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Abstract: The Ragulator protein complex is critical for directing the Rag GTPase proteins and
mTORC1 to the lysosome membrane mediating amino acid-stimulated protein synthesis. As there is
a lack of evidence on alcohol’s effect on the Rag-Ragulator complex as a possible mechanism for the
development of alcoholic skeletal muscle wasting, the aim of our study was to examine alterations
in various protein–protein complexes in the Rag-Ragulator pathway produced acutely by feeding
and how these are altered by alcohol under in vivo conditions. Mice (C57Bl/6; adult males) were
fasted, and then provided rodent chow for 30 min (“refed”) or remained food-deprived (“fasted”).
Mice subsequently received ethanol (3 g/kg ethanol) or saline intraperitoneally, and hindlimb
muscles were collected 1 h thereafter for analysis. Refeeding-induced increases in myofibrillar and
sarcoplasmic protein synthesis, and mTOR and S6K1 phosphorylation, were prevented by alcohol.
This inhibition was not associated with a differential rise in the intracellular leucine concentration or
plasma leucine or insulin levels. Alcohol increased the amount of the Sestrin1•GATOR2 complex in
the fasted state and prevented the refeeding-induced decrease in Sestrin1•GATOR2 seen in control
mice. Alcohol antagonized the increase in the RagA/C•Raptor complex formation seen in the refed
state. Alcohol antagonized the increase in Raptor with immunoprecipitated LAMPTOR1 (part of the
Ragulator complex) after refeeding and decreased the association of RagC with LAMPTOR1. Finally,
alcohol increased the association of the V1 domain of v-ATPase with LAMPTOR1 and prevented the
refeeding-induced decrease in v-ATPase V1 with LAMPTOR1. Overall, these data demonstrate that
acute alcohol intake disrupts multiple protein–protein complexes within the Rag-Ragulator complex,
which are associated with and consistent with the concomitant decline in nutrient-stimulated muscle
protein synthesis under in vivo conditions.
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1. Introduction

Acute alcohol ingestion impairs the global protein synthetic rate in skeletal muscle
and can lead to muscle wasting and contractile dysfunction when alcohol use is excessive
and sustained (as reviewed in [1,2]). Muscle protein synthesis typically cycles during the
course of the day in response to the prevailing nutritional state, decreasing with fasting and
increasing after feeding. Alcohol can adversely impact muscle protein synthesis during
both of these nutritional phases. In the fasted state, alcohol acutely inhibits TORC1 (mecha-
nistic or mammalian target of rapamycin complex 1) signal transduction, thereby reducing
the phosphorylation of S6 kinase (S6K)-1 and eukaryotic initiation factor 4E binding pro-
tein (4E-BP)-1 and impairing mRNA translation [3,4]. Alcohol also completely prevents
or blunts the mTORC1-mediated enhancement of muscle protein synthesis produced by
the branched-chain amino acid leucine [5] in addition to hormones such as insulin and
insulin-like growth factor (IGF)-I [4,6]. Although conclusions from these early studies are
restricted by the pharmacological nature of the intervention, more recent work reported
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that acute alcohol ingestion also antagonizes the normal anabolic response to complete
nutrient stimulation seen after meal refeeding [7,8].

The physiological interaction of nutrients and hormones on muscle protein synthesis
is integrated by the activation of distinct signal transduction pathways [9]. While there
is considerable information on the ability of insulin and IGF-I to activate the AKT-TSC2
(tuberous sclerosis complex)-Rheb (Ras homolog enriched in brain) pathway [10], there is a
paucity of data on how alcohol impacts the Ras-related GTP-binding (Rag) proteins and
other elements of the cellular machinery that senses amino acids. Heterodimers, containing
RagA or RagB complexed with RagC or RagD, specifically bind to mTORC1 as opposed
to mTORC2 [11]. It is noteworthy that maximal activation of mTORC1 is mediated by a
complex of the GTP-bound form of RagA or RagB and the GDP-bound form of RagC or
RagD. The GTP loading status of RagA/B in turn is governed by the GTPase-stimulating
activity of GATOR1 (GAP activity toward Rag 1) that can repress mTORC1 activity by
promoting GTP hydrolysis by RagA and RagB [12]. Adding another layer of complexity, a
separate multiprotein complex termed GATOR2 can activate mTORC1 and is regulated
by the Sestrin family of proteins, thereby opposing the function of GATOR1 [13]. Finally,
the Ragulator is also an essential element of this signaling pathway. It interacts with the
Rag proteins redirecting mTORC1 to the surface of the lysosome from the cytoplasm and is
thereby selectively activated by amino acids [14]. Although the association of both RagA
and RagC with mTOR is decreased in myocytes cultured short-term with alcohol [15],
in general there is a lack of information on the effect of alcohol on the Rag-Ragulator
complex as a possible mechanism underlying alcohol’s ability to gradually produce the
erosion of lean body mass. Moreover, presently most of our understanding of nutrient
regulation of mTORC1 is derived from in vitro studies, often using transformed cells
with the overexpression or complete knockout of various regulatory proteins. To address
this knowledge gap, our study examined the acute effect of alcohol on the abundance of
various regulatory protein–protein signaling complexes within the Rag-Ragulator pathway
in response to fasting and nutrient stimulation under in vivo conditions.

2. Materials and Methods
2.1. Animal Protocols

Mice, 12 week old adult males of the C57BL/6 background (Charles River Breeding
Laboratories; Cambridge, MA, USA), were housed in-house for 1 week prior to each study.
Mice were caged separately under controlled conditions (22 ± 1 ◦C; 12 h cycle of light/dark;
30–70% humidity) in plastic cages with corncob bedding. Mice were provided ad libitum
water and chow (24.3% percent of calories were from protein, 4.7% of calories from fat and
40.2% of calories from carbohydrates (diet 8604 Envigo Teklad, Boston, MA, USA)). Food
was removed at approximately 10 p.m., but water was still available. The next morning,
at approximately 7 a.m., mice were assigned randomly to the “refed” group, which, for
30 min, was provided unlimited access to chow, or assigned to the “fasted” group, for
whom no chow was provided. At the conclusion of the refeeding period, food for the
refed group was weighed, and the amount of chow consumed was determined. Next, mice
in both groups were randomly divided and either had alcohol injected intraperitoneally
(3 g ethanol/kg) or, in the “control” group, were injected with saline (0.9% sterile saline);
mice were euthanized 1 h thereafter. Model details have been previously reported [8,16];
in general, food consumption of the control and alcohol-treated mice in the refed groups,
likewise, the blood alcohol concentration (BAC) of mice in the fasted alcohol group and
the refed alcohol group, did not differ. The amount of alcohol administered was selected
because it yields a BAC, at the time of euthanasia, that is similar to what is detected in
humans during alcohol intoxication [1].

