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$PLQRFLG3URGXFWYVODMRU IXQFWLRQV

3URWHLQ VIQWKHVLVY RVPRO\WHV UHJXODWLRQ RI
H[SUHV VLR QVRQGQDFH®A

,QKLELWLRQ RI S\UXYDWH NLQDVH DQG KHSDWLF D
JOXFRQHRJHQHVLV WO RRRDPLEIMWLR\E O H

'LUHFWO\ |$ FRPSRQHQW RI FRHQ]\PH $ DQG SDQWRWKHQLF DI

$ODQLQH &DUQRVIDODQKOVWLGLQH PODWRLEMWOP LQH
'LSHSWLGHMVQVHULDMD QRBIWKKALVWLGLQH DQUBOBIMOEQLQH
PHWKWO/WLGK QHQWLR{LGDWLYH IXQFWLRQ

$FWLYDWLRQ/ RIQIDIASIM LR[LGDQW UHJXODWLRQ RI
VHFUHWLRQ DOORVWHULF DFWLYDWLRQ RI 1$* V\Q
'LUHFWO\ |[GHWR[LILFDWLRQ UHJXODWLRQ RI JHQH H[SUHVVLF
DFWLYDWLRQOMK¥+1 UHVHUYRLU PHWK\ODWLRQ RI
GHLPLQDWLRQ IRUPDWLRQ RI FLWUXOOLQH RI SUF

6LIQDPR@HFXOH UHJXODWRU RI QXWULHQW PHWD
KHPRG\QDPLFV DQJLRIJHQHVLVY VSHUPDWRJHQHVL\

$PLQR DFLGVHFWO\

$ODQLQH 'LUHFWO\

$UJLOLQH 12 IHUWLOLW\ LPPKRUPIRQEWHEQHWLRQ ZRXQG KHDC
QHXURWUDQVPLVVLRQ WXPRU JURZWK PLWRFKRQ!
IXQFWLRQ

,QKLELWLRQ RI 126 2'& DQG PRQRDPLQH R[LGDVH
DGUHQHUJLF DQG LPLGD]ROLQH UHFHSWRUV

PPRQLD GHWRI[IQWHKHVHRQRIVSUROLQH JOXWDPDWE
RO\DPLQHY PLWRFKRQGULDO LQWHJULW\ ZRXQG

OHWK\ODURRPASHWLWLYH LQKLELWLRQ RI 126

$JPDWLQH

2UQLWKLQ



IW ~ | Ed/&]/ <'ZKhE Va2

$PLQRFLG3URGXFWYVODMRU IXQFWLRQV

'LUHFWO\
$VSDUDJLQm

$FU\OD®PLI

$VSDUWDWHUHFWO\

&LWUXOOLQHUHFWO\

'"LUHFWO\
&\WWHLQH7DXULQH
+6

"LUHFWO\
*OXWDPDWH

*$%$

"LUHFWO\

&HOO PHWDEROLVP DQG SK\WWLRORJ\ UHJXODWLRQ

LPPXQH IXQFWLRQ DPRR@UD GHIFRLRIFER| WKH QH
V\VWHP

SHLGDQW F\WRWR[LFLWY JHQH PXWDWLRQ® IRRG T>

3XULQH S\ULPLGLQH DVSDUDJLQH DQG DUJLQLQH
WUDQVDPLQDWLRQ XUHD F\FOH DFWLYDWLRQ RI 1

RI LQ\RR/Q DO QLQH

$OQOWLR[LGDQW DUJLQLQH VIQWKHVLV RVPRUHJIXOL
GHWRJ[LILFDWLRQ 1 UHVHUYRLU

'LVXOILGH OLQNDJH LQ SURWHLQ WUDQVSRUW RI V
$QWLR[LGDQW UHJXODWLRQ RRGEWODXODU UHGR][ V
$VLIQDPRQBMFXOH

*OXWDPLQH FLWUXOOLQH DQG DUJLQLQH VIQWKH\
ZLWK WKH .UHEV F\FOH WUDQVDPLQDWLR/Q DPPRQ
HQKDQFHU DFWLYDWLRQ RI 10'$ UHFHSWRUV 1$* \

