=Lean β-GPA fed diet, OC=ob/ob control, OF=ob/ob β-GPA fed diet.
Representative Western blots are shown. P < 0.05 versus LC (n=8 per group,
except OC n=7, 1 mouse was removed because it was more than 2 standard
deviations from the mean).
Figure 3: Long term (8 wk) β-GPA feeding does not change raptor’s association
with mTOR. Equal protein from lean and ob/ob male mice gastrocnemius
muscle homogenates were immunoprecipitated with an mTOR antibody, as
described in Methods, and the immunoprecipitates (IP) were assessed for
raptor and mTOR content by immunoblot (WB) analysis, and the ratio of raptor
to mTOR was calculated. The results are expressed as a percentage of LC.
Representative Western blots are shown. LC=lean control, LF=Lean β-GPA fed
diet, OC=ob/ob control, OF=ob/ob β-GPA fed diet. P < 0.05 versus LC (n=8
per group, except OC n=7, 1 mouse was removed because it was more than 2
standard deviations from the mean).
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promote portions of translation initiation, such as the phosphorylation
of 4E-BP1 and eIF4E. The findings of the current study confirm and
extend our previous findings [27], in that long-term β-GPA treatment,
a known AMPK activator, normalizes and/or promotes regulatory
mechanism of muscle growth in the obese during weight loss.
Reduced skeletal muscle size has been demonstrated in obese animals
[1] and humans [4], despite hyperactive growth-promoting pathways
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[1,32,33]. A reduction in body mass has been and currently is used as a
means to negate the negative effects of obesity, but this reduction is often
associated with a loss in lean body mass (i.e. skeletal muscle). Given the
importance of skeletal muscle mass for proper metabolism to occur, we
sought to normalize dysregulated mechanism of muscle growth, using
a treatment that would elicit a reduction in body mass. As anticipated,
there was a dramatic reduction in body mass observed in the OF mice
over the 8 week feeding period (Table 1), that did not differ significantly
in body weight from lean control mice between 4-6 weeks of treatment
(Figure 2). When normalized to body weight, the muscle mass was
similar between treatment groups (control vs. β-GPA) for the respective
lean and obese group, but when normalized to tibial length, the muscle
mass-to-tibial length ratio for the LF and OF was similar. It is possible
that had we examined muscle weight between 4-6 weeks as opposed to
8 weeks, we would have seen a larger muscle mass to body mass ratio.
A reduction in muscle mass during a loss in body weight is similar to
studies in humans that lose body weight during caloric restriction [7],
but the muscle mass is maintained with the combination of exercise

Figure 6: Long term (8 wk) β-GPA feeding has no effect on eEF2 in lean and
ob/ob skeletal muscles. Equal protein from the muscle homogenates were
analyzed by Western blot methods for eEF2 T56 phosphorylation sites and
normalized to β-Tubulin. Representative Western blots are shown. LC=lean
control, LF=Lean β-GPA fed diet, OC=ob/ob control, OF=ob/ob β-GPA fed diet.
P < 0.05 versus LC (n=8 per group, except OC n=7, 1 mouse was removed
because it was more than 2 standard deviations from the mean).

(A)

and weight loss. Intriguingly, the reduction in skeletal muscle mass in
both LF and OF groups achieved approximately the same absolute level
(Table 1), but what relevance this holds in the current investigation
remains unclear.

(B)