All experimental procedures adhered to National Institutes of Health (NIH) guidelines
for experimental animals and were approved by the Institutional Animal Care and Use
Committee of Penn State College of Medicine (PRAMS200746587).
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2.2. Protein Synthesis in Myofibrillar and Sarcoplasmic Pools

The nonisotopic SUnSET methods were used to semiquantitate in vivo protein synthesis,
as originally described [17] and reported by our laboratory [8,16,18]. Mice were injected
intraperitoneally (IP) with puromycin (0.04 µmol/g body weight) 30 min prior to euthanasia.
The injected puromycin is integrated into elongating peptide chains, and the abundance of
newly formed puromycin-labeled peptides is used as a measure of protein synthesis. Next,
isoflurane was used to anesthetize mice, and the plantaris and gastrocnemius was removed
from each leg and weighed. One muscle was placed in an ice-cold buffer and homogenized,
whereas the contralateral muscle was freeze-clamped. All samples were stored at −80 ◦C.
Sarcoplasmic and myofibrillar fractions were then isolated from skeletal muscle [19].

2.3. Western Blot and Immunoprecipitation

Homogenates of tissue were mixed with 2× Laemmli SDS buffer after clarifica-
tion by centrifugation. To assess the relative rates of protein synthesis, samples were
electrophoresed on SDS-PAGE and Western blotting was performed. An antibody to-
wards puromycin was used for the detection of peptides containing newly incorporated
puromycin and having molecular weights between 20–100 KDa. Specifics related to gel
percentage, antibody dilution and the supplier for antibodies used for all Western blots
are presented in Supplemental Table S1. In general, proteins were transferred onto PVDF
membranes that were incubated at 4 ◦C overnight with a primary antibody. Blots were
developed (Amersham ECL; GE Healthcare Bio-Sciences, RPN2106, Pittsburgh, PA, USA),
and then exposed to X-ray film and an intensifying-screen-equipped cassette (DuPont
Lightening Plus). NIH Image (version 1.6) was used for scanning and data analysis. Sam-
ples from each of the four groups were loaded on the same gel and the data was normalized
as a percentage of the value from the fasted control group. However, a direct comparison
of relative rates of myofibrillar versus sarcoplasmic protein synthesis is not possible as the
two pools were run on separate gels.

So as to maintain protein–protein interactions, tissues were homogenized in a CHAPS
(3[(3-cholamidopropyl)dimethylammonio]-propanesulfonic acid) buffer, which included
(in mmol/L) 40 HEPES (pH 7.5), 120 NaCl, 1 EDTA, 10 pyrophosphate, 10 β-glycerol
phosphate, 50 sodium fluoride, 1.5 sodium vanadate, 0.3% CHAPS and 1 protease inhibitor
cocktail. The homogenate was mixed and centrifuged to clarify. A portion of the resulting
supernatant was combined with antibodies directed at either raptor (e.g., mTORC1 com-
plex), Mios (e.g., GATOR2 complex) or LAMPTOR1 (e.g., Ragulator complex), and goat
antirabbit BioMag IgG beads (PerSeptive Diagnostics, Cambridge, MA, USA) were used to
isolate immune complexes. After collection, a CHAPS buffer was used to wash the beads,
and SDS-PAGE was performed and analyzed as described above (Table S1).

2.4. Leucine, Glutamine, Insulin and Alcohol Concentrations

Precolumn derivatization and reverse phase high-pressure liquid chromatography
were used to quantitate the concentration of leucine and glutamine in muscle and plasma [19].
Plasma insulin was assayed using an enzyme-linked immunosorbent assay (Alpco; Salem,
New Hampshire; catalog #80-INSMSU-E01), while the blood alcohol level was quantitated
with an Analox Instruments rapid analyzer (GL5; Lunenburg, MA, USA).

2.5. RNA Extraction and Real-Time Quantitative PCR

In accordance with the manufacturers’ protocols, Tri-reagent (Molecular Research
Center, Inc., Cincinnati, OH, USA) and RNeasy mini kits (Qiagen, Valencia, CA, USA)
were used for the extraction of total RNA. Tri-reagent was used to homogenize muscle and
the subsequent extraction was performed in phenol/chloroform. Seventy percent ethanol
was added to the aqueous phase and the sample was then applied to a Qiagen minispin
column, and the protocol from the manufacturer was followed [20]. RNA was eluted
from the column using RNase-free water and then quantified (Thermo Fisher Scientific,
Waltham, MA, USA). RNA quality was assessed using 1% agarose gel, and total RNA
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was reverse-transcribed (Invitrogen, Carlsbad, CA, USA) as described by the manufac-
turer. An aliquot of the reverse-transcribed reaction mix was used for qPCR and TaqMan
gene expression assays: CAT (cationic amino acid transporter)-1 (NM_013111.2), SNAT
(sodium-coupled neutral amino acid transporter)-2 (NM_181090.2), LAT (large neutral
amino acid transporter)-2 (NM_019283.1), PAT (proton-coupled amino acid transport)-
1 (NM_130415.1), PAT-2 (NM_139339.1), and PAT4 (NM_001108127.1) (Applied Biosys-
tems, Foster City, CA, USA). The endogenous control glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH, NM_017008.3) was used in the expression of target genes by the
2−∆∆Ct method.

2.6. Statistics

Data are presented as the mean ± SEM with individual values presented when
appropriate. The sample size for each specific endpoint assessed for each group is provided
in the legend for the table or figure. Data were analyzed using a two-way analysis of
variance (ANOVA), followed by a post hoc Student–Newman–Keuls test (SNK; Prism 8 for
Windows, San Diego, CA, USA). Statistical significance was set at p < 0.05.