([FLWDWRU\ QHXURWUDQVPH®/QVHHV SRRVELHQEQ RI
LQIODPPDWLRQ

5HIJXODWLRQ RI SURWHLQ WXUQRMKHQDWOKHWRXIK FHC
JHQH H[SUHVVLRQ DQG LPPXQH IXQFWLR® D PDMR
SUROLIHUDWLQJ FPSRSWRYKVE MWQR®GHMHY RI SXUL
S\ULPLGLQH RUQLWKLQH FLWUXOOLQH DUJLQLQH
UHVHUYRLU V\QWKHVLV RI 1$' 3

*OXWDPLQ%”(DQG$%§LWDWRU\QHXURWUDQVPLWWHUV FRPSRQHQWYV

WDEROLVP DPPRQLIPCMRRIXIHEBWREWHQWHURF\

*OXFRVDPBQAWKHVLY RI DPLQRVXJDUV DQG JO\FRSURWHLQV

3

$PPRQLD

'LUHFWO\
*O\FLQH

+HPH

"LUHFWO\

+LVWLGLQH
Q +LVWDPLQ

BURFDQLF
, VROHXFLQIHUHFWO\

"LUHFWO\
JHXFLQH

*0Q DQG

+0%
AVLOH LUHFWO\

2+ O\WLQH

VIQWKHVLV

5HQDO UHJXODWDRR RDOBRGEH V\QWKHVLY RI JOXW
&3

&DOFLXP LQIOX[ WKURWHGIDED FIQWKH FH0O
PHPEUDQH SXULQH DQG VHULQH VI\QWKHVLV V\QW
LQKLELWRU\ QHXURW U DDQ\RRILLW W HAL W@ & DK WAIRP D W H
10'$ UHFHSWRUV

+HPRSURWHLQV HJ KHPRJORELQ P\RJORELQ FD
F\WRFKBRBHWRGXF&2LRWLRODPRQMFXOH

SURWHLQ PHWK\ODWLRQ KHPRJORELQ VWUXFWXUH
GLSHSWLGHWER@HXQLW PHWDEROLVP

ﬁOOHUJLFUHDFWLRQ YDVRGLODWRU FHQWUDO DF
UHIJXODWLRQLRIQIXW IXQFW

DEGBODWLRQ RI WKH LPPXQH UHVSRQVH LQ VNLQ
6\QWKHVLV RI JOXWDPLQH DQG DODQLQH | EDODQFFH

5HIXODWLRQ RI SURWHLQ WXUQRMREQDMDMUBRIXIK FHC
JHQH H[SUHVVLRQ DWMONPIDWDMWRBHKRGUIRIHQDVH %&$:
EDODQFH IODYRU HQKDQFHU

SOPWHURUJDQ PHWDEROLVP RI QLWURJHQ DQG FDUE

5HIXODWLRQ RI LPPXQH UHVSRQVHYV

5HIJXODWLRQ RI 12 VIQWKHVLY DQWLYLULIO DFWLY
VLPSOH[ S3URWBWQPHWKI WULPHWK\OC\VLQH LQ
DFHW\ODWLRQ XELZTGLYNBOGWDRERWMVDQOWLROQ

BWUXFWXUH DQG IXQFWLRQ RI FROODJHQ
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$PLQRFLG3URGXFWVYODMRU IXQFWLRQYV
+RPRF\WWRIDGBDQW LQGHSHQGHQW ULVN IDFWRU IRU &9' LQF

