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Abstract

Alcoholism and acquired immune deficiency syndrome INTRODUCTION
are associated with severe muscle wasting. This impair-
ment in nitrogen balance arises from increased protein
degradation and a decreased rate of protein synthesis.
The regulation of protein synthesis is a complex pro-
cess involving alterations in the phosphorylation state
and protein-protein interaction of various components
of the translation machinery and mammalian target of
rapamycin (mTOR) complexes. This review describes - - >/ e ]
mechanisms that regulate protein synthesis in cultured ~ Wasting during catabolic illness is linked to increased
C2C12 myocytes following exposure to either alcohol morbidity and mortality, with the loss of muscle arising

Alcoholism can cause diverse metabolic and functional
changes in skeletal and cardiac muscle, and when con-
sumed in excess, it has detrimental effects on essentially
all organs. A hallmark of prolonged alcohol (EtOH)
abuse is the loss of lean body mass, similar to that com-
monly observed in patients with acquited immune defi-
ciency syndrome (AIDS), cancer and sepsis”’z]. Muscle

or human immunodeficiency virus antiretroviral drugs, ~ from a decreased rate of g}fOteiﬂ synthesis and/or in-
Particular attention is given to the upstream regulators creased protein degﬁad?UOH E
of mTOR complexes and the downstream targets which Protein synthesis is a highly regulated process that

play an important role in translation. Gaining a better ~ includes amino acid transport, signal transduction events,
understanding of these molecular mechanisms could transcription and translation. Ribosomal translation
have important implications for preventing changes in ~ of mRNA is composed of three phases: (1) initation,
lean body mass in patients with catabolic conditions or ~ Whereby methionyl-tRNA attaches to a 40S ribosomal

illnesses. subunit to form the 43S pre-initiation complex. This
complex binds to mRNA, with subsequent binding of
© 2012 Baishideng. All rights reserved. 60S to form an active 80S ribosome complex capable of
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translation; (2) elongation, during which tRNA-bound
amino acids are incorporated in growing polypeptide
chains; and (3) termination, where the completed protein
is released from the ribosome* .

EtOH adversely affects protein synthesis, both in
animal isolated organs and in cell culture systems[&“]. The
mechanism responsible for the EtOH-induced inhibition
of muscle protein synthesis is, in part, mediated through
the mammalian target of rapamycin (mTOR). mTOR is a
central regulator of cell growth, survival and metabolism
under both catabolic and anabolic conditions"”"”. The
mTOR kinase exerts its effect as part of two biochemi-
cally and functionally distinct protein complexes termed
mTOR complex (mTORC)1 and mTORC2"*", Tn ad-
dition to mTOR, the proteins mLST8/GpL and Deptor
(DEP- domain-containing mTOR-interacting protein)[ls]
are members of both mTORC1 and mTORC2. On
the other hand, raptor (regulatory associated protein
of mTOR) and proline rich Akt substrate of 40 kDa
(PRAS40), are unique members of mTORCI, whereas
Rictor (rapamycin insensitive companion of mTOR),
stress-activated protein kinase (SAPK)-interacting protein
1 (Sin1) and PRR5/Protor (protein observed with rictor)
are distinct components of mTORC2!"™""?!,

A number of signaling pathways are involved in en-
hancing or inhibiting mTORCI activity. For example,
stimulation of mTORC1 by growth factors is regulated
via phosphoinositol-3 kinase (PI3K)/Akt and the mito-
gen-activated protein kinase (MAPK) pathways which
are initiated by ligand binding to cell membrane-bound
cognate receptors“4’22’23]. Recently, phospholipase D (PLD)
and its metabolite phosphatidic acid (PA) have been
shown to regulate mTORC1 activity®?, Likewise, Rag
GTPases appear to play an important role in amino acid
signaling to mTORC1™. In each case, the activation of
mTORCI alters the phosphorylation state and the func-
tion of direct substrates, such as the eukaryotic initiation
factor 4E binding protein 1 (4E-BP1) and ribosomal S6
kinase 1 (S6K1). As such, these changes are tightly cou-
pled with increased protein synthesis.

In contrast to anabolic stimuli, environmental and
nutritional stressors negatively affect mTORC1 through
the metabolic controller AMP-activated protein kinase
(AMPK)P*, Despite progress in understanding how
growth factors regulate mTORCI signaling, it remains
unclear how EtOH controls this pathway. In this review,
we focus on the mechanism by which EtOH regulates
mTORC1 as well as the downstream targets involved in
the process of translation initiation and elongation.