3. Results

The relative rates of muscle protein synthesis were assessed in both the myofibrillar
and sarcoplasmic pools as the synthetic rate in these two fractions can be differentially
altered. In control animals, there was a coordinate increase in protein synthesis in both
protein pools (Figure 1A,B). Acute alcohol also coordinately decreased myofibrillar and
sarcoplasmic protein synthesis in the fasted state. After refeeding, sarcoplasmic protein
synthesis in alcohol-treated mice was increased to intermediate levels compared to those
seen in the fasted control and alcohol-treated rats. In contrast, refeeding did not yield a de-
tectable increase in the myofibrillar pool in alcohol-treated rats. Compared to refed control
mice, alcohol blunted the feeding-induced increase in myofibrillar and sarcoplasmic protein
synthesis, which was associated with a comparable inhibition of T389 phosphorylation of
S6K1, which is an authentic downstream substrate for mTORC1, as well as the inhibition
of the S6K1-mediated S2448 phosphorylation of mTOR (Figure 1C,D, respectively).
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tracellular leucine content in muscle from control and alcohol-treated mice under either 
fasting or refed conditions (Figure 2B). Differences between the two alcohol-treated 
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plasma or tissue glutamine can also increase protein synthesis [21]. However, there was 
no effect of alcohol and/or refeeding on either the plasma or intracellular glutamine con-
centrations in skeletal muscle (Figure 2C,D). 

Figure 1. Relative rates of myofibrillar (A) and sarcoplasmic (B) protein synthesis in fractions isolated
from the skeletal muscle of control and alcohol-receiving mice that have been either fasted or refed.



Nutrients 2021, 13, 1236 5 of 13

Alterations in the total and phosphorylation of S6K-1 and mTOR protein abundance produced by
feeding and/or alcohol are also presented (C,D), respectively. A representative immunoblot for each
protein is displayed on top of the respective bar graph summarizing data from all samples analyzed.
Although samples from all groups were loaded on the same gel, a gel break depicts lane(s) of the
gel that have been deleted. Bar graphs represent analyses for all immunoblots, where the mean
of the fasted saline-treated control group was arbitrarily set at 100 arbitrary units (AU). Values are
mean ± SEM with n = 8/group. Only values having different superscript letters are statistically
(p < 0.05) different.

The reduction in mTORC1 activity in alcohol-treated mice after refeeding could result
from lower circulating and/or intracellular concentrations of leucine. However, alcohol did
not alter the plasma leucine in the basal fasted condition or the increased plasma leucine
detected after refeeding (Figure 2A). Likewise, there was no difference in the intracellular
leucine content in muscle from control and alcohol-treated mice under either fasting or
refed conditions (Figure 2B). Differences between the two alcohol-treated groups could not
be explained by differences in BAC as these did not differ between the fasted + alcohol
(28 ± 4 mM) and the refed + alcohol (30 ± 5 mM) groups. An increase in plasma or tissue
glutamine can also increase protein synthesis [21]. However, there was no effect of alcohol
and/or refeeding on either the plasma or intracellular glutamine concentrations in skeletal
muscle (Figure 2C,D).
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Figure 2. Plasma and intracellular muscle leucine (A,B) and glutamine concentrations (C,D) of mice
in the control and alcohol-receiving groups under basal or refed conditions. Data are mean ± SEM;
n = 8/ group. Values having a different superscript letter are statistically (p < 0.05) different.

Because the intake of a mixed meal potently stimulates insulin secretion, alcohol might
inhibit mTOR1 activity after refeeding by suppressing the insulin response [22]. However,
the plasma insulin concentration achieved after refeeding was not different in mice from the
control and alcohol-receiving groups (0.83 ± 0.14 ng/mL vs. 0.97 ± 0.19 ng/mL; p > 0.05),
although insulin levels in both refed groups were higher than their respective fasted control
groups (0.31 ± 0.08 ng/mL versus 0.44 ± 0.11 ng/mL).

The intracellular levels of amino acids can be modulated by alterations in cellular trans-
porters for these nutrients, which in turn controls their availability to activate mTORC1 [23].
Table 1 presents data on the effect of alcohol on the abundance of select amino acid trans-
porter mRNAs in muscle from mice in the fasted and refed conditions. At the time point
examined, there was no effect of alcohol and/or refeeding on LAT1 and LAT2, which
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transport branched-chain amino acids; SNAT-2, which enhances cellular uptake of glu-
tamine; CAT1; PAT-1; PAT-2 or PAT-4. As no group differences in mRNA content for these
various transporters were detected, subsequent analysis of their protein content was not
deemed justified.

Table 1. Effect of alcohol and refeeding on amino acid transporter mRNA content in muscle.

Control Alcohol

Fasted Refed Fasted Refed

LAT1 (slc7a5) 1.00 ± 0.11 1.25 ± 0.11 0.92 ± 0.05 1.11 ± 0.24
LAT2 (slca2) 1.00 ± 0.07 0.99 ± 0.09 1.11 ± 0.18 0.94 ± 0.14

SNAT2 (slc38a2) 1.00 ± 0.05 1.04 ± 0.15 1.06 ± 0.12 1.03 ± 0.08
CAT1 (slc7a1) 1.00 ± 0.11 0.89 ± 0.24 0.98 ± 0.12 1.05 ± 0.12

PAT-1 (slc36a1) 1.00 ± 0.07 0.93 ± 0.09 0.97 ± 0.08 0.92 ± 0.09
PAT-2 (slc36a2) 1.00 ± 0.12 1.08 ± 0.12 1.13 ± 0.21 1.08 ± 0.11
PAT-4 (slc36a4) 1.00 ± 0.08 0.97 ± 0.10 0.94 ± 0.11 1.04 ± 0.08

Data are means ± SEM; n = 8/group. The relative mRNA content for each transporter has been normalized to
GAPDH and then as a percentage of the fasted control group. A two-way ANOVA indicated no treatment effect
for mRNA abundance for any of the amino acid transporters assessed.