Figure 5: Long term (8 wk) β-GPA feeding improves translation initiation in
ob/ob mice. Lean and ob/ob male mice gastrocnemius muscle homogenates
were immunoprecipitated with an eIF-4E antibody, as described in Methods,
and the immunoprecipitates (IP) were assessed for eIF-4G, 4E-BP1, and eIF4E content by immunoblot (WB) analysis, and the ratio of eIF-4G to eIF-4E,
4E-BP1 to eIF-4E, and eIF-4E (p) S209 to eIF-4E was calculated. The results
are expressed as a percentage of LC.A) eIF-4G and 4E-BP1 associated with
eIF4E.B) eIF-4E (p) S209 compared to total eIF4E. Representative Western
blots are shown. LC=lean control, LF=Lean β-GPA fed diet, OC=ob/ob control,
OF=ob/ob β-GPA fed diet. P < 0.05 versus LC (n=8 per group, except OC n=7,
1 mouse was removed because it was more than 2 standard deviations from
the mean). Comparisons made using One-way ANOVA with Tukey’s statistical
analysis. * = statistically significant from LC. # = statistically significant from LF.
† = statistically significant from OC.
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For proper skeletal muscle growth to occur, coordination of growthpromoting mechanisms (i.e. mTOR signaling, mRNA translation, and
protein synthesis) is required. Muscle-specific knockout of mTOR
or raptor mice [16] results in severely dystrophic and metabolically
insensitive. Consistent with our previous work [27], raptor’s association
with mTOR was lower in the obese mice, but did not increase with the
β-GPA treatment (Figure 3). This was surprising given our previous
finding that after 2 weeks of treatment with AICAR, raptor-mTOR
association increased. This may suggest differences in type and/or
duration of treatment. One of the few studies to examine raptor in obese
muscle used soleus overload as a means to stimulate muscle growth
[34]. The authors did not show any changes with total raptor protein
following overload, despite alterations in mTOR signaling and muscle
mass.
TORC1 complex formation regulates cap-dependent translation
through the activation of its substrates S6K1 and 4E-BP1 [21]. In the
present study, raptor’s association with mTOR was decreased in OC
mice compared to LC and LF mice (Figure 3). This is consistent with
the hyperphosphorylated TORC1 signaling classically seen in obesity
and in our previous data [27]. The phosphorylation of S6K1 on T389
was reduced in OF mice vs. OC mice to levels equivalent to those of the
lean control mice (Figure 4B). Elevated S6K1 phosphorylation results
in an increase in IRS-1 phosphorylation through negative feedback,
decreasing insulin sensitivity and ultimately giving rise to insulin
resistance in chronic situations [35]. In mice that are S6K1deficient,
there is a protective effect against obesity and insulin resistance because
of an up-regulation in oxidative phosphorylation and insulin sensitivity
[15]. Therefore, the lower activation of S6K1 after 8 weeks of β-GPA in
ob/ob mice in the current study is suggestive of more normalized mTOR
signaling and a possible protective effect against insulin resistance.
Another TORC1 substrate, 4E-BP1, displayed significantly
increased T37/46 phosphorylation in ob/ob mice fed β-GPA (Figure 4B).
This finding was unexpected and contrary to the reduction in mTOR
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signaling and increase in AMPK-related signaling. Although, this is
consistent with mice lacking 4E-BP1/2, which are more sensitive to a
high fat diet resulting in insulin insensitivity [36]. 4E-BP1 regulates 40S
ribosome binding to mRNA by regulating the availability of eIF4E [11].
When 4E-BP1 is phosphorylated it releases eIF4E, allowing eIF4G to
bind with eIF4E and subsequently recruiting the 40S ribosomal subunit
[11]. Increased 4E-BP1 phosphorylation suggests increased availability
of eIF4E, which would imply an increase in eIF4G’s association with
eIF4E. To assess this possibility we examined the eIF4F complex using
eIF4E immunoprecipitation, to determine the association with 4E-BP1
and eIF4G. No significant change was found in 4E-BP1’s association with
eIF4E following 8 weeks of feeding with β-GPA in ob/ob mice (Figure
5A). This is contrary to our previous data using AICAR as the means
to stimulate AMPK [27], which may suggest a difference in mechanism
by which β-GPA versus AICAR act upon 4E-BP1, and possibly TORC1
signaling. Although 4E-BP1 is phosphorylated by TORC1, it is not the
only signaling pathway that influences 4E-BP1. Protein kinase C (PKC
) and ERK1/2 have also been shown to phosphorylate 4E-BP1 [37,38].
Insulin has also been shown to regulate the phosphorylation of 4EBP1 through the phosphatidylinositol 3-kinase (PI 3-kinase) signaling
pathway, which is dependent on the phosphorylation and activation
of protein kinase B (PKB)/Akt [39]. Had we analyzed skeletal muscle
under fed conditions, we may have observed lower 4E-BP1 in the eIF4E
immunoprecipitations, providing an alternative perspective to our
treatment. However, the exact role of 4E-BP1 in obese skeletal muscle
remains unclear at this time.
The formation of the eIF4F complex is essential for proper
translation initiation to occur. In the current study, the association
of eIF4G with eIF4E trended towards significance (p=0.07) (Figure
5A), following β-GPA treatment, suggested improved translation
initiation in the obese. Elongation did not seem to be affected by body
weight or treatment in the current study (Figure 6), as was observed in
our previous short- term study [27]. This trending change in eIF4G
association with eIF4E supports our previous results [27], but may
suggest a variation of type and/or duration of treatment from our
previous findings with AICAR. To further understand translational
control in obese skeletal muscle, we examined the phosphorylation
status of eIF4E. Interestingly, we found that eIF4E phosphorylation
was significantly increased in the obese β-GPA fed mice (Figure 5B).
Similar findings were reported by Svanberg et al. [11] in obese mice
treated with insulin, suggesting that obesity may use alternative means
of controlling mRNA translation. Phosphorylation of eIF4E has
been shown to increase eIF4E’s affinity for mRNA caps by 3-4 fold
compared to non-phosphorylated eIF4E [40]. However, the inability to
phosphorylate eIF4E at S251 in drosophila (homolog to the mammalian
S209) results in delayed development and an overall smaller size [41].
The phosphorylation of eIF4E is largely regulated by the MAP-kinaseinteracting kinase (MNK) 1/2, which appears to be primarily regulated
by the ERK1/2 pathway [42]. Observing dramatic changes in eIF4E
phosphorylation under physiological conditions has been limited aside
from cancer/tumor studies. Thus, we feel that our model provides a
unique stimulus for eIF4E and 4E-BP1 that may have profound effects
on translational control mechanisms in obesity.
In conclusion, 8 weeks of β-GPA feeding caused significant
decreases in body mass, especially in the obese mice. Along with this,
the skeletal muscle mass decreased to the same absolute and relative
levels in lean and obese β-GPA-treated mice, despite lower muscle mass
in the OC versus LC. β-GPA feeding returned a downstream target of
TORC1 signaling, S6K1 T389, to a level that is comparative with that of
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their lean counterparts. Interestingly, the OF mice showed an increase
in 4E-BP1 and eIF4E phosphorylation, and a trend for an increase in
eIF4G’s association with eIF4E, suggesting enhanced translational
control in skeletal muscle from obese treated mice (versus OC). Some
of the findings in the current study differ from our previous findings
[27], which may suggest differences in treatment type and/or duration
on mechanisms regulating muscle mass in obesity. Taken together, it
is feasible that β-GPA feeding returns ob/ob mouse skeletal muscle to
a state in which growth could be attained under the proper stimulus
(i.e. exercise or nutrition), not unlike their lean counterparts, and this
remains to be determined. Moreover, limiting the loss of muscle mass
during a reduction in body weight may allow for a more efficient means
of weight reduction and eventual homeostasis in obese individuals.
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