REGULATION OF MTORC1 ACTIVITY BY
ETOH ACTIVITY BY ETOH

The control of protein synthesis is a complex process

involving alterations in the phosphorylation of various
downstream signaling components of mTORC1 and
mTORC2™* 1n the presence of EtOH, there is a de-
crease in mMTORCI activity towards its substrate proteins
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4E-BP1 and S6K1™". Decreased 4E-BP1 phosphoryla-
tion redistributes eIF4E from the active eIF4E/elF4G
complex to the inactive eIF4AE/4E-BP1 complex. This
suppresses the binding of the active complex to the
mRNA cap and inhibits translation initiation. Reduced
S6K1 activity, on the other hand, affects several sub-
strates including eukaryotic elongation factor 2 kinase
(eBF2K), and protein phosphatase 2A (PP2A)*!. As a
consequence of these changes, there is an increase in
eBEF2 phosphorylation, thereby suppressing the elonga-
tion process. Conversely, EtOH stimulates mTORC2
activity as exemplified by increased S473 phosphoryla-
tion of Akt™. This, in turn, enhances the phosphoryla-
tion of PRAS40, as well as increasing its interaction with
mTOR!"", Collectively, these data indicate a regulatory
link between these two mTOR complexes.

Based on current information, several upstream pro-
teins play an important role in regulating mTORCI1 activ-
ity in response to EtOH (Figure 1). AMPK phosphory-
lation and activation are increased by EtOH, thereby
downregulating mTORCI1 signaling. EtOH also affects
the PI3K pathway that signals through the Akt kinase and
PLD pathways. Finally, MAPK signaling has been shown
to negatively mediate the effect of EtOH and regulate
the activity of mTORCI.

UPSTREAM REGULATORS OF MTORC1

AMPK pathway

AMPK plays an important role in the process of cellular
energy homeostasis. Activation of AMPK leads to the
upregulation of ATP production pathways; conversely,
this supptesses energy consuming processes such as pro-
tein synthesis'™”. Stimulation of AMPK is known to have
a protective effect in cells. For example, in cardiomyocyc-
tes, AMPK activation constrains hypertrophic growthl34].
Likewise, this kinase appears to play a role in protecting
against hypoxic injurypg]. In contrast to muscle, AMPK
activity is reduced in liver and cultured hepatoma cells
following EtOH treatment™ ™! and this may explain
a number of adverse effects associated with this drug.
Along these lines, upregulation of AMPK with the phar-
macological agent 5-aminoimidazole-4-carboxamide-1-
B-D ribonucleoside (AICAR) prevents the development
of alcohol-induced fatty liver in animals™. A more
detailed examination of the differences between muscle
and liver responses to EtOH is beyond the scope of the
current review.

Recently, we reported that EtOH increases the phos-
phorylation of AMPK in C2C12 rnyocytes[w’m. This
increase was associated with enhanced AMPK activity, as
determined via an in vitro kinase assay utilizing immuno-
isolated AMPK and the substrates acetyl-CoA carboxyl-
ase and raptor. The impairment of mTOR signaling by
EtOH is mediated by a variety of protein modifications
that are facilitated by AMPK. These include enhanced
phosphorylation levels for the mTORCI component rap-
tor, the GTPase-activator protein (GAP) tuberous sclero-
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Figure 1 Proposed model for the regulation of mammalian target of rapamycin complex 1 and mammalian target of rapamycin complex 2 in response to
EtOH. EtOH decreases the activity of mammalian target of rapamycin complex (mTORC)1 toward its substrates 4E binding protein 1 (4E-BP1) and S6 kinase 1 (S6K1).
This process is mediated via multiple signaling routes including AMP-activated protein kinase (AMPK), phosphoinositol-3 kinase (PI3K)/Akt, phospholipase D (PLD)
and Rag GTPases. The role each of these upstream regulators plays in affecting mTORC1 function is discussed in the text. The decrease in S6K1 phosphorylation
with EtOH signals to mTORC2 as part of a feedback loop. As such, EtOH increases mTORC2 activity toward Akt, which then enhances phosphorylation of its sub-

strate proline rich Akt substrate of 40 kDa (PRAS40).

sis complex 2 (TSC2)"*" and the elongation factor eEF2
(for more details see below).