Distinct lines of evidence demonstrate that the Sestrin family of proteins are important
elements in the pathway, sensing amino acids and regulating mTORC1 activity by modulat-
ing Rag guanine nucleotide exchange [11,24]. Western blot analysis indicated no significant
treatment effect on the relative amount of Sestrin1, Sestrin3 and Mios (a protein subunit of
GATOR2 complex) in muscle (Figure 3A). However, acute alcohol reduced Sestrin2 protein
content by ≈50%, independent of nutritional state (Figure 3A,B). Sestrins can also interact
in an amino acid-dependent manner with the GATOR2 complex to inhibit its activity [24].
Therefore, we evaluated the association of GATOR2 with Sestrin by immunoprecipitating
Mios, which, in conjunction with WDR24 and WDR59, constitutes the GATOR2 complex.
As illustrated in Figure 3C,E, there was a reduction in the amount of Sestrin1 coimmuno-
precipitated with Mios after refeeding in muscle from control mice. In contrast, the amount
of Sestrin1 bound to GATOR2 was greater in fasted mice administered alcohol, compared
to mice in the fasted control group. Moreover, unlike the refed control mice, no decrease
was observed in refed mice that subsequently received alcohol. Additionally, there was
no alcohol and/or refeeding-induced change in the association of Sestrin3 with GATOR2.
Finally, given the limits of our assay, we were unable to reliably detect the binding of
Sestrin2 to GATOR2 in skeletal muscle (data not shown). Lastly, we assessed the relative
protein abundance for the various subunits within the GATOR1 complex that are involved
in the inhibition of mTORC1 [25]. In this regard, we failed to detect any treatment effect
on the abundance of DEPDC5, NPRL2 or NPRL3 protein among the various groups (data
not shown).

Downstream of Sestrin-GATOR2 binding, the Ras-related small GTP-binding Rag
proteins also interact with mTORC1 and stimulate amino acid-dependent protein synthesis
by promoting mTORC1 translocation to the lysosome [11]. As there is direct interaction
between Raptor in the mTORC1 and the Rag proteins, we next examined the relative
abundance of Raptor and the Rag proteins as well as the formation of Raptor•Rag pro-
tein complexes. Although mTOR is present in both mTORC1 as well as mTORC2, the
defining component for the former multiprotein complex is Raptor. There was no de-
tectable effect of feeding and/or alcohol on the total abundance of Raptor or RagA and
RagC (Figure 4A). In contrast, after refeeding, the relative amount of both RagA and RagC
bound to Raptor increased in control mice (Figure 4B–D). Compared to values from control
mice, a 2-way ANOVA indicated an alcohol effect (p < 0.01) for the relative abundance of
RagA•Raptor and RagC•Raptor, though only the abundance of the RagA•Raptor complex
proved to be statistically significant upon post hoc SNK analysis between the control and
alcohol-receiving mice after refeeding. There was no increase in the abundance of the
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RagA/C•Raptor complex in alcohol-treated mice that were refed when compared to values
from control mice.
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Additionally, the multiprotein Ragulator complex (i.e., composed of p18, p14, MP1,
C7orf59 and HBXIP, otherwise known as LAMPTOR (late endosomal/lysosomal adaptor
MAPK and mTOR activator) 1 through 5) anchors Rag heterodimers to the lysosome, which
is compulsory for the activation of mTOR by amino acids [26]. There were no alterations in
total abundance of LAMPTOR1–3 or SLC38A9 produced by feeding in either control or
alcohol-receiving mice (Figure 5A).

In contrast, while a 2-way ANOVA indicated that there was a significant alcohol effect
on both LAMPTOR1 and LAMPTOR3 protein content in muscle (p < 0.05; Figure 5B,C),
there were also no changes in the relative abundance of the peripheral (V1) and integral
membrane-associated (V0) domains of the vacuolar proton V-ATPase (v-ATPase), which
functions as a proton pump in the muscle homogenate from alcohol-treated and/or refed
mice (Figure 5A). When LAMPTOR1 was immunoprecipitated, refeeding of control mice
increased the amount of Raptor bound to LAMPTOR1 and decreased the amount of RagC
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and v-ATPase V0 bound to LAMPTOR1 (Figure 6A–D). In the fasted state, alcohol increased
the binding of RagC and v-ATPase V0 to LAMPTOR1. Finally, alcohol prevented alterations
in the association of Raptor, RagC and v-ATPase V0 to LAMPTOR1 after feeding that were
seen in refed control mice.
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Figure 4. Alterations in Raptor, RagA and RagC after refeeding in the muscles of control and alcohol-
receiving mice. (A), representative immunoblots for each. For RagA, RagC and Raptor, there were
no significant treatment effects (p > 0.05), and mean data are not shown. Although samples from all
groups were loaded on the same gel, a gel break depicts lane(s) of the gel that have been deleted. In
(B), Raptor was immunoprecipitated (IP) and Western blotting was performed on RagA (C), RagC (D)
bound to Raptor. Bar graphs represent analyses for all immunoblots, where the mean of the fasted
saline-treated control group was arbitrarily set at 100 AU. Values are mean ± SEM with n = 8/group.
Only values having different superscript letters are statistically (p < 0.05) different.
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Nutrients 2021, 13, 1236 9 of 13

a 2-way ANOVA; hence, mean data are not shown. Although samples from all groups were loaded
on the same gel, a gel break depicts lane(s) of the gel that have been deleted. (B,C) are bar graphs of
all immunoblots for LAMPTOR1 and LAMPTOR3 that showed an alcohol effect on the abundance of
these two proteins. Bar graphs represent analyses for all immunoblots, where the mean of the fasted
saline-treated control group was arbitrarily set at 100 AU. Values are mean ± SEM with n = 8/group.
* p < 0.05, alcohol treatment effect compared to control values.
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and alcohol-receiving mice. LAMPTOR1 was immunoprecipitated (IP) and immunoblotting was
performed for RagC, Raptor and v-ATPase V1. (A) presents representative Western blots for these
complexes. Although samples from all groups were loaded on the same gel, a gel break depicts lane(s)
of the gel that have been deleted. Data from all tissues are quantitated in bar graphs (B–D). Bar
graphs represent analyses for all immunoblots, where the mean of the fasted saline-treated control
group was arbitrarily set at 100 AU. Values are mean ± SEM with n = 8/group. Only values having
different superscript letters are statistically (p < 0.05) different.

