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Abstract

Background and aims.—Despite the high clinical significance of sarcopenia in alcoholic 

cirrhosis, there are currently no effective therapies because the underlying mechanisms are 

poorly understood. We determined the mechanisms of ethanol-induced impaired phosphorylation 

of mechanistic target of rapamycin complex 1 (mTORC1) and AMP kinase (AMPK) with 

consequent dysregulated skeletal muscle protein homeostasis (balance between protein synthesis 

and breakdown).

Approach and results.—Differentiated murine myotubes, gastrocnemius muscle from mice 

with loss and gain of function of regulatory genes following ethanol treatment, and skeletal 

muscle from alcoholic cirrhotics were used. Ethanol increases skeletal muscle autophagy by 

dephosphorylating mTORC1, circumventing the classical kinase regulation by protein kinase 

B (Akt). Concurrently and paradoxically, ethanol exposure results in dephosphorylation and 

inhibition of AMPK, an activator of autophagy and inhibitor of mTORC1 signaling. However, 

AMPK remains inactive with ethanol exposure despite lower cellular and tissue ATP indicating 

a “pseudofed” state. We identified protein phosphatase 2A (PP2A) as a key mediator of 

ethanol-induced signaling and functional perturbations using loss and gain of function studies. 
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Ethanol impairs binding of endogenous inhibitor of PP2A (I2-PP2A) to PP2A resulting in 

methylation and targeting of PP2A to cause dephosphorylation of mTORC1 and AMPK. Activity 

of phosphoinositide 3-kinase-γ (PI3Kγ), a negative regulator of PP2A, was decreased in response 

to ethanol. Ethanol-induced molecular and phenotypic perturbations in wild type mice were 

observed in PI3Kγ−/− mice even at baseline. Importantly, overexpressing kinase-active PI3Kγ but 

not the kinase-dead mutant reversed ethanol-induced molecular perturbations.

Conclusions.—Our study describes the mechanistic underpinnings for previously unrecognized 

ethanol-mediated dysregulation of protein homeostasis by PP2A that leads to sarcopenia with a 

potential for therapeutic approaches by targeting the PI3Kγ-PP2A axis.
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Introduction

Alcohol (ethanol) is a major cause of liver disease and in patients with alcoholic cirrhosis, 

sarcopenia or loss of skeletal muscle mass, is frequent, severe and adversely affects clinical 

outcomes(1–3). Sarcopenia in alcohol-related liver disease (ALD) occurs due to dysregulated 

protein homeostasis, an imbalance between muscle protein synthesis and proteolysis, 

primarily, via autophagy(1). Ethanol impairs skeletal muscle protein synthesis and activates 

autophagy(1, 4, 5) , but whether these perturbations occur in parallel to cause sarcopenia, and 

importantly, the molecular mechanisms that underlie the dysregulated protein homeostasis 

are currently not known. Given the high clinical significance of alcohol use disorders(2), 

adverse consequences of dysregulated muscle protein homeostasis resulting in sarcopenia, 

and potential context specificity of tissue responses to ethanol, we dissected the molecular 

perturbations in skeletal muscle in response to ethanol exposure in a comprehensive array of 

preclinical models and in alcoholic cirrhotics.

A number of regulatory signaling pathways with opposing effects on protein synthesis 

and autophagy maintain protein homeostasis(6–8). The convergence point for signaling 

responses that regulate protein homeostasis is the mechanistic target of rapamycin complex 

1 (mTORC1), a kinase complex activated by phosphorylation of its mTOR component that 

targets downstream molecules to activate protein synthesis and inhibit autophagy during 

nutrient and energy sufficiency(8, 9). In contrast, AMP kinase (AMPK) is phosphorylated 

and activated during nutrient and energy insufficiency(10, 11), directly increasing autophagy 

by targeting regulatory sites on Unc like kinase 1 (ULK1)(12). AMPK also indirectly 

inhibits mTORC1 activity through the tuberous sclerosis complex 1/2 (TSC1/2) while 

simultaneously decreasing protein synthesis(12–15). These opposing effects of mTORC1 and 

AMPK are metabolic checkpoints that regulate protein homeostasis, depending on cellular 

nutrient and energy status(8, 12, 15). Activation or inactivation of mTORC1 and AMPK is 

determined by their phosphorylation status, which is regulated by upstream kinases and 

specific phosphatases(16).

Previous studies reported that ethanol alters mTORC1 or AMPK signaling and that these 

changes depend on the cellular and/or tissue context of ethanol exposure(17–22). In the 
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present studies, we found that ethanol dysregulates proteostasis, with simultaneous protein 

synthesis impairment and increased autophagy, and with decreased phosphorylation of 

mTOR. However, despite reduced tissue ATP levels, a cellular energy sensor and mTORC1 

inhibitor, AMPK was not activated. Previous work has suggested kinase-dependent 

regulation of mTORC1 and AMPK signaling(8, 10). We show that the upstream kinase 

for mTOR phosphorylation, protein kinase B (Akt)(23, 24), was not altered by ethanol. 

Instead, ethanol exposure caused simultaneous and paradoxical inactivation of mTOR and 

AMPK by dephosphorylation due to activation of protein phosphatase 2A (PP2A). Finally, 

de-repression and activation of PP2A was due to ethanol-induced inactivation (rather than 

activation, as has been reported to date during various stress states(25, 26)) of the gamma 

isoform of phosphoinositide 3-kinase (PI3Kγ), a known inhibitor of PP2A.