Raptor functions as a scaffold protein in mTORC1
and it recruits mTORC1 substrates. The importance
of raptor in mTOR signaling has been highlighted us-
ing deletion and knockdown approaches, both of which
diminish mTORC1 activityHS’iOJ. Alteration of the phos-
phorylation state of various mTORCI components can
affect the activity of this complex. These modifications
also affect the protein-protein interactions that occur
within mTORCI1, as well as with other cytosolic proteins.
Indeed it has been reported that activation of AMPK un-
der energy stress increases the phosphorylation of raptor
at §792 and enhances the interaction of this protein with
the cytosolic anchor protein14—3—3m. The 14-3-3 protein
regulates the activity of binding partners by inducing
changes in their catalytic activity, either through a confor-
mational change, a masking of the catalytic region of the
protein, or the translocation of the protein to another
site, such as from the nucleus to the cytoplasmmw. As
such, existing protein-protein interactions are disrupted.
EtOH increases raptor phosphorylation at this residue,
concurrent with an increased interaction with 14-3-3.
Furthermore, this drug increases the binding of mTOR
with other mMTORC1 components in C2C12 myocytes[mj.
Hence, it is possible that the increased association of
raptor with mTOR and 14-3-3 is partially responsible for
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the decreased mTOR activity, as assessed by its effect on
4E-BP1 and S6K1.

AMPK regulates mTOR, at least in part, via its action
on TSC2P**, Following activation, TSC2 localizes to
the endosome/lysosome membrane whete it serves as a
GAP for the small G-protein Ras homolog enriched in
brain (Rheb)®*". When TSC2 is active, it converts Rheb
from the GTP form to Rheb-GDP, thereby blocking the
ability of Rheb to activate mT'OR signaling. The activ-
ity of Rheb is also dependent upon its ability to bind to
mTORP™, Interestingly, Rheb binds to mTOR in either
its active or inactive state®’. However, the GTP form of
Rheb is required for the activation of mTOR signaling,
thereby enhancing the ability of mTOR to regulate its
substrates.

The function of TSC2 can be either stimulated or
inhibited following phosphorylation, and this is depen-
dent upon the site targeted. Phosphorylation of TSC2 at
S1345 by AMPK enhances the activity of this proteinlSS].
In contrast, phosphorylation of TSC2 (11462, S939) by
PI3/Akt inhibits the function of TSC2 and reduces its
suppressive effect toward Rheb™ . Tt should be noted
that phosphorylation of TSC2 does not directly affect
the GAP activity of this protein, suggesting that other
mechanisms are responsible for its function. Indeed, it
has been proposed that phosphorylation of TSC2 at
8939 by Akt increases binding of TSC2 with 14-3-31",
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As such, this may sequester TSC2 in the cytosol, thereby
preventing the interaction of this protein with Rheb.

Under conditions of energy starvation, there is an in-
crease in phosphorylation of TSC2 at S1345 and T1227.
The importance of these sites has been demonstrated in
studies in which mutations of S1337, S1341 and S1345
inhibited the stress-induced activation of TSC2, thereby
decreasing its ability to regulate Rheb"™. Similar to the
effects of energy deprivation, EtOH increases the phos-
phorylation of TSC2 at S1387, and this may enhance the
ability of TSC2 to negatively regulate Rheb. However,
it is unknown whether EtOH alters the nucleotide state
of Rheb. Nevertheless, if EtOH increases the amount of
Rheb in the GDP form, then this change may account
for the observed decrease in protein synthesis. Regard-
less, EtOH has been shown to decrease the extent of the
Rheb-mTOR interaction. Again, this does not necessar-
ily signify a decrease in the GTP form of Rheb, because
both Rheb-GTP and Rheb-GDP bind with equal effi-
ciency to mTOR"". However, the overall decrease in the
Rheb-mTOR interaction would be expected to decrease
mTORCI activity.