4. Discussion

Although previous research demonstrates that alcohol can antagonize the ability
of amino acids and hormonal growth factors to upregulate muscle protein synthesis
by inhibiting the multicomponent kinase mTORC1 [1,2], the exact mechanism for this
anabolic resistance remains elusive. Our data reveal alcohol acutely alters various protein–
protein interactions within the Rag-Ragulator complex which are consistent with alcohol’s
inhibitory action on mTORC1 (e.g., decreased S6K1 phosphorylation) and global protein
synthesis after nutrient stimulation. The physiological importance of this increased S6K1
has been previously confirmed by data showing the increased phosphorylation of authentic
substrates S6, eukaryotic elongation factor (eEF)-2 kinase and eukaryotic initiation factor
(eIF)-4B, which would increase mRNA translation initiation and elongation [8]. Our data
also reveal refeeding increases the global synthesis of proteins in the myofibrillar and
sarcoplasm pools in muscle, and that alcohol acutely inhibits the synthetic response in both
protein pools.

The refeeding paradigm used in the current in vivo study transiently increases both
insulin and leucine, which can function separately or together to enhance protein syn-
thesis [27]. However, the prevailing plasma concentrations of insulin and leucine were
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not different between the control mice and those that received alcohol and were refed.
Such data imply alcohol’s effect is mediated directly on muscle and is consistent with
data generated from cultured myocytes and the in vitro epitrochlearis muscle preparation
indicating the ability of ethanol to directly antagonize hormone- or amino acid-stimulated
protein synthesis and S6K1 activity in muscle [15,28]. Moreover, alcohol did not acutely
change the increased intracellular content of leucine in refed mice. Changes in intracellular
amino acids can alter the expression and/or activity of various amino acid transporters and
produce concomitant changes in mTORC1 activity and muscle growth [29–31]. However,
in the current study, we were unable to detect alcohol- and/or nutrient-induced changes in
the mRNA expression of LAT1 and SNAT2, as well as of other amino acid transporters such
as LAT2, CAT1 or PAT1-, -2 or -4. Furthermore, muscle contains a functional bidirectional
transport system wherein SNAT2 and LAT1 function in combination to export glutamine
while increasing the influx of leucine [32], and changes in intracellular glutamine can
impact mTORC1 activity [33]. However, again, we did not detect a significant alteration in
the intracellular glutamine concentration after acute alcohol or refeeding. Our results differ
from those reported in healthy human subjects where the infusion of essential amino acids
increased the mRNA expression of PAT1, SNAT2 or LAT1 within 1 h [33]. This apparent
discrepancy may have resulted from the significantly greater (nearly 10-fold) increase in
plasma leucine in the later study, compared to the more physiological 2-fold rise seen in
the current study. Collectively, our results suggest that the alcohol-induced decrease in
mTORC1 activity, in both the basal and refed condition, are not due to limited intracel-
lular amino acid availability. As a result of these data, we examined key protein–protein
interactions within the Rag-Ragulator signaling pathway as a possible mechanism for this
inhibitory action of alcohol on muscle protein synthesis.

The Rag GTPases are Raptor (mTORC1)-interacting proteins important for the activa-
tion of mTORC1 by amino acids, independent of the insulin-stimulated AKT-TSC1/2-Rheb
pathway, and are essential for the translocation of mTORC1 to the lysosome [11]. Our
data in muscle from control mice indicate refeeding increases the amount of RagA and
RagC bound to Raptor. This response is comparable to the increased Rag•Raptor complex
formation detected after a 2 h infusion of insulin or a balanced mixture of amino acids [34],
after 24 h of a high-protein diet or a low-protein diet that contained leucine supplemen-
tation [35], and in myocytes cultured with increased leucine [15]. Importantly, alcohol
largely prevented the increased formation of the RagA•Raptor and RagC•Raptor com-
plexes in refed mice. This inability to form functional Rag•Raptor complexes is consistent
with the nutrient-resistant condition produced by other catabolic insults associated with
impaired mTORC1 activity and decreases in muscle protein synthesis [20,35]. Likewise,
alcohol decreased the binding of RagC with LAMPTOR1, one of the proteins within the
pentameric Ragulator complex. This Ragulator complex is essential for amino acid-specific
activation of mTORC1, and in its absence, the Rag proteins fail to target mTORC1 to the
lysosome [14,26]. However, our results differ from those obtained using cell-based systems
wherein amino acid or leucine deprivation (e.g., metabolic stress) strengthened the asso-
ciation between RagC and LAMPTOR1 [14]. The reason for these apparently discordant
results is uncertain, and there are no previous reports in which this protein–protein interac-
tion has been examined under in vivo conditions where proteins have been either knocked
out or overexpressed.

The proton v-ATPase is a multisubunit complex that, in conjunction with the Rag
GTPases and the Ragulator proteins, forms a physical supercomplex essential for amino
acid-generated stimulation of mTORC1 [36]. The peripheral V1 domain of v-ATPase
carries out ATP hydrolysis, with the V0 domain regulating proton translocation and the
acidification of the lysosomal lumen [37]. Our results demonstrate an increase in the
binding of v-ATPase V1 with LAMPTOR1 in response to alcohol, both under basal fasted
conditions as well as after feeding. Moreover, there was no change in the association of
LAMPTOR1 with V0 domain of v-ATPase in response to nutrients or alcohol. These results
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are consistent with in vitro observations wherein amino acids decreased the abundance of
LAMPTOR1 (p18) bound to v-ATPase V1, but not the V0 domain [14].

The Sestrin family of protein is recognized to be authentic intracellular leucine sen-
sors, and the sequestration of intracellular leucine by Sestrin isoforms can disrupt the
Sestrin•GATOR2 complex, thereby activating mTORC1 [12,38]. Others have reported a de-
crease in Sestrin2•GATOR2 complex abundance after dietary supplementation with leucine
or high-protein [35] or short-term infusion of amino acids [34]. In our current study, while
we detected an alcohol-induced decrease in total Sestrin2, we could not detect binding of
Sestrin2 to one of the proteins in the GATOR2 complex (e.g., Mios). However, refeeding
did lead to the dissociation of endogenous Sestrin1 from GATOR2 in muscle from control
mice, consistent with the leucine-induced decrease in the Sestrin1•GATOR2 complex seen
under in vitro conditions [38]. Moreover, alcohol acutely increased the relative abundance
of Sestrin1•GATOR2 (e.g., decreased dissociation of Sestrin1 from GATOR2) in both the
fasted and refed state. As Xu et al. [38] has previously reported, Sestrin1 abundance is
substantially greater than Sestrin2 in muscle, and there was no nutrient-induced change in
the abundance of Sestrin3•GATOR2 complex (present study and [38]). Our data are consis-
tent with refeeding producing a leucine-induced dissociation of Sestrin1 from GATOR2
and the concomitant decrease in mTORC1 activity and muscle protein synthesis seen in
alcohol-treated mice.