Materials and Methods

Antibodies:

All the antibodies used in these studies were commercially purchased except for the 

phospho-I2PP2A. See supplementary methods for details on the commercial antibodies.

Generation of phospho-I2PP2A antibody.

Polyclonal antibody against the phosphorylated form of I2PP2A was generated by 

immunizing rabbits with a synthetic peptide corresponding to residues surrounding Ser9 

of human I2-PP2A (APAAKCpSKKELNC) as previously described(25). The specificity 

of the antibody was tested by immunoblotting in vitro phosphorylated purified I2-PP2A 

(phospho-I2PP2A) protein and in lysates from isoproterenol-stimulated HEK 293 cells (25).

Human Studies.

Vastus lateralis muscle from alcoholic cirrhotics and healthy patients (n=5; 4M,1F each) 

were obtained as previously described and clinical descriptors of these patients have been 

reported earlier(27). These studies were approved by the Institutional Review Board at the 

Cleveland Clinic, conformed to the Declaration of Helsinki, and were performed after a 

written informed consent was obtained from the patients.

Mouse studies.

12-week-old female and male PI3Kγ knockout (PI3Kγ−/−) and wild-type mice in a 

C57BL/6 background were allowed free access to a Lieber-DeCarli liquid diet containing 

ethanol (Dyets Inc., 710260) or isocalorically substituted maltodextrins as previously 

described (1). Experiments were done in female mice (n=8 each for pair-fed; n=10 each for 

ethanol-fed) due to their greater susceptibility to ethanol. In a subgroup (n=4 each in pair-fed 

and n=5 each in ethanol-fed mice) in vivo autophagy flux was quantified as previously 

described(28). Key experiments were also performed in male mice (n=4 each for pair-fed; 

n=6 each for ethanol-fed). Animals were housed in the Biological Resource Unit, at the 

Cleveland Clinic, with a 12 h light/dark cycle. The Cleveland Clinic Institutional Animal 

Care and Use Committee approved all procedures using mice. All animals received human 

care and the study protocols comply with the institutional guidelines.
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In vitro cell culture studies and stable transfection:

C2C12 murine myoblasts were grown and differentiated as previously described(1) and 

exposed to 100 mM ethanol and processed as detailed in the supplementary methods. Sub-

confluent myoblasts were transfected with various PI3Kγ constructs or shRNA targeting 

PP2A catalytic subunit and stable cells were selected using appropriate antibiotics as 

described in supplementary methods. All experiments were done on at least 3 biological 

replicates.

Protein synthesis:

Rates of protein synthesis in vitro were quantified by incorporation of puromycin, 

as previously reported(29). Since shRNA-PP2A myoblasts were selected on puromycin, 

incorporation of 3H phenylalanine was used for quantifying protein synthesis(29) as detailed 

in supplementary methods. In vivo protein synthesis was quantified by a flooding dose of 

D5-phenylalanine as described in supplementary methods.

Immunoblotting and immunoprecipitation studies:

Total proteins were extracted from flash-frozen skeletal muscle or cultured cells and 

resolved on gradient gel followed by densitometry quantification of the blots using 

ImageJ® software as described earlier(1). For immunoprecipitation studies, the lysates were 

incubated with protein A/G agarose beads and respective antibodies overnight at 4°C, and 

immunoprecipitates were washed in lysis buffer before resolution on SDS-PAGE gel (see 

supplementary methods).

PP2A activity assay:

PP2A activity was performed as previously described using the malachite green assay kit 

(Millipore-Sigma, Burlington, MA)(25). The lysates or immunoprecipitates were washed 

with phosphatase assay buffer and subjected to PP2A activity assay by addition of PP2A 

specific threonine phospho-peptide substrate. In addition to using commercially available 

PP2A phospho-peptide substrate, we also generated in-house the threonine phosphopeptide 

used for PP2A activity assays, described in the supplementary methods.

PI3Kγ activity assay.

Clarified myotube or muscle extract was used to immunoprecipitate PI3Kγ using anti-

PI3Kγ antibody and the immunoprecipitates were subjected to in vitro lipid kinase assay 

using phosphatidyl-inositol (PtdIns) and the labelled PtdIns were resolved using thin layer 

chromatography as detailed in supplementary methods and described by us earlier(25).

Statistical analyses:

All data were expressed as mean±SD unless specified. Qualitative variables were compared 

using the chi square test. Quantitative variables were compared by the Student’s t-test or for 

multiple group comparisons, analysis of variance with Bonferroni post-hoc analysis.
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Results

Ethanol-treated myotubes have dysregulated protein homeostasis

Ethanol treatment results in a time-dependent reduction in puromycin incorporation, 

indicating decreased global protein synthesis (Fig. 1A) without altering cell viability in 

myotubes(Supplementary Fig. 1A). In addition to reduced protein synthesis, there was 

increased lipidation of LC3 and expression of Beclin1 in myotubes showing an increase 

in autophagy flux (Fig. 1B). In skeletal muscle from ethanol-fed compared with pair-fed 

mice, LC3 lipidation and Beclin 1 expression were higher and p62 lower (Fig. 1C). 