OHWK\ODWLRQ RI KRPRF\VW H LFDH BVRQ PHALIAL R Q L Q H
PHWDEROLVP

6\QWKHVLY RI EHWDLQH DFHW\OFKROLQH| SKRVSK
VDUFRVLQH

OHWKLRQLOWWHLQH &HOOXODU PHWDEROLVP DQG QXWULWLRQ

OHWK\ODWLRQ Rl SURWHLQV DQG '18QBRC\DPLQH V
H[SUHVVLRQ

$QWLR[LGDQW RVPRUHJXODWLRQ RUJDQ GHYHORS
PXVFXODU FDUGLDF DQG WQWADMRDMWIQEGWLRQV D

BSKRVSKROBSQHEKHVLY RI OHFLWKLQ DQG WKIRMSXKIDQML G\OFKRO|

$SFWLOQDRML®RD FRIDFWRU IRU 126 V\QWKHVILV VIQWI
WA\URVLQH QHXURORJLFDO GHYHORSPHQW DQG IXQ

&ROODJHQ VWUXFWXUH DQG IXQFWLRQ QHXURORJI

%HWDLQH

&KROLQH

'&6%$0

7TDXULQH

3KHQ\OD O DLQIHFN O\

LUHFWON | o VPRSURWHFWDQW

+ 2 .LOOLQJ SDWKRJHQV L QW HYDBEXFEI OH) W R PXIQA W \D
3SUROLQH &HOOXODU UHGR[ VWDWH '1$ VIQWKHVLV | O\PSKRF

3 & RUQLWKLQH FLWUXOOLQH DUJLQLQH DQG SRO\DPI

H[SUHVVLRQ VWUHVV UHVSRQVH
2+ SUROLQBWUXFWXUH DQG IXQFWLRQ RI FROODJHQ

$Q LOWHWPH GQ WKH VIQWKHVLV Rl JO\FLQH IURP FI
6DUFRVLQHUHFWO\ /[WUHDWPHQW Rl FHUWDLQ PHQWDO GLVRUGHUV D \
+2 LQKLELWLRQ RI JO\FLQH WUDQVSRUW

2QHFDUERQ XQLW PHWDEROLVP V\QWKHVHV RI F\VW
‘LUHEFWO\ S\ULPLGLQKHFEQBPIKRVSKDWLG\OVHULQH VIQWKH

WU\SWRSKDQ LQ EDFWHULD JOXFRQHRJHQHVLV SI
6HULQH SURWHLQ SKRVSKRU\ODWLRQ

*O\FLQH |$QWLR[LGFOWERQHKQLW PHWDEROLVP QHXURWUDOQ
+ 6HULQH [$FWLYDWLRQ RI 10'$ UHFHSWRUV LQ EUDL|Q

$Q DPLQR DFLG JOXWDPLQH DQDORJ LQ WHD OHD)
TKHDQLQH|'LUHFWO\ ILQFUHDVLQJ OHYHOV RI *$%$ GRSDPLQH |[DQG VHU
QHXURSURWHFWLYH HIIHFW

6\QWKHVLV Rl WKH PXFLQ SURWHLQ WKDW LV UHTX
7KUHRQLQHUHFWO\ [LQWHWRMWHI® LW\ DQG IXQFWLRQ LPPXQH IXQFWLR
SKRVSKRU\ORVWILRMNHD® GO\FRV\ODWLRQ JO\FLQH V\

HXURWUDQVPLWWHU LQKLELWLQJ SURGXFWLRQ R
XSHUR[LGH

,QKLELWRU RI %+ VLGWRKNV LM KLEWWRRQ RI WKH St
LQIODPPDWRU\ F\WRNLQHV DQG VXSHURI[LGH

QWLR[LGDQW LQKLELWLRQ Rl WKH SURGXFWLRQ F
7U\SWRSKBBODWRQI'§QG VXSHUR[LGH

,QKLELWLQJ SURGXFW LR QKRIOSHRWRINDIDPHPD WR U\ 7
$16 SUHYHQWLPRXXQHW@HXURLQIODPPDWLRQ HQKDQFLQ
IXQFWLRQ

$ FRPSRQHQW RI 1$' DQG 1$'3 FRHQJ\PHV |IRU PDQ\
RILGRUHGXFWDVHYV

7\URVLQH|'LUHFWO\ | BURWHLQ SKRVSKRU\ODWLRQ QLWURVDWLRQ DQG
'RSDPLQH |[IHXURWUDQVPLWWHU UHJXODWLRQ RI LPPXQH UH\
(31 DQG 1(3HXURWUDQVPLWWHUYVY FHOO PHWDEROLVP

6HURWRQL.%}

1%6

1LDFLQ
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$PLQRFLG3URGXFWYVODMRU IXQFWLRQV

$QWLR[LGDQW LQKLELWLRQ RI WKH SURGXFWLRQ F
DQG VXSHUR[LGH

9DOLQH '"LUHFWO\ |[6\QWKHVLYV RI JOXWDPLQH DQG DODQLQH EDODQFF

*HQH H[SUHM$LBRQG 'SURWHLQ VIQWKHVLV LRQ FKD:
$UJ DQG OBRO\DPLQHWMSRSWRVLV VLJQDO WUDQVGXFWLRQ DQWLR[LGDC
SUROLIHUDWLRQ DQG GLIIHUHQWLDWLRQ

$UJ OHW EL?IS;DWLQI-1$QWLR[LGDQW DQWLYLUDO DQWLWXPRU HQHUJ\ P
*O\ EUDLQ @RHMEBDO DQG PXVFXODU GHYHORSPHQW DQ

JUHH UDGLFDO VFDYHQJHU DQWLR[LGDQW FHOO P
&\V *0OX QgQWDWIﬂ%?%HXNRWULHQHV PHUFDSWXUDWH JOXWDWKLRQ
*0\ T GGXFW DQG JOXWDWKQRQUOQVRBWHWQRQ VIHQD
H[SUHVVLRQ DSRSWRVLV FHOOXODU UHGR[ LPPXC

. QJ IRU JHQHWLF LQIRUPDWLRQ JHQH H[SUHVV
«0q svs +STOHLF ["i&ﬁé?ﬁBWLRQ SURWHLQ DQG XULF DFLG VI\QWKHVLV O

DQG 6HU $QWLR[LGDQW WKH PDMRU HQG SURGXFW RI DPLQF
BULFLBF [y SHFELHV

/I\V O0HW D&%%QLWL(.)T_'UDQVSRUWKFUL(QRI@JNW\ DFLGY LOQWR PLWRFKRQGU|
6HU TVWRUDJH RI HQHUJ\ DV DFHW\OFDUQLWLQH DQWLR

OHODQLQ
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Figurel. Overview of the catablism of amino acids

Amino acidcatabolisminclude a key step in which thBamino group is separated from the carbon
skeletan and $unted into the pathways of amino group metabolisfine amino groups are used
for the biosynthesis oAAs, nucleotides and biological amines or are converted to urea for
excretion through the urea cyclehereasthe main fates of the carbon skeletoase the
conversionto oxaloacetateor citric acidcycle intermediatesvhich can in turn beoxidized

for energy supply or converted to gluco@®&lson and Cox 20Q0)



Figure 2. Interorgan metabolism of branchea¢hain amino acids (BCAA), glutamine and arginine
and its role in immune functionSkeletal muscle takes up BCAA from the arterial blood, synthesizes
both alanine and glutamine from BCAA an#letoglutarate, and releases these two amino acids into
the circulation. The small intestine utilizes glutamine to synthesize citrulline, which is conusied
arginine in kidneys, cells of the immune system, and other cell types. The liver is theypoigan

for the synthesis of glutathione from glutamate, glycine, and cysteine and of glucose from atanine f
use by extrahepatic cells (includingimunocytes) and tissuedArg arginine, Asp aspartate, Cit
citrulline, BCKAranchedchain r-ketoacids Gluc glucose GSHglutathione.(Li et al. 2007)



Figure3. Amino group catabolism in liverThe amino group is transferred to thBketogluarate o
form glutamate. Glutamate is then transported from cytosol into mitochondria, where the amino
group is removed to form N Excess is secreted as ammonia, urea or uric (A@tson and Cox
2000)



Figure4. Role of Liver irthe amino acid metabolism controlLiver is the site of synthesis of many
different proteinsfrom amino acids. Amino acids in liver can also be converted intepnotein
products (nucleotides, hormones, and porphyrins) and can be traimsded and degraded to acetyl

coA and other Krebs cycle intermediatesd these can in turn be oxidized for eneyconverted

to glucose or fatGlucose formed from gluconeogenesis can be transported to muscle for use by that
tissue, andsynthesized fatty acids can be mobilized to adipose tissue for storage or used as fuel by
muscle. Hepatocytes are exclusive siteffrmation of urea, the major excretory form of amino acid
nitrogen(Nelson and Cox 20Q0)



Haure 5. The initiation step of translation First, the eukaryote initiation factors (elF) including,
elF1, 1A and 3 promote the dissatidn of 80S ribosomes andhe elF2 binds GTP and met
tRNAI, selected from the pool of tRNAs, to form the ternamglex (elFZGTP'met-tRNAI)

and then binds to the 40S ribosomal subunit with other elFs (elF1, elF1A, elF3 and elF5) to form
the 43S preinitiation complex (step I. and The elF4A, elF4B, elF4E and elF4G, bind mRNA,
subsequently, the interaction withthe 43S complex through the elF3 and elF4G association
(step 1ll.). The 43S complex scans along the mRNA in a 5’ to 3’ direction towards the initiation
codon (Step lll.)At that moment, elFs are released from the complex (step. IV.) and the 60S
ribosomalsubunit joins to form the 80S ribosomal (initiation complex) (StepAdated from
(Kimball and Jefferson 2002; Sonenberg and Hinnebusch)2009)