This paper provides a comprehensive account of alcohol’s effect on protein–protein
interactions regulating skeletal muscle protein synthesis via the Rag-Ragulator signal trans-
duction pathway in response to a physiologically relevant nutritional mixed-meal stimulus.
These data extend knowledge of this signaling network under in vivo conditions during
the normal fasting-to-fed nutrient transition, as well as during the pathophysiological stress
condition of acute alcohol intoxication. Alcohol’s ability to suppress the typically observed
increase in muscle mTORC1 activity in response to food was temporally associated with
the disruption of multiple protein–protein interactions within the Raptor-Rag-Ragulator
supercomplex. While we cannot ascribe causality, our data are largely consistent with
mechanistic studies performed in various cell lines in response to amino acid-sufficient
and -deficient conditions. Hence, while it remains possible that a portion of alcohol’s
ability to decrease protein synthesis and mTORC1 activity occurs by other mechanisms
that are independent of the Rag GTPase-Regulator pathway [39], our data are consistent
with defects in this pathway negatively impacting synthetic rates of proteins in both my-
ofibrillar and sarcoplasmic pools in the basal state and acutely after food intake. While the
conclusion from this study are limited to its short time frame, we speculate that, if such
alcohol-induced changes are sustained over relatively long periods of time, they may be at
least partially responsible for the gradual development of skeletal muscle myopathy with
sustained alcohol consumption.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13041236/s1, Table S1: Antibodies and gel details for Western blot analysis.

Author Contributions: Conceptualization, C.H.L.; methodology, L.J.L., K.T.C. and C.H.L.; software,
C.H.L.; validation, L.J.L., K.T.C., and C.H.L., formal analysis, L.J.L. and C.H.L.; investigation, L.J.L.,
K.T.C., and C.H.L.; resources, C.H.L.; data curation, C.H.L.; writing—original draft preparation,
C.H.L.; writing—review and editing, L.J.L., K.T.C., and C.H.L.; supervision, C.H.L.; project admin-
istration, C.H.L.; funding acquisition, C.H.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Institutes of Health, grant number R37 AA011290
(CHL).

Institutional Review Board Statement: All experimental procedures adhered to National Institutes
of Health (NIH) guidelines for experimental animals and were approved by the Institutional Animal
Care and Use Committee of Penn State College of Medicine (PRAMS200746587).

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/nu13041236/s1
https://www.mdpi.com/article/10.3390/nu13041236/s1


Nutrients 2021, 13, 1236 12 of 13

Acknowledgments: The authors would like to acknowledge the expert technical assistance of
Maithili Navarantnarajah, Gina Deiter, and Anne Pruznak.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kimball, S.R.; Lang, C.H. Mechanisms Underlying Muscle Protein Imbalance Induced by Alcohol. Annu. Rev. Nutr. 2018, 38,

197–217. [CrossRef]
2. Steiner, J.L.; Lang, C.H. Dysregulation of skeletal muscle protein metabolism by alcohol. Am. J. Physiol. Endocrinol. Metab. 2015,

308, E699–E712. [CrossRef]
3. Lang, C.H.; Frost, R.A.; Kumar, V.; Wu, D.; Vary, T.C. Impaired protein synthesis induced by acute alcohol intoxication is

associated with changes in eIF4E in muscle and eIF2B in liver. Alcohol. Clin. Exp. Res. 2000, 24, 322–331. [CrossRef]
4. Kumar, V.; Frost, R.A.; Lang, C.H. Alcohol impairs insulin and IGF-I stimulation of S6K1 but not 4E-BP1 in skeletal muscle. Am. J.

Physiol. Endocrinol. Metab. 2002, 283, E917–E928. [CrossRef]
5. Lang, C.H.; Frost, R.A.; Deshpande, N.; Kumar, V.; Vary, T.C.; Jefferson, L.S.; Kimball, S.R. Alcohol impairs leucine-mediated

phosphorylation of 4E-BP1, S6K1, eIF4G, and mTOR in skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 2003, 285, E1205–E1215.
[CrossRef] [PubMed]

6. Lang, C.H.; Lynch, C.J.; Vary, T.C. Alcohol-induced IGF-I resistance is ameliorated in mice deficient for mitochondrial branched-
chain aminotransferase. J. Nutr. 2010, 140, 932–938. [CrossRef]

7. Sneddon, A.A.; Koll, M.; Wallace, M.C.; Jones, J.; Miell, J.P.; Garlick, P.J.; Preedy, V.R. Acute alcohol administration inhibits the
refeeding response after starvation in rat skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 2003, 284, E874–E882. [CrossRef]
[PubMed]

8. Steiner, J.L.; Lang, C.H. Ethanol acutely antagonizes the refeeding-induced increase in mTOR-dependent protein synthesis and
decrease in autophagy in skeletal muscle. Mol. Cell. Biochem. 2019, 456, 41–51. [CrossRef]

9. Kimball, S.R. Integration of signals generated by nutrients, hormones, and exercise in skeletal muscle. Am. J. Clin. Nutr. 2014, 99,
237S–242S. [CrossRef]

10. Inoki, K.; Li, Y.; Xu, T.; Guan, K.L. Rheb GTPase is a direct target of TSC2 GAP activity and regulates mTOR signaling. Genes Dev.
2003, 17, 1829–1834. [CrossRef] [PubMed]

11. Sancak, Y.; Peterson, T.R.; Shaul, Y.D.; Lindquist, R.A.; Thoreen, C.C.; Bar-Peled, L.; Sabatini, D.M. The Rag GTPases bind raptor
and mediate amino acid signaling to mTORC1. Science 2008, 320, 1496–1501. [CrossRef]