These observations show that ethanol inhibits protein synthesis and, concurrently, increases 

autophagy flux in myotubes and markers of autophagy in skeletal muscle of ethanol-fed 

mice.

Ethanol treatment impairs upstream signaling components that regulate protein 
homeostasis.

mTORC1 is a key regulator of protein synthesis and autophagy(8, 12, 30). Consistent 

with decreased protein synthesis and increased autophagy markers, ethanol impairs 

phosphorylation of the mTOR component of mTORC1 and its downstream targets P70S6K 

and ribosomal S6 protein in myotubes (Fig. 2A), and in skeletal muscles from ethanol-

fed mice (Fig. 2B). Intriguingly, activation of upstream canonical activator of mTOR, 

Akt(8, 23, 24) is unaltered (both Thr308 and Ser473) in ethanol-treated myotubes and skeletal 

muscles from ethanol-fed mice and alcoholic cirrhotics (Supplementary Fig. 1B).

Given unaltered Akt activation, assessment of AMPK, an energy sensor(10, 31) and negative 

regulator of mTOR (15, 32) was undertaken and showed reduced phosphorylation/activation 

of AMPK in myotubes exposed to ethanol and in muscle from ethanol-fed mice and 

alcoholic cirrhotics (Fig. 2C–E). AMPK was not activated despite ATP content being 

significantly reduced (canonical activator of AMPK) in ethanol-exposed myotubes and 

skeletal muscles from ethanol-fed mice and humans with alcoholic cirrhosis (Fig. 2F). 

Consistently, ethanol treatment decreased phosphorylation of targets of AMPK or mTORC1 

kinases, Ser317,555,777 or Ser757 respectively, on downstream regulatory molecule, ULK1, 

that was not differentially bound to PP2A(Supplementary Fig. 2A,B). Unaltered Akt 

phosphorylation and reduced AMPK phosphorylation would be expected to increase mTOR 

phosphorylation. However, our observation of reduced mTOR phosphorylation, suggests 

dephosphorylation as a mechanism of ethanol-mediated signaling responses.

Akt and AMPK regulate mTORC1 signaling by phosphorylating the signaling molecule 

TSC2, but phosphorylation of TSC2 was not altered following ethanol exposure 

(Supplementary Fig. 3A,B). Immunoprecipitation studies showed that TSC2 binding to 

the B56 regulatory subunit of the key phosphatase PP2A was similar in ethanol- and 

vehicle-treated myotubes, indicating that TSC2 activation is regulated by kinases (Akt 

and AMPK) and not by dephosphorylation (Supplementary Fig. 3C). Consistently, ethanol-

treated myotubes with or without TSC2 knockdown showed similar reduction in mTOR 

phosphorylation (Supplementary Fig. 3D). This finding that depletion of TSC2 does not alter 
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mTOR response to ethanol suggests kinase-independent phosphatase-driven mechanisms of 

mTOR regulation and was then evaluated.

Ethanol simultaneously impairs mTORC1 and AMPK activation by PP2A-dependent 
dephosphorylation.

Activity of PP2A was increased in PP2A immunoprecipitates in ethanol-treated myotubes 

and in gastrocnemius muscle of ethanol-fed mice (Fig. 3A), showing acute activation of 

PP2A could underlie mTOR and AMPK dephosphorylation. Furthermore, immunoblotting 

for the stress-activated mitogen-activated protein kinases (MAPKs-ERK, p38 MAPK and 

JNK1(33)) showed differential response wherein ethanol increased p38 MAPK and JNK1 

phosphorylation while simultaneously decreasing ERK phosphorylation (Supplementary 

Fig. 4A), showing specificity in the dephosphorylation events following ethanol exposure. 

Moreover, pre-treatment of myotubes with selective PP2A inhibitor, fostriecin(34), restored 

the phosphorylation status of mTOR and AMPK including its cognate downstream signaling 

molecules (Fig. 3B,C). Additionally, knockdown of the PP2A reversed the ethanol-induced 

reduction of mTOR phosphorylation and its downstream signaling molecules (Fig. 3D). 

In parallel, PP2A knockdown also reversed the ethanol-induced reduction in AMPK 

phosphorylation (Fig. 3E). Despite increased mTOR and AMPK phosphorylation following 

PP2A knockdown, there was an increase in protein synthesis with parallel reduction in 

autophagy markers (Fig. 3F,G) and autophagy flux (Fig. 3H).

Regulation of PP2A target proteins during exposure to ethanol is mediated by the B56 
regulatory subunit

Given that PP2A activity changes in response to ethanol, post-translational modifications 

including methylation that activates PP2A, and phosphorylation that reduces its 

activity(35–38), were assessed by immunoblotting. PP2A-activating methylation was 

increased while inhibitory phosphorylation was decreased in all 3 systems studied (Fig. 

4A–C). Further, mTOR and AMPK immunoprecipitates showed increased association with 

the B56 regulatory subunit in ethanol-treated myotubes and skeletal muscle from ethanol-fed 

mice and alcoholic cirrhotic patients (Fig. 4D–F). Akt immunoprecipitates showed minimal 

interaction with B56 in ethanol-treated myotubes (Supplementary Fig. 4B) demonstrating 

the specificity of the PP2A holoenzyme interaction with target molecules.