The MEK/ERK signaling pathway also mediates
mTOR signaling via its effect on TSC2. Upon activa-
tion, ERK phosphorylates TSC2 at residue S664, thereby
repressing the GAP activity of this protein towards
Rheb""™, This is comparable to the inhibition of TSC2
produced by insulin activation of the PI3K/Akt pathway.
Owing to the fact that AMPK, ERK and Akt phosphory-
late TSC2 at different sites, it appears that these pathways
act independently in regulating the function of TSC2. At
present it is unknown whether EtOH signals to TSC2
via the MEK/ERK pathway, although EtOH has been
reported to decrease MEK/ERK and p90RSK signal-
ing[é()]. In contrast to insulin, EtOH does not alter TSC2
phosphorylation at the site (T1462) which is targeted by
Akt". Thus, these data suggest that EtOH signals to
TSC2/Rheb via a PI3K/Akt/TSC2 independent pathway.

PLD

PLD is a lipid metabolizing enzyme that plays an impor-
tant role in epidermal growth factor-mediated cellular
proliferation[zﬂ. Recent work suggests a role for PLD as
an upstream regulator of the mTOR pathway, perhaps
being linked to Rheb™™. The putative connection be-
tween these proteins is based on the observation that
Rheb binds to PLLD under 7z vitro conditions and stimu-
lates its activity. As noted above, Rheb is activated by the
AMPK/TSC2 pathway, suggesting that AMPK also plays
a role in regulating PLD. From a mechanistic standpoint,
PLD acts to hydrolyze phosphatidylcholine into choline
and PA, with PA functioning as a second messenger. PA
also regulates the mTOR pathway in mitogenesis and in
the mechanical stimulation of muscle growth. Although
the mode of PA action in regulating mTORCI is uncer-
tain, it has been posited to interact with mTOR, thereby
stabilizing the interaction of mTOR to the other compo-
nents in mTORC1 and mTORC2". On the other hand,
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it has also been suggested that PA regulates mTOR iz
an indirect mechanism. As such, the PA metabolite LPA
(ysophosphatidic acid) has been proposed to increase
mTOR activity zia the activation of the MEK/ERK
pathwaym.

EtOH and 1-butanol appear to effect mTOR signal-
ing via their negative impact on PLD activity™, Although
the mechanisms have not been established, EtOH has
been shown to affect AMPK/TSC2/Rheb™. Because
Rheb is upstream mediator of PLD" the inactivation of
Rheb by EtOH may downregulate the production of PA.
In addition to these signaling events, a second mechanism
has also been proposed to explain the decrease in PA
levels following EtOH exposure. Ethanol completes with
water as a substrate for PLLD, and as such, this results in
the preferred production of phosphatidylethanol”. Al-
though the effects of phosphatidylethanol on mTORC1
signaling are unknown, the decrease in PA levels should
negatively impact mTORCT activity. Accordingly, butanol
decreases serum-stimulated phosphorylation of S6K1
and 4E-BP1, and this effect can be counteracted vz the
addition of PA"". Likewise, the adverse effects of EtOH
on differentiation and mTOR signaling for neural stem
precursor cells are negated following the addition of
PA®. In agreement with these studies, we observed that
PA addition counteracts the suppressive effect of EtOH
in C2C12 myocytes.

Rag GTPases

The Rag proteins are a family of four related small GT-
Pases which have been implicated in amino acid signal-
ing to mTORC1®*!, Rag proteins form heterodimers,
whereby a single RagA or RagB protein interacts with ei-
ther RagC or RagD. The function of the Rag complexes
are controlled by the nucleotide loading state of RagA
or RagB, as evidenced by over-expression of the consti-
tutively active form of GTP-bound Rag heterodimer"”
Recent studies reported an increased interaction of Rag
proteins with raptor and mTOR following exposure to
leucine. This Rag-mTORC1 complex is translocated to
endosomal/lysosomal membranes where it associates
with the ragulator, a trimeric complex consisting of pl4,
p18 and MP1 proteinsm. The association of mTORC1
with lysosomal membranes promotes mTORC1 activa-
tion by increasing its co-localization with Rheb.