12. Parmigiani, A.; Nourbakhsh, A.; Ding, B.; Wang, W.; Kim, Y.C.; Akopiants, K.; Guan, K.L.; Karin, M.; Budanov, A.V. Sestrins
inhibit mTORC1 kinase activation through the GATOR complex. Cell Rep. 2014, 9, 1281–1291. [CrossRef]

13. Chantranupong, L.; Wolfson, R.L.; Orozco, J.M.; Saxton, R.A.; Scaria, S.M.; Bar-Peled, L.; Spooner, E.; Isasa, M.; Gygi, S.P.; Sabatini,
D.M. The Sestrins interact with GATOR2 to negatively regulate the amino-acid-sensing pathway upstream of mTORC1. Cell Rep.
2014, 9, 1–8. [CrossRef]

14. Bar-Peled, L.; Schweitzer, L.D.; Zoncu, R.; Sabatini, D.M. Ragulator is a GEF for the rag GTPases that signal amino acid levels to
mTORC1. Cell 2012, 150, 1196–1208. [CrossRef]

15. Hong-Brown, L.Q.; Brown, C.R.; Kazi, A.A.; Navaratnarajah, M.; Lang, C.H. Rag GTPases and AMPK/TSC2/Rheb mediate
the differential regulation of mTORC1 signaling in response to alcohol and leucine. Am. J. Physiol. Cell Physiol. 2012, 302,
C1557–C1565. [CrossRef]

16. Mekheal, M.; Steiner, J.L.; Lang, C.H. Acute alcohol prevents the refeeding-induced decrease in autophagy but does not alter the
increased protein synthetic response in heart. Alcohol 2018, 73, 79–88. [CrossRef] [PubMed]

17. Goodman, C.A.; Hornberger, T.A. Measuring protein synthesis with SUnSET: A valid alternative to traditional techniques? Exerc.
Sport Sci. Rev. 2013, 41, 107–115. [CrossRef] [PubMed]

18. Steiner, J.L.; Kimball, S.R.; Lang, C.H. Acute Alcohol-Induced Decrease in Muscle Protein Synthesis in Female Mice Is REDD-1
and mTOR-Independent. Alcohol Alcohol. 2016, 51, 242–250. [CrossRef] [PubMed]

19. Vary, T.C.; Lang, C.H. Assessing effects of alcohol consumption on protein synthesis in striated muscles. Methods Mol. Biol. 2008,
447, 343–355. [CrossRef]

20. Laufenberg, L.J.; Pruznak, A.M.; Navaratnarajah, M.; Lang, C.H. Sepsis-induced changes in amino acid transporters and leucine
signaling via mTOR in skeletal muscle. Amino Acids 2014, 46, 2787–2798. [CrossRef]

21. Jewell, J.L.; Kim, Y.C.; Russell, R.C.; Yu, F.X.; Park, H.W.; Plouffe, S.W.; Tagliabracci, V.S.; Guan, K.L. Metabolism. Differential
regulation of mTORC1 by leucine and glutamine. Science 2015, 347, 194–198. [CrossRef]

22. Orellana, R.A.; Kimball, S.R.; Suryawan, A.; Escobar, J.; Nguyen, H.V.; Jefferson, L.S.; Davis, T.A. Insulin stimulates muscle
protein synthesis in neonates during endotoxemia despite repression of translation initiation. Am. J. Physiol. Endocrinol. Metab.
2007, 292, E629–E636. [CrossRef] [PubMed]

23. Taylor, P.M. Amino acid transporters: Eminences grises of nutrient signalling mechanisms? Biochem. Soc. Trans. 2009, 37, 237–241.
[CrossRef] [PubMed]

24. Lee, M.; Kim, J.H.; Yoon, I.; Lee, C.; Fallahi Sichani, M.; Kang, J.S.; Kang, J.; Guo, M.; Lee, K.Y.; Han, G.; et al. Coordination of the
leucine-sensing Rag GTPase cycle by leucyl-tRNA synthetase in the mTORC1 signaling pathway. Proc. Natl. Acad. Sci. USA 2018,
115, E5279–E5288. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev-nutr-071816-064642
http://doi.org/10.1152/ajpendo.00006.2015
http://doi.org/10.1111/j.1530-0277.2000.tb04614.x
http://doi.org/10.1152/ajpendo.00181.2002
http://doi.org/10.1152/ajpendo.00177.2003
http://www.ncbi.nlm.nih.gov/pubmed/12944322
http://doi.org/10.3945/jn.109.120501
http://doi.org/10.1152/ajpendo.00209.2002
http://www.ncbi.nlm.nih.gov/pubmed/12388171
http://doi.org/10.1007/s11010-018-3488-4
http://doi.org/10.3945/ajcn.113.068387
http://doi.org/10.1101/gad.1110003
http://www.ncbi.nlm.nih.gov/pubmed/12869586
http://doi.org/10.1126/science.1157535
http://doi.org/10.1016/j.celrep.2014.10.019
http://doi.org/10.1016/j.celrep.2014.09.014
http://doi.org/10.1016/j.cell.2012.07.032
http://doi.org/10.1152/ajpcell.00407.2011
http://doi.org/10.1016/j.alcohol.2018.04.005
http://www.ncbi.nlm.nih.gov/pubmed/30316145
http://doi.org/10.1097/JES.0b013e3182798a95
http://www.ncbi.nlm.nih.gov/pubmed/23089927
http://doi.org/10.1093/alcalc/agv105
http://www.ncbi.nlm.nih.gov/pubmed/26394774
http://doi.org/10.1007/978-1-59745-242-7_22
http://doi.org/10.1007/s00726-014-1836-6
http://doi.org/10.1126/science.1259472
http://doi.org/10.1152/ajpendo.00214.2006
http://www.ncbi.nlm.nih.gov/pubmed/17047163
http://doi.org/10.1042/BST0370237
http://www.ncbi.nlm.nih.gov/pubmed/19143639
http://doi.org/10.1073/pnas.1801287115
http://www.ncbi.nlm.nih.gov/pubmed/29784813


Nutrients 2021, 13, 1236 13 of 13

25. Bar-Peled, L.; Chantranupong, L.; Cherniack, A.D.; Chen, W.W.; Ottina, K.A.; Grabiner, B.C.; Spear, E.D.; Carter, S.L.; Meyerson,
M.; Sabatini, D.M. A Tumor suppressor complex with GAP activity for the Rag GTPases that signal amino acid sufficiency to
mTORC1. Science 2013, 340, 1100–1106. [CrossRef] [PubMed]