Loss of PP2A inhibition with ethanol occurs by inhibition of the PI3Kγ-I2PP2A axis

In addition to targeting of PP2A to specific signaling proteins, PP2A catalytic activity 

is regulated by the binding of inhibitory proteins I1- and I2-PP2A to the catalytic 

subunit (39, 40). PP2A immunoprecipitates showed marked decrease in interaction with 

I2-PP2A with no changes in interaction with I1-PP2A in muscle from ethanol-fed mice 

or skeletal muscle from alcoholic cirrhotics (Supplementary Fig. 5A,B). To determine 

the mechanism of regulation of PP2A, I2-PP2A immunoprecipitates were assessed for 

co-immunoprecipitating PP2A following ethanol treatment. Ethanol exposure resulted in 

reduced I2-PP2A interaction with PP2A-C (PP2A catalytic subunit C)(Fig. 5A). Similarly, 

I2-PP2A immunoprecipitates from skeletal muscle from ethanol-fed mice showed markedly 

reduced interaction with PP2A-C (Fig. 5B). Since phosphorylated I2-PP2A binds and 

inhibits PP2A(25), the phosphorylation state of I2-PP2A was assessed using custom-made 
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anti-phospho I2-PP2A (Ser9) antibody. Lower I2-PP2A phosphorylation was observed in 

the skeletal muscle of ethanol-fed mice (Fig. 5C) and alcoholic cirrhotic patients (Fig. 5D). 

These observations show decreased phosphorylation and binding of inhibitory I2PP2A to 

PP2A.

As PI3Kγ phosphorylates I2-PP2A thereby increasing its binding affinity to PP2A and 

inhibiting PP2A activity(25), immunoblotting was performed to assess for changes in PI3Kγ 
expression in response to ethanol. No appreciable changes in PI3Kγ expression was 

observed in ethanol-treated myotubes (Supplementary Fig. 6A) or skeletal muscles from 

ethanol-fed mice (Supplementary Fig. 6A). Given that PI3Kγ expression may not correlate 

with its activity, in vitro PI3Kγ activity was measured in PI3Kγ immunoprecipitates. 

Surprisingly, significant reduction in PI3Kγ activity was observed in ethanol-treated 

myotubes (Fig. 5E) and in muscles from ethanol-fed mice (Fig. 5F). These data show that 

decreased PI3Kγ could reduce I2-PP2A phosphorylation and consequent increased PP2A 

activity.

PI3Kγ expression reverses ethanol-mediated inhibition of mTOR and AMPK

Increased PI3Kγ activity by PI3Kγ overexpression in myotubes did not alter/inhibit 

PP2A activity in -untreated cells. However, PI3Kγ overexpression reduced ethanol-induced 

increased PP2A activity to basal levels (Fig. 6A). Immunoblotting for mTOR and signaling 

targets of mTORC1 in ethanol-treated myotubes showed that overexpression of PI3Kγ 
restored their phosphorylation status and signaling responses (Fig. 6B) while reversing 

ethanol-induced AMPK dephosphorylation (Fig. 6C). Functional responses included 

restoration of protein synthesis and autophagy flux in ethanol-treated myotubes (Fig. 6D,E) 

and myotube diameter (Fig. 6,F). These observations suggest that mTORC1 pathways play a 

dominant role overwhelming AMPK driven responses.

Given the increasing recognition of the role for kinase-independent function of 

PI3Kγ(26, 41, 42), kinase-dead PI3Kγ (PI3Kγ-KD) was expressed in myotubes and signaling 

responses with ethanol exposure were assessed. Expression of PI3Kγ-KD resulted in 

little change in phosphorylation of mTOR and AMPK (Supplementary Fig. 6B), ethanol 

treatment of cells expressing PI3Kγ-KD still increased PP2A activity (Supplementary 

Fig. 6C) indicating that ethanol effects are mediated via kinase-dependent function of 

PI3Kγ. PI3Kγ mediates its downstream signals via its lipid kinase activity(26, 42, 43) 

through plasma membrane recruitment. Signaling responses with ethanol exposure were not 

altered by overexpression of plasma membrane targeted myristoylated PI3Kγ (PI3Kγ-MT) 

(Supplementary Fig. 6D) suggesting that membrane localization of PI3Kγ is not critical in 

regulating ethanol-mediated signals.

In myotubes overexpressing PI3Kγ, mTOR and AMPK were co-immunoprecipitated and 

immunoblotted for PP2A to assess for regulation of PP2A by I2-PP2A. Ethanol treatment 

resulted in reduced interaction of mTOR and AMPK with PP2A (Fig. 6G), and associated 

PP2A activity was also lower with PI3Kγ overexpression in myotubes (Supplementary 

Fig. 6E). Furthermore, chronic ethanol feeding of PI3Kγ−/− and PI3Kγ+/+ mice of 

both sexes showed similar reduction in mTORC1 signaling (Fig. 6H, Supplementary 

Fig. 7A), decrease in AMPK dephosphorylation, increased autophagy flux/markers (Fig. 
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6I, Supplementary Fig. 7A,B), decreased fractional and total muscle protein synthesis 

rates (Fig. 6J, Supplementary Fig. 7C,D) and reduced skeletal muscle mass (Table 1, 

Supplementary Table 2 ). Furthermore, the absence of PI3Kγ did not alter PP2A activity 

in skeletal muscle as shown in the pair-fed PI3Kγ−/− mice (Supplementary Fig. 7E). These 

observations show that the biochemical phenotype observed in the absence of PI3Kγ mimics 

the signaling responses to ethanol-mediated inhibition of PI3Kγ in both male and female 

mice. These studies show the mechanistic role of PI3Kγ in ethanol-mediated sarcopenia 

via alterations in protein homeostasis through PP2A and lay the foundation for targeted 

therapies.