Rag proteins may be an important target for the ac-
tion of stressors. Along these lines, EtOH has been
shown to cause leucine resistance under both 7z »ive and
in vitro circumstances' . Indeed, we showed that EtOH
attenuates the association of Rag proteins with raptor in
C2C12 myocytes. This decreased interaction also reduces
the binding of Rheb and mTOR. Thus, it may account
for the decline in mTORCI activity. In addition to the
effects on protein-protein interactions, EtOH may affect
the nucleotide state of Rag proteins. Along these lines,
the suppressive effect of EtOH on mTORCI activity can
be overcome by over-expressing GTP-bound Rag pro-
teins. Thus, these data suggest that a change from active

June 26, 2012 | Volume 3 | Issue 6 |



Hong-Brown LQ et a/. Ethanol and mTOR signaling

to inactive Rag heterodimer plays an important role in
mediating the negative effects of EtOH"".,

THE MTORC1 DOWNSTREAM TARGETS
S6K1 and 4E-BP1

Various signaling pathways converge on mTORCI,
thereby affecting its activity towards downstream targets
including 4E-BP1 and S6K1. The translation repressor
protein 4E-BP1 binds to elFF4E and inhibits the elF4E-
elF4G interaction. This prevents the formation of the
active elFF4E-elF4G complex which plays an important
role in the cap-dependent translation initiation process.
Hyperphosphorylation of 4E-BP1 in response to insulin
and insulin-like growth factor (IGF-1) releases elF4E
from 4E-BP1, and increases its binding with elF4G"™,
On the other hand, hypophosphorylation of 4E-BP1 un-
der catabolic conditions, such as observed in sepsis and
burn, or after treatment with human immunodeficiency
virus (HIV) antiretroviral drugs increases its binding with
elF4E and blocks the formation of the initiation com-
plex 57 EtOH also decreases the phosphorylation of
4E-BP1 both in muscle and in C2C12 myocytes, thereby
disrupting the formation of active elF4E-elF4G initia-
tion complex™”. Thus, this treatment appears to dimin-
ish the binding of mRNA with the ribosome and limit
protein synthesis.

S6K1 plays an important role in protein synthesis in
skeletal muscle. This is evidenced by data from genetic
studies in which S6K1 null mice are smaller than their
wild-type littermates and exhibit muscle atrophy. Like-
wise, exposure to rapamycin or S6Kl deletion causes
similar reductions in myocyte size™. Activation of S6K1
by growth factors and mitogenic stimuli is regulated
through serial phosphorylation. In contrast, both z vive
and zn vitro studies of muscle and C2C12 myocytes show
that EtOH inhibits the ability of S6K1 to regulate down-
stream targets such as ribosomal protein S6 (rpS6)™**!,
Whereas the function of rpS6 is not fully understood,
S6K1 also phosphorylates several substrate proteins in-
volved in translation initiation including eIF4B, PDCD4,
as well as a kinase and phosphatase that control the elon-
gation process (eEF2K, PP2A). In addition, S6K1 regu-
lates rictor and insulin receptor substrate-1 as part of the

mTORC1-dependent feedback loop with mTORC2**,

eEF2K, PP2A and eEF2

Translation elongation utilizes a set of proteins termed
eukaryotic elongation factors (eEFs). These proteins,
which include eEFlA eEF1B and eEF2 mediate ribo-
somal translocation™ Phosphorylatlon of eEF2 is a
prime regulator of this protein, with increased phosphor-
ylation resulting in reduced activity, along with decreases
in the rate of protein synthesis®”. One of the upstream
regulators of eEF2 is eEF2K, a Ca’* " /calmodulin kinase
M"**". The activity of ¢eEF2K can be mediated via a
number of signaling pathways, including mTOR/S6K1
and the SAPK 2a/p38. These finding have been con-
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Figure 2 Proposed model for regulation of eukaryotic elongation factor
2 by EtOH and human immunodeficiency virus antiretroviral drug lopina-
vir. EtOH and lopinavir (LPV) increase eukaryotic elongation factor 2 (eEF2)
phosphorylation and inactivate this protein. This process is directly mediated by
increased AMP-activated protein kinase (AMPK) activity. EtOH reduces eEF2
function owing to decreased protein phosphatase 2A (PP2A) activity, while
LPV regulates this process by increasing eEF2 kinase (eEF2K) activity. mTOR:
Mammalian target of rapamycin.

firmed via studies using the inhibitors rapamycin and
SB 203580 which block the ability of eEF2K to regu-
late eEF2**"". The activation of this kinase is regulated
through single or multisite phosphorylation when cells
are exposed to various stimuli. As such, there is increased
phosphorylation of eEF2K at the Ser 366 residue follow-
ing exposure to insulin, IGF-I or neurotrophic factors.
Phosphorylation of eEF2K by insulin inhibits its activity,
with phosphorylation levels being inversely related to the
rate of elongation. On the other hand, phosphorylation
of eEF2K at other sites in response to stress conditions
increases its activity, thereby resulting in the inactivation
of eEF2™. Thus, this contributes to the overall decrease
in peptide chain elongation and protein synthesis. To-
gether, these results indicate that phosphorylation of
eEF2K can regulate eEF2 either positively or negatively,
depending on the stimuli and the particular residue that is
phosphorylated.