Figure 6 The elongation and the termination step of translatioithe aikaryotic factorl (EF)
picks the aminoacytRNA (a&RNA) in the presence of GTP, andrtlibe aatRNAelF1IA'GTP
complex enters the empty-8ite on a ribosome. The dRNA anticodon of the incoming needs to
be matched against the mRNA codon positioned inAtgte. Afterwards, thenew amino acidat
the Asite link to the growing polypeptide via the peptide bond which catalysedpeptidyl
transferase.Thisreaction leaves an empty tRNA in the ribosomait® and the new peptidyl
tRNA in the Asite. Then,the riboome translocaes along the mRNA by the length of one codon
which catalysed by the eEF2 and subsequent GTP hydrolysis. After the translocation, the
ribosome is in the position of having an empty tRNA in the E site, the pefiRidA in the P site,
and the rext codon of mMRNA in the A site, available for interaction with a netRB#. The
elongation process repeates until the ribosome encounters afraime stopcodon including
UAA, UAG and UGA. At this point, the translatioreiminated. Consequently, the polypeptide
chain release$rom mRNAwhich requires eukaotic release fact@ (eRB). The eRF1 recognizes
one of three stop codons and binds to the ribosoat the Asite. This eventalong with binding

of the eRF3 whicfacilitatesthe recognition of stop codon bgRF1 andtimulates GTP hydrolysis
to release the polypeptide chafnom mRNA and ribosome



Figure 7. Schematic model of the threeforms of autophagy in mammalian cells. The
macroautophagy involves the formation of cytosolic double membrane vesiclésst into
autophagosomes that fuse themith lysosomes. The microatuphagy involttes direct invagination

of lysosomal membrane to form an internal vacuolar vesicle containing the materials derived from
cytoplasm The chaperonenediated autophagy processes tlughthe selective uptakef targeted
proteins (only cytosolic proteins) across the lysosomal membrane without vesad@tion(Massey

et al. 2004)



Figure 8 Main characteristics of macroautophagy, microeyphagy and chaperonenediated
autophagy These characteristics refer to genemacro and microautophagyMassey et al. 2004)

Figure 9 Atg conjugation systemsAtgl2 is irreversibly conjugated to Atg5, and the Atgl2sAtg5
conjugate further forms a complexwith Atgl6, whereas Atg8 is reversibly conjugated
phosphatidylethanolamin€PB. Both the Atgl2sAtgBtgl6 complex and Atg8sPE localize to e
autophagosomal structure (PAS)here most Atg proteins colocaliZbloda et al. 2009)



Fiaure 10 The ubiquitingtion mechanismsFree uliquitin (Ub) is activated in an ATd@pendent
manner by the activity of a ubiquitiactivating enzyme (E1), which hydrolyses ATP and forms a
complex with ubiquitin. Subsequently, ubiquitin is transferred to one of many distinct ubiguitin
conjugating enzyme (E2s). In some reactions, E2s can directly ulmglate substrates, whereas
others require the help of ubiquitin ligases (E3s). Usually, several ubiquitin molecules, inntheffor

a multiubiquitin chain, are conjugated to a substrate. This reactianesimes requires a specific
multiubiquitin chairassembly factor (E4). Multiubiquitylation serves mainly, but not exclusively, to
label the substrate for degradation, whereas monoubiquitylation regulates several processes, such as
endocytosis, DNA repaind transcriptional regulatiofJesenberger and Jentsch 2002)



Figure 11 Possible mechanisms responsible for AA regfidn of gene expression in cell®\A may
regulate gene expression in animal cells at the levels of transcription, translation, and post
translational protein modifications. Pestanslational protein modifications include acetylation, ADP
ribosylation, botinylation, vcarboxylation, disulfide linkage, flavin attachment, glutamylation,
glycation, glycosylation, glycylation, heme attachment, hydroxylation, methylation, myristoylation,
nitrosylation, oxidation, phosphorylation, palmitoylation, proteolyticeatage, racemization,
selenoylationsumoylation, sulfation, and ubiquitination(Wu 2009)



Figurel2. mTOR, AMPK and GCN2 transduction pathways in the control of mMRNA translation and
autophagy in response to nutrients, i.e. amino acids and glucose and insulin.