Discussion

Ethanol impairs both mTORC1 and AMPK function without alterations in the canonical 

upstream kinase, Akt. Instead, ethanol increased targeted dephosphorylation of specific 

proteins via its B56 regulatory subunit. Depletion of PP2A reversed ethanol-induced 

inactivation of mTORC1, with functional consequences that included increased protein 

synthesis and reduced autophagy. Loss and gain of function studies in vitro in myotubes and 

in mice showed that ethanol activates PP2A by suppression of PI3Kγ activity. These data 

provide direct evidence that impaired protein homeostasis in response to ethanol is due to 

dephosphorylation of mTOR via activation of PP2A in skeletal muscle.

Ethanol exposure leads to impaired mTORC1 function leading to reduced protein synthesis 

which is observed in ethanol-fed rodents and skeletal muscle from alcoholic cirrhotic 

patients(4, 5, 27, 44, 45). Mechanistically our studies show that among the multiple processes 

regulating mTORC1 complex(8, 11, 23), ethanol mediates loss in protein synthesis by driving 

dephosphorylation of mTOR independent of the key upstream regulator, Akt(9, 24). Our 

comprehensive set of data also supports the role of mTORC1 rather than mTORC2 as noted 

from the lack of differences in phosphorylation of Akt at both phosphorylation sites. Ethanol 

also increases autophagy flux in myotubes and mouse skeletal muscle as demonstrated by 

increased LC3-II lipidation with associated loss of mTORC1 signaling, a negative regulator 

of autophagy(30). These findings show that dysregulated protein homeostasis in response to 

ethanol occurs through simultaneous loss of protein synthesis and increased autophagy.

Consistent with a nutrient-deprived like state(11), ethanol-treated myotubes or skeletal 

muscles from ethanol-fed mice or alcoholic cirrhotic patients have reduced ATP content. 

AMPK is a cellular energy sensor(12, 13) as elevated AMP/ADP following nutrient 

deprivation bind to AMPK resulting in phosphorylation and activation(10, 31) restoring 

energy homeostasis. AMPK is known to inhibit mTORC1 through phosphorylation of 

negative regulator TSC2(11, 32) or direct inhibitory phosphorylation of mTOR-associated 

protein Raptor(15), suggesting that mTORC1 function may be subservient to activated 

AMPK in conditions of nutrient deprivation(11, 12, 15, 31). However, despite reduced ATP 

content, no activation of AMPK was observed following ethanol treatment. Therefore, 

in contrast to the classical inverse regulation of mTORC1 by AMPK during nutrient 

deprivation (11, 15), both mTORC1 and AMPK are inactivated in response to ethanol.
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Contrasting with classical phosphorylation-dependent activation of mTOR, we show that 

ethanol impairs mTOR function through active dephosphorylation. Similarly, AMPK is also 

dephosphorylated, showing a unique, yet comparable mechanism that underlies dysregulated 

protein homeostasis in response to ethanol. Although several phosphatases including PP2A, 

PP1 and PP2C have been implicated in the dephosphorylation of AMPK(46), less is known 

about dephosphorylation as a mechanism impairing mTORC1 function.

Although previous studies have reported kinase-independent regulation of mTORC1 and 

AMPK, less is known about the underlying mechanisms. Our data show increased PP2A 

activity in skeletal muscle cells following ethanol exposure. Studies have shown that ethanol 

activates PP1 in the lung(22), which could potentially dephosphorylate mTOR and AMPK. 

However, in skeletal muscle, PP2A dephosphorylates mTOR and AMPK in response to 

ethanol because inhibition of PP2A by fostriecin(34) reverses ethanol-induced mTOR and 

AMPK phosphorylation. Furthermore, PP2A knockdown restores downstream AMPK and 

mTORC1 signaling (reduction in LC3-II lipidation and preservation of P70S6K and 4E-BP1 

phosphorylation respectively) accounting for increased protein synthesis despite ethanol 

exposure. These observations show that PP2A is a key phosphatase for AMPK and mTOR in 

skeletal muscle in response to ethanol exposure. Studies have shown that ethanol can either 

activate PP2A in rat hepatocytes(17) or inhibit protein phosphatase(20) suggesting context-

specific responses. However, using multiple models, we have observed that ethanol through 

downstream mechanisms consistently activates PP2A in skeletal muscle. Even though we 

have not explored the role of other phosphatases including PP1(22), our data show that the 

observed effects of ethanol are primarily mediated via PP2A activation.