We have previously reported that increased eEF2
phosphorylation in response to EtOH is not mediated vz
eEF2K™! (Figure 2). This conclusion is based on the ob-
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servation that EtOH decreased both the phosphorylation
(Ser 366) and activity of eEF2K, with this latter result
being verified using an 7 vitro assay with purified cEF2
as substrate. This decrease in eEF2K activity was consis-
tent with the reduced activity of its upstream regulators
mTOR and S6K1. Furthermore, treatment of C2C12
myocytes with an eEF2K inhibitor (rottlerin) did not sup-
press the EtOH-induced increased in eEF2 phosphoryla-
tion, further confirming the lack of a role for this kinase.

Because eEF2K does not appear to be responsible for
EtOH-induced eEF2 phosphorylation, it is possible that
this activity is controlled by another S6K1 target, namely
the phosphatase PP2A. Indeed, a recent study showed
that EtOH decreases PP2A level in heart muscle”. Like-
wise, incubation of C2C12 myocytes with EtOH reduced
the zn vitro activity of PP2A, as judged using immuno-
isolated eEF2 substrate. Therefore, inactivation of eEF2
can be directly mediated by PP2A, at least in response
to EtOH". The role for PP2A in this process has been
further verified by experiments using rapamycin and the
MEK inhibitor PD98059. These compounds were shown
to increase PP2A activity, and as such, this may account
for the ability of these agents to block the effects of
EtOH on eEF2 phosphorylation.

eEF2 can also be regulated independent of mTORC1/
S6K1 signaling, with this occurring via the action of
AMPK. Along these lines, EtOH directly increases the
activity of this kinase towards eEF2"", From a mechanis-
tic standpoint, the increased phosphorylation and activ-
ity of AMPK may be the result of increased upstream
activation and/or a decreased PP2A activity. For instance,
EtOH has also been shown to reduce the 7 vitro activity
of PP2A towards AMPK. Thus, suppression of PP2A
can indirectly affect eEF2 phosphorylation, via the re-
duced action of this phosphatase on AMPK.

Rictor and mTORC2

mTORC2 is a protein complex regulating a number of
ATP kinase family members including Akt, protein ki-
nase Ca and serum-and glucocorticoid-induced protein
kinase 1”*”, In contrast to mTORCI1, the function of
mTORC2 is not well characterized, although it has been
reported to play an important role in regulating the actin
cytoskeleton™. One of the core subunits of mTORC2
is rictor, and its importance has been established by stud-
ies in which the deletion of this gene is embryonically
lethal in mice™. Recent studies demonstrate that over-
expression of rictor in gliomas leads to hyperactiva-
tion of mTORC2. As such, this promotes tumor cells
proliferationm]. Conversely, down regulation of rictor
inhibits the ability of mTORC2 to regulate its target Akt
at 8473 This downregulation also increases S6K1
and 4EBP1 phosphorylation in mesangial cells, thereby
increasing protein synthesis””. Recently, we showed that
shRNA knockdown (KD) of rictor is capable of stimu-
lating protein synthesis in C2C12 myocytes. This increase
was correlated with decreased rictor phosphorylation and
binding with 14-3-3. In addition, rictor KD increased
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S6K1 and PP2A activities, as well as decreasing Akt and
cEF2 phosphorylationm]. Hence, the observed increased
in protein synthesis in C2C12 myocytes with rictor KD
suggests a possible regulatory link between the action of
mTORC1 and mTORC2 following EtOH exposure.