26. Sancak, Y.; Bar-Peled, L.; Zoncu, R.; Markhard, A.L.; Nada, S.; Sabatini, D.M. Ragulator-Rag complex targets mTORC1 to the
lysosomal surface and is necessary for its activation by amino acids. Cell 2010, 141, 290–303. [CrossRef] [PubMed]

27. Kimball, S.R.; Farrell, P.A.; Jefferson, L.S. Invited Review: Role of insulin in translational control of protein synthesis in skeletal
muscle by amino acids or exercise. J. Appl. Physiol. 2002, 93, 1168–1180. [CrossRef]

28. Lang, C.H.; Pruznak, A.M.; Deshpande, N.; Palopoli, M.M.; Frost, R.A.; Vary, T.C. Alcohol intoxication impairs phosphorylation
of S6K1 and S6 in skeletal muscle independently of ethanol metabolism. Alcohol. Clin. Exp. Res. 2004, 28, 1758–1767. [CrossRef]

29. Bevington, A.; Brown, J.; Butler, H.; Govindji, S.; M-Khalid, K.; Sheridan, K.; Walls, J. Impaired system a amino acid transport
mimics the catabolic effects of acid in L6 cells. Eur. J. Clin. Investig. 2002, 32, 590–602. [CrossRef]

30. Peyrollier, K.; Hajduch, E.; Blair, A.S.; Hyde, R.; Hundal, H.S. L-leucine availability regulates phosphatidylinositol 3-kinase, p70
S6 kinase and glycogen synthase kinase-3 activity in L6 muscle cells: Evidence for the involvement of the mammalian target
of rapamycin (mTOR) pathway in the L-leucine-induced up-regulation of system a amino acid transport. Biochem. J. 2000, 350,
361–368.

31. Liu, X.M.; Reyna, S.V.; Ensenat, D.; Peyton, K.J.; Wang, H.; Schafer, A.I.; Durante, W. Platelet-derived growth factor stimulates
LAT1 gene expression in vascular smooth muscle: Role in cell growth. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2004, 18,
768–770. [CrossRef]

32. Baird, F.E.; Bett, K.J.; MacLean, C.; Tee, A.R.; Hundal, H.S.; Taylor, P.M. Tertiary active transport of amino acids reconstituted
by coexpression of System A and L transporters in Xenopus oocytes. Am. J. Physiol. Endocrinol. Metab. 2009, 297, E822–E829.
[CrossRef] [PubMed]

33. Drummond, M.J.; Glynn, E.L.; Fry, C.S.; Timmerman, K.L.; Volpi, E.; Rasmussen, B.B. An increase in essential amino acid
availability upregulates amino acid transporter expression in human skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 2010, 298,
E1011–E1018. [CrossRef] [PubMed]

34. Suryawan, A.; Davis, T.A. Amino Acid- and Insulin-Induced Activation of mTORC1 in Neonatal Piglet Skeletal Muscle Involves
Sestin2-GATOR2, Rag A/C-mTOR, and RHEB-mTOR Complex Formation. J. Nutr. 2018, 148, 825–833. [CrossRef] [PubMed]

35. Suryawan, A.; Rudar, M.; Fiorotto, M.L.; Davis, T.A. Differential regulation of mTORC1 activation by leucine and beta-hydroxy-
beta-methylbutyrate in skeletal muscle of neonatal pigs. J. Appl. Physiol. 2020, 128, 286–295. [CrossRef]

36. Zoncu, R.; Bar-Peled, L.; Efeyan, A.; Wang, S.; Sancak, Y.; Sabatini, D.M. mTORC1 senses lysosomal amino acids through an
inside-out mechanism that requires the vacuolar H(+)-ATPase. Science 2011, 334, 678–683. [CrossRef]

37. Sun-Wada, G.H.; Wada, Y. Role of vacuolar-type proton ATPase in signal transduction. Biochim. Biophys. Acta 2015, 1847,
1166–1172. [CrossRef] [PubMed]

38. Xu, D.; Shimkus, K.L.; Lacko, H.A.; Kutzler, L.; Jefferson, L.S.; Kimball, S.R. Evidence for a role for Sestrin1 in mediating
leucine-induced activation of mTORC1 in skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 2019, 316, E817–E828. [CrossRef]

39. Meng, D.; Yang, Q.; Wang, H.; Melick, C.H.; Navlani, R.; Frank, A.R.; Jewell, J.L. Glutamine and asparagine activate mTORC1
independently of Rag GTPases. J. Biol. Chem. 2020, 295, 2890–2899. [CrossRef]

http://doi.org/10.1126/science.1232044
http://www.ncbi.nlm.nih.gov/pubmed/23723238
http://doi.org/10.1016/j.cell.2010.02.024
http://www.ncbi.nlm.nih.gov/pubmed/20381137
http://doi.org/10.1152/japplphysiol.00221.2002
http://doi.org/10.1097/01.ALC.0000145787.66405.59
http://doi.org/10.1046/j.1365-2362.2002.01038.x
http://doi.org/10.1096/fj.03-0886fje
http://doi.org/10.1152/ajpendo.00330.2009
http://www.ncbi.nlm.nih.gov/pubmed/19622785
http://doi.org/10.1152/ajpendo.00690.2009
http://www.ncbi.nlm.nih.gov/pubmed/20304764
http://doi.org/10.1093/jn/nxy044
http://www.ncbi.nlm.nih.gov/pubmed/29796625
http://doi.org/10.1152/japplphysiol.00332.2019
http://doi.org/10.1126/science.1207056
http://doi.org/10.1016/j.bbabio.2015.06.010
http://www.ncbi.nlm.nih.gov/pubmed/26072192
http://doi.org/10.1152/ajpendo.00522.2018
http://doi.org/10.1074/jbc.AC119.011578

	Introduction 
	Materials and Methods 
	Animal Protocols 
	Protein Synthesis in Myofibrillar and Sarcoplasmic Pools 
	Western Blot and Immunoprecipitation 
	Leucine, Glutamine, Insulin and Alcohol Concentrations 
	RNA Extraction and Real-Time Quantitative PCR 
	Statistics 

	Results 
	Discussion 
	References