We show that ethanol increases PP2A activity and dephosphorylation of critical signaling 

molecules, contrasting with the paradigm that PP2A activity is a passive homeostasis 

maintaining process(47). There is evidence that PP2A activity can be acutely regulated(48) 

by methylation of the PP2A catalytic subunit that increases activity(38) or tyrosine 

phosphorylation that inhibits PP2A activity(35). Also, increased association of PP2A with 

target proteins via the PP2A regulatory B-subunit(49) leads to dephosphorylation of target 

proteins, while inhibition of PP2A activity occurs by binding of endogenous inhibitors of 

PP2A(25, 39). Consistent with acute regulation following exposure to ethanol, there was 

a significant increase in methylated PP2A with concomitant decrease in phospho-PP2A. 

This suggests that the phosphorylation-methylation axis(25, 37, 39) is responsible for ethanol-

mediated activation of PP2A because inhibition of PI3Kγ by ethanol releases the PP2A 

catalytic subunit from its regulatory control with methylation causing increased PP2A 

activity. Increased interaction of the PP2A regulatory B-subunit with AMPK and mTOR 

showed augmented targeting of PP2A causes dephosphorylation of regulatory molecules. 

Simultaneously, we also observed reduced I2-PP2A interaction with PP2A following ethanol 

treatment, supporting elevated PP2A activity. Thus, ethanol increases PP2A activity by 

engaging multiple pathways providing the mechanistic underpinnings for previous reports of 

ethanol activating PP2A in the heart(19) and hepatocytes(17, 21) with inhibition of AMPK and 

increased phosphorylation of riboS6, an mTORC1 target(21).

Given that PI3Kγ can mediate acute effects, our findings of reduced phospho-I2PP2A 

following ethanol exposure suggests that PI3Kγ-dependent mechanisms could be the major 
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regulator of PP2A activity. Our findings that ethanol-fed PI3Kγ−/− mice have elevated 

PP2A activity and LC3-II lipidation with colchicine (suggesting increased autophagy flux) 

support this inference. PI3Kγ is a key upstream regulator of Akt(41, 43) and despite reduced 

PI3Kγ activity, Akt activation was unaltered in response to ethanol, showing that loss 

of mTOR phosphorylation was due to dephosphorylation by activation of PP2A through 

inhibition of PI3Kγ. Consistently, overexpression of wild-type PI3Kγ in myotubes reduced 

PP2A activity and reversed phosphorylation of proteins involved in protein synthesis and 

in AMPK. Furthermore, expression of wild-type PI3Kγ leads to increased association 

of I2-PP2A with PP2A and reduction in mTOR- and AMPK-associated PP2A activity. 

Corroborating previous studies(39), our findings suggest that increased I2-PP2A binding to 

PP2A may reduce the interaction with the regulatory B-subunit and subsequent interaction 

with target proteins. Based on our current findings and that of others(48), we believe that 

the acute regulation of PP2A by I2-PP2A could be the key mechanism present in skeletal 

muscle. In this context, ethanol inhibits PI3Kγ activity resulting in activation of PP2A 

that mediates dephosphorylation of target proteins and contrasting with classical kinase 

activation, ethanol activates PP2A with dysregulated protein homeostasis. We also did not 

observe any sex differences in mice phenotype or signaling responses to ethanol that was 

consistent with previous reports in human patients with ALD.

Our studies show that exposure to ethanol results in decreased ATP content, mTORC1 

signaling, and protein synthesis, while autophagy is increased, findings characteristic of a 

cellular starvation state. Paradoxically, these perturbations are associated with no activation 

of AMPK, characteristic of a fed state. We call this unique phenotype of simultaneous 

inactivation of mTOR and AMPK by ethanol a “pseudofed state” because the functional 

responses are those of impaired mTORC1 signaling observed in a fasted state. This 

“pseudofed state” is phenotypically opposite to previous reports of a “pseudofasted state” 

wherein AMPK and mTOR are activated simultaneously in response to olanzapine(50). We 

also noted that ethanol-activated PP2A dephosphorylates AMPK, overriding the classical 

regulation despite energy surfeit/deficiency, and that PP2A activation is target specific. 

These findings highlight the formerly underappreciated idea that acute regulation of the 

PI3Kγ-PP2A axis mediate functional and phenotypic outcomes by inhibiting protein 

synthesis and increasing autophagy in response to ethanol (Fig. 7).

The clinical significance of these data are related to the high frequency, greater severity and 

more rapid rate of progression of sarcopenia in ALD(3). Identifying the mechanistic basis for 

molecular and functional perturbations allows for development of novel targeted therapeutic 

approaches in these patients.
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Fig. 1. Ethanol causes simultaneous reduction in protein synthesis and increased autophagy in 
myotubes and mouse muscle.
A. Representative immunoblots and densitometry (entire lane) for puromycin incorporation 

in C2C12 myotubes treated with 100mM ethanol for varying time points. B. Representative 

immunoblots and densitometry of LC3II lipidation, Beclin1 and p62 in myotubes 

treated with and without 100mM ethanol and/or chloroquine n=3 biological replicates). 