The mTORCL1 wasistulated by insulin and AAthrough PI3K/Akpathway and Rags or hVps34,
respectively. When mTRC1 was full activation, it coufthosphorylate its downstream target, S6K1
and 4EBP1 in order to activate translatiorHowever, mTOR and&6K1could inhibithe IRS1 called
feedback inhibition.Moreover, S6Khlsowas the negative regulator of autophagy whereas hVps34
wasthe positive regulator of autophagyAMPK ated as the cellular energy semnsand its activity
was inhibited by glucose. AMPK was phospladeg by LKB1 or CaMKK and thincould
phosphorylate TSC2 Raptoor mTORto inhibit mMRNA translation. GCN2 was activated by AA
deprivation. When GCN2 was activated, it phosphdegaelF2 in order to inhibitranslation. GCN2
also activated the transgiion of some specific genes through ATP4lapted from (Dever and
Hinnebusch 2005; Hardie et al. 2006; Um et al. 2006; Nobukuni et al. 2007; Gulati et al. 2008; Huang
et al. 2008; Shaw 2008; Chaveroux et al. 2009)



Fiaure 13 The Tor kinase exerts a negative regulatory effect on autophagy when cells are growing
under nutrientrich conditions When starvation occurs, the Tor kinase is inactivated, and the
negative regulation is relieved resulting in induction of autophadost of the proteins required for
autophagy are constitutively expressed and are used for biosynthetic import through the cytoplasm
to vacuole targeting pathway under these conditions. The downstream effectors of Tor are likely to
include phosphatasesnd kinases that modulate the phosphorylation state of Apg13. An inductive
signal such as carbon or nitrogen starvation inactivates Tor and results in partial dephosphorylatio
of Apg13. This form of Apg13 associates more tightly with the Apgl kinaseiudbagts its activity.

The function of Apgl kinase is required for autophagosome formatiktionsky and Emr0®0)



Figure 14.Integration of primary (I), secondary (Il), and tertiary (lll) active transport (AT)
mechanisms may affect transmembrane distribution of particular AASecondary active
transporters (e.g., System A/SINZ generate net movement of AA from the extracellular to the
intracellular pool, whereas tertiary active transport through exchangers such as LAT1 (System L)
allows for redistribution of individual AAs without affecting total pool s{tendal and Taylor 2009)



Hqgure 15 The role ofPATSs.

Rags are required to activate mTORdeponse to amino acidsnd for mTOR to be shuttled to late
(Rab?positive)endosomes, which also contain themT@®&ivator Rheb. The PATsare TOR
regulators that can potentially operatén endosomal and lysosathcompartments, as well as at the

cell surface. In the present review, we suggest that the Rags might play a role in shuttling shtie PAT
late endosomes, from which they can help to recruit TOR, presumably leading to the activation of
S6K (S6 kinase).aRATs would provide a means of utilizing late endosomal rather than extracellular
amino acids, which may be patrticularly important under nutridaprived conditions. AAT, amino
acid transporter; GFR, growth factor receptor; mMTORC1, mTOR compléwlkrdhan and Boyd
20M)



Figure 16 Schematic diagram illustrating processes whicbntribute to establishment of'steady
state’ intracellular amino acid (AAgoncentrations and their interactions with major intracellular
nutrient signalling pathways

The size of intracellular free AA poid determined by the balance between AA flows through
underlying processes which inde (i) AA transport across the cell membrane, (ii) protein synthesis
and protein breakdown and (iii) AA biosynthesis and cataboli$imerefore, a key role for particular
AA transporters in the maintenance of “steastate” free AA concentrationgnd subsequently,
implied that signaling pathways regulated by intracellular AA concentratiay be intrinsically
linked to AA transporterivity.

Darkgrey boxes indicate processes adding to the intracellular frepo®® and mediungrey boxes
indicate those taking away from the pool.

IR, intracellular receptor; PB, protein breakdown; PS, protein syntlf@axdor 2009)



Figurel? The role of AMKIn the regulation of energy m&bolism. When AMPK is activated, the ATP
consuming pathways (gluconeogenesis, translation, lipogenesis, and cholesterol synthesis)tacevirtili

the ATP generating pathways (such as fatty acid oxidation) are actiVaesk effects are controlled through
AMPK by both shorerm effects on phosphorylation of several downstream regulatory proteins (ACG, HMG
CoA reductase, TSC2 and Raptor) and bytéongeffects on gene expression (inhibition gfyltuvate kinase,
FAS,PEPCK and G6Pase expressidowever, AMPK is also inhibited