The activity of mTORC2 can be regulated by changes
in the phosphorylation state of component proteins, as
well as through alterations in protein-protein interactions.
It is noteworthy that recent studies indicate the phosphor-
ylation of rictor at T1135 by the mTORC1-dependent
kinase S6K1 is not essential for mTORC2 assembly and
activity®™”'"". On the other hand, studies have shown that
increased phosphorylation of rictor at this site in response
to growth factors correlates with enhanced binding of
14-3-3"% In C2C12 myocytes treated with EtOH, there
1s a reduction in S6K1 activity along with a decreased
phosphorylation of rictor at T1135. In addition, EtOH
decreases the association of rictor with the negative regu-
lators 14-3-3 and Deptor. These alterations appear to be
responsible for the increased activity of mTORC2, as as-
sessed by enhanced S473 Akt phosphorylation. These re-
sults have been confirmed under 7 vitro conditions, where
EtOH stimulates mT'ORC2 activity towards the purified
substrate Akt"”. Tt should be noted that elevated Akt
phosphorylation in C2C12 myocytes is not necessarily due
to the action of mTORC2. Instead, this may be the result
of an EtOH-induced reduction in PP2A activity"". How-
ever, in contrast to C2C12 myocytes, a recent study re-
ported that EtOH increases PP2A activity in heart muscle,
while simultaneously decreasing Akt phosphorylationm”.
Thus, the effects of EtOH may be cell-type specific.

Activation of Akt has been reported to change the
phosphorylation status of its two downstream targets
TSC2 and PRAS40"'". However, EtOH does not affect
the phosphorylation of the TSC2 residue (T1462) that
is targeted by PI3K/Akt"". Instead, EtOH increases the
phosphorylation of TSC2 at S1387, and this is most likely
due to the action of AMPK. On the other hand, the acti-
vation of Akt by EtOH increases phosphorylation of the
PRAS40 proteinle. Although the function of PRAS40 is
not well established, it has been postulated to act as a neg-
ative regulator of mTORCI. For example, multiple lines
of evidence indicate that insulin increases PRAS40 phos-
phorylation at T246, whereas AICAR decreases phos-
phorylation at this site. Phosphorylation of PRAS40 by
insulin enhances binding of this protein with 14-3-3, and
this appears to be crucial for relieving the inhibitory ef-
fect of PRAS40 on mTORC1 activity™''*. In contrast,
others have reported that phosphorylation of PRAS40
and its binding to 14-3-3 is not required for the activity
of mTORC1"*"" EtOH increases the phosphorylation
of PRAS40 in C2C12 myocytes, and this appears to be in
conflict with the known negative effect of this agent. Fur-
thermore, this increased phosphorylation was not associ-
ated with a change in the PRAS40 binding with 14-3-3"",
Instead, EtOH increased the interaction between PRAS40
and mTOR, consistent with reports in which stressors,
such as amino acid deprivation or treatment with 2-deoxy-
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glucose, also increased this binding[m]. Thus, it appears
that PRAS40 phosphorylation per se, does not necessatily
affect its action. Instead, protein-protein interactions seem
to play a more important role.

PROTEIN SYNTHESIS SIGNALING AND
HIV DRUGS

AIDS is associated with severe muscle wasting, as well as

adverse affects on protein, lipid, and carbohydrate me-
tabolism'"*”. Currently, a number of anti-retroviral drugs
are available for the treatment of HIV infection. These
agents are classified according to their mechanism of ac-
tion as HIV-1 proteinase inhibitors (PIs) (e.g., lopinavir,
indinavir, nelfinavir), nucleoside reverse transcriptase
inhibitors (e.g., nevirapine), and non-nucleoside reverse
transcriptase inhibitors (e.g, zidovudine). A combination
of drug regiments is used as part of the highly active an-
ti-retroviral therapy[m()]. Paradoxically, treatment with HIV
drugs also causes metabolic disorders such as changes in
protein metabolism, hormones and peripheral lipodystro-
phy™"" even though it markedly reduces morbidity and
mortality in AIDS patients''",

The mechanisms by which HIV drugs affect protein
synthesis are not well defined. However, we have shown
that a number of these agents impair protein synthesis
in animals and C2C12 myocytes” """, The mode of
action for these agents is less well characterized than the
mechanism mediating the effects of EtOH. However,
HIV drugs and EtOH have been shown to affect many
of the same targets, including AMPK and MAPK sig-
naling, as well as key proteins involved in initiation and
elongation processes. Nevertheless, there are notable dif-
ferences regarding the effects of these drugs. For exam-
ple, various classes of HIV antiretroviral agents decrease
the phosphorylation of 4E-BP1 in muscle and C2C12
rnyocytes[ml. In contrast, the HIV PI indinavir suppresses
4E-BP1 and mTOR phosphorylation in animals, but it
has no effect on these parameters in C2C12 myocytes' "',
Likewise, the PI lopinavir does not alter the phosphoryla-
tion of mTOR in meningioma cells™". Indinavir disrupts
the formation of the active eIF4E-elF4G initiation com-
plex and thus diminishes the binding of mRNA with the
ribosome. Indinavir also reduces the phosphorylation
of SOK1 and its downstream target rpS6 in myocytes.
Hence, changes in the phosphorylation state of proteins
involved in the initiation process may, at least in part, ac-
count for the observed decrease in protein synthesis. Be-
cause the adverse effects of indinavir on protein synthe-
sis are accompanied by a decline in MEK/ERK/ p90RSK
and p38 MAPK/Mnk] signaling, it is possible that these
pathways mediate the protein metabolic effects of this
druc @