C. Representative immunoblots and densitometry of LC3 lipidation, Beclin1 and p62 

in the gastrocnemius muscle of ethanol or pair-fed mice . Data: mean±SD. *p<0.05; 
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**p<0.01; ***p<0.001 vs. untreated control myotubes (ANOVA) or pair-fed mice (unpaired 

Student’s ‘t’ test). E:ethanol-treated; EF:ethanol-fed mice (n=4); PF:pair-fed mice (n=6); 

UnT:untreated myotubes.
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Fig. 2. Ethanol impairs regulatory signaling in myotubes and skeletal muscle from mice and 
human subjects.
A,B. Representative immunoblots and densitometry of mTOR phosphorylation and 

mTORC1 signaling in ethanol-treated C2C12 myotubes and gastrocnemius muscle 

of ethanol or pair-fed mice. C-E. Representative immunoblots and densitometry of 

phosphorylated AMPK in ethanol-treated myotubes, muscle from ethanol or pair-fed mice 

and skeletal muscle from alcoholic cirrhosis and controls. F. ATP content in myotubes, 

mouse or human skeletal muscle. All data expressed as mean±SD from n=3 biological 

replicates of myotubes, n=4 in PF and n=6 EF mice; human cirrhotics and controls n=5 

each. *p<0.05; **p<0.01; ***p<0.001 vs. untreated control myotubes (ANOVA) or pair-fed 

mice/control subjects (unpaired Student’s ‘t’ test). CIR:alcoholic cirrhotics; CTL:control 

subjects, E, EtOH:ethanol; EF:ethanol-fed mice; PF:pair-fed mice; UnT:untreated myotubes.
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Fig. 3. Ethanol-mediated increase in PP2A activity dephosphorylates specific signaling 
phosphoproteins.
A.PP2A activity-fold change in myotubes and mouse muscle. B.Representative 

immunoblots and densitometry of mTOR phosphorylation and mTORC1 signaling response 

to fostriecin in ethanol-treated myotubes. C.Representative immunoblots and densitometry 

of phosphorylated AMPK with and without fostriecin. D.Representative immunoblots and 

densitometry of mTORC1 activation and signaling in ethanol-treated myotubes transfected 

with shPP2A or scrambled construct. E.Representative immunoblots and densitometry 
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of phosphorylation of AMPK in ethanol-treated myotubes transfected with shPP2A or 

scrambled construct. F.Protein synthesis in ethanol-treated myotubes transfected with 

shPP2A. G.Representative immunoblots densitometry of autophagy markers in myotubes 

transfected with shPP2A or scrambled construct. H.Representative photomicrographs 

of myotubes transfected with GFP-LC3 treated with ethanol and lysosomal inhibitor, 

chloroquine. Bars graphs show number of myotubes with ≥5 punctae. Data: mean±SD 

from n=3 biological replicates for myotubes; quantification of punctae from at least 100 

myotubes from 5 independent slides. and n=4 PF and n=6 EF mice. *p<0.05; **p<0.01; 

***p<0.001 vs. untreated control myotubes (ANOVA) or pair-fed mice (unpaired Student’s 

‘t’ test). E:ethanol-treated myotubes; EF:ethanol-fed mice; PF:Pair-fed mice; Scr:scrambled 

construct; UnT:untreated myotubes.
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Fig. 4. Ethanol activates PP2A via inhibitory I2PP2A and targets specific signaling molecules via 
the B56 regulatory subunit in myotubes and muscle tissue from mice and human subjects.
A-C.Representative immunoblots and densitometry of methylated and phosphorylated PP2A 

in myotubes and skeletal muscle from mice and human subjects. D-F.Immunoprecipitate 

of AMPK and mTOR immunoblotted for PP2A regulatory subunit, B56 in myotubes 

and skeletal muscle from mice and human subjects. Data: mean±SD from n=3 biological 

replicates for myotubes; n=4 PF and n=6 for EF mice and n=5 each for human 

subjects. **p<0.01; ***p<0.001 vs. untreated control myotubes (ANOVA) or pair-fed 
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mice/control subjects (unpaired Student’s ‘t’ test). CIR:cirrhosis patients; CTL:control 

subjects; E:ethanol-treated myotubes; EF:ethanol-fed mice; PF:pair-fed mice; UnT:untreated 

myotubes.
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Fig. 5. Ethanol increases PP2A by inhibition of the kinase domain of PI3KY in myotubes and 
skeletal muscle from mice and human subjects.
A-B.Immunoprecipitate of I2PP2A, from myotubes and gastrocnemius muscle from mice, 

probed for PP2A Catalytic subunit. C-D.Immunoblots of phosphorylated and total I2PP2A 

from skeletal muscle from mice and human subjects. E-F.Representative thin layer 

chromatograms and densitometry of phosphatidyl-inositol-3-phosphate as a measure of 

PI3KY activity in myotubes and gastrocnemius muscle from mice. Data: mean±SD from 

n=3 biological replicates for myotubes; n=4 PF and n=6 for EF mice and n=5 each for 

Davuluri et al. Page 21

Hepatology. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



human subjects. *p<0.05; **p<0.01; ***p<0.001 vs. untreated control myotubes (ANOVA) 

or pair-fed mice/control subjects (unpaired Student’s ‘t’ test). CIR:cirrhosis patients; 

CTL:control subjects; E:ethanol-treated myotubes; EF:ethanol-fed mice; PF:pair-fed mice; 

PIP:phosphatidyl inositol phosphate; Ori:origin; UnT:untreated myotubes.
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Fig. 6. Ethanol-induced increase in PP2A activity and its consequences are mediated via PI3KY.
A.PP2A activity in PI3KY-overexpressing myotubes. B-F.Representative immunoblots and 

densitometry of mTOR phosphorylation and mTORC1 signaling, phosphorylated AMPK, 

protein synthesis, autophagy flux, and myotube size (representative photomicrographs 

and diameter) in PI3KY-overexpressing myotubes. G.Immunoprecipitate of I2PP2A 

immunoblotted for PP2A Catalytic subunit; immunoprecipitates of AMPK and mTOR 

immunoblotted for PP2A regulatory subunit, B56; immunoprecipitate of PP2A regulatory 

subunit, B56 immunoblotted for AMPK and mTOR. H,I. Representative immunoblots of 

mTORC1 signaling and autophagy flux in muscle from ethanol and pair-fed PI3KY+/+ and 

PI3KY−/− female mice. J. Fractional (FSR) and total (TSR) muscle protein synthesis rates 

in female ethanol and pair-fed PI3KY+/+ and PI3KY−/− female mice. Data: mean±SD from 

n=3 biological replicates for myotubes; n=4 PF and n=5 for EF mice (each with and without 
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colchicine) and n=5 each for human subjects. *p<0.05; **p<0.01; ***p<0.001 vs. untreated 

control myotubes (ANOVA) or pair-fed mice (unpaired Student’s ‘t’ test). E:ethanol-

treated myotubes; EF:ethanol-fed mice; PF:pair-fed mice; UnT:untreated myotubes. All 

immunoprecipitates from myotubes.
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Fig. 7. 
Schematic model of ethanol mediated PI3KY-PP2A axis with phosphatase dependent 

regulation of regulatory kinases.
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Table 1.

Body weight and organ weights in the PI3KY−/− and PI3KY+/+ mice

Female mice PI3K+/+ PF PI3K+/+ EF PI3K−/− PF PI3K−/− EF

Number 8 10 8 10

INITIAL BW 19.5±2.1 19.5±1.5 19.7±3.3 18.6±0.9

FINAL BW 23.5±1.9 23.1±1.3 22.6±1.9 21.3±1.2

Δ BW 4.0±0.8 3.6±1.0 3.0±2.2 2.6±0.8

Avg. intake (ml/d) ND 23.4±3.2 ND 23.4±3.3

MUSCLE WT 0.23±0.01
0.16±0.03

** 0.23±0.03
0.16±0.02

***

HEART WT 0.12±0.01 0.12±0.01 0.11±0.01 0.10±0.01

LIVER WT 1.07±0.14 1.12±0.17 1.00±0.17 0.96±0.10

TG 50.9±18.7 67.6±26.4 52.4±16.2 72.5±16.8

ALT 24.5±8.8
34.8±6.9

* 19.9±6.4
41.6±17.3

*

AST 60.4±34.0 64.9±17.1 61.1±28.0 69.5±24.2

Male mice PI3K+/+ PF PI3K+/+ EF PI3K−/− PF PI3K−/− EF

Number 4 6 4 6

INITIAL BW 28.5±0.5 29.0±1.3 26.6±1.5 26.9±1.2

FINAL BW 31.5±1.0 28.5±2.0 29.2±1.3 27.8±0.8

Δ BW 3.0±0.8 −0.6±0.8 2.6±0.4 0.9±0.8

Avg. intake (ml/d) ND 28.1±1.2 ND 27.1±1.3

MUSCLE WT 0.28±0.01
0.17±0.02

** 0.28±0.01
0.16±0.01

***

HEART WT 0.16±0.03 0.14±0.01 0.16±0.02 0.14±0.01

LIVER WT 1.45±0.02 1.50±0.15 1.37±0.15 1.46±0.17

TG 43.1±6.1 87.5±20.8 45.8±23.4 79.5±30.6

ALT 35.2±7.2
42.5±15.4

* 41.1±25.9 43.9±14.6

AST 59.5±11.8 64.2±18.3 71.7±52.9 58.1±10.0

BW body weight in gm.; TG Hepatic triglyceride content (mg/g liver tissue); AST serum aspartate amino transferase (U/L); serum ALT alanine 
amino transferase (U/L). All values are mean±SD.

***
p<0.001

**
p<0.01

*
p<0.05 vs. pair fed

Hepatology. Author manuscript; available in PMC 2022 May 01.


	Abstract
	Introduction
	Materials and Methods
	Antibodies:
	Generation of phospho-I2PP2A antibody.
	Human Studies.
	Mouse studies.
	In vitro cell culture studies and stable transfection:
	Protein synthesis:
	Immunoblotting and immunoprecipitation studies:
	PP2A activity assay:
	PI3Kγ activity assay.
	Statistical analyses:

	Results
	Ethanol-treated myotubes have dysregulated protein homeostasis
	Ethanol treatment impairs upstream signaling components that regulate protein homeostasis.
	Ethanol simultaneously impairs mTORC1 and AMPK activation by PP2A-dependent dephosphorylation.
	Regulation of PP2A target proteins during exposure to ethanol is mediated by the B56 regulatory subunit
	Loss of PP2A inhibition with ethanol occurs by inhibition of the PI3Kγ-I2PP2A axis
	PI3Kγ expression reverses ethanol-mediated inhibition of mTOR and AMPK

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Table 1.