Previously, we reported that treatment of C2C12 my-
ocytes with indinavir or lopinavir increases phosphoryla-
tion of eEF2 at T56"'" (Figure 2). This was correlated
with an enhanced phosphorylation of eEF2K at S366. In
addition, there is an increased activity of this protein, as
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demonstrated using an 7 vitro assay with purified eEF2
as the substrate. The most probable explanation for
increased eEF2K activity is zia the action of AMPK. In-
deed, lopinavir increases the phosphorylation of AMPK
at T172. In addition, there is increased 7z vitro kinase
activity of AMPK, as determined by its ability to directly
phosphorylate the purified eEF2K substrate!''”. Finally,
AMPK can directly regulate eEF2 phosphorylation in
response to lopinavir, with this being independent of the
action of eEF2K.

In summary, the effects of lopinavir on eEF2 phos-
phorylation appear to be mediated »iz both the direct and
indirect action of AMPK. The mTORC1 pathway may
play some role in the process, but at present, this has not
been examined. On the other hand, the effects of EtOH
on eEF2 are regulated through both mTORC1 and
AMPK signaling.

CONCLUSION

It is well established that EtOH adversely affects muscle
protein synthesis, with this occurring both in animal
models and in cells culture. The initial site of action for
EtOH is unknown, and specific receptors or membrane
related effectors have not been identified. To date, the
impact of this drug is best characterized for signaling
mediators that converge on mTORCI. As such, this con-
trols downstream effectors which are central in initiation-
and elongation- related processes.

AMPK appears to be a prime mediator for the nega-
tive effects of EtOH. This kinase directly phosphory-
lates the mTORC1 component raptot, and this action is
thought to increase the interaction of raptor with 14-3-3.
AMPK also phosphorylates TSC2 at a site which induces
the GAP activity of this protein. This change alters the
nucleotide state of Rheb, and/or the Rheb-mTOR inter-
action, thereby inhibiting its activity towards mTORCI.
This, in turn, impacts the mTOR downstream regulatory
proteins that are involved in control of translation initia-
tion. The inhibition of Rheb may also affect mTORC1
activity »ia an indirect or secondary mechanism involving
a decrease in PLD activity and a reduction of PA. The
elongation process represents another target of AMPK.
Increased AMPK activity by EtOH directly inactivates
eEF2. Furthermore, reductions in eEF2 activity by
EtOH can be mediated by PP2A, owing to the decrease
in mMTOR/S6K1 activity.

Amino acid signaling pathways also appear to be tat-
geted by EtOH. EtOH decreases the Rag GTPase-raptor
interaction and this may account for reduced binding
of mTORC!1 and Rheb and the associated decrease in
mTORCT1 activity. EtOH also increases the activity of the
mTORC2 complex toward Akt. Decreases in mTORCI1
activity and SOK1 phosphorylation are associated with
feedback regulation of this complex. As such, enhanced
mTORC2 activity may be due to increased levels of ric-
tor as well as reduced interactions between rictor and the
inhibitory proteins 14-3-3 and Deptor.
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A number of issues remain to be resolved regarding
the effects of EtOH and HIV drugs have on protein syn-
thesis. Because AMPK appears to be a prime mediator
of this process, the function of this kinase should be the
subject of intensive research. Likewise, there is an emerg-
ing role for PLD and Rag GTPase signaling as targets of
EtOH. Therefore, it is important to gain a better under-
standing of the mechanisms that regulate each of these
modulators of mTOR complexes. As such, this may lead
to the identification of factors that can counteract the
negative effects of EtOH and HIV antiretroviral agents
on muscle protein synthesis.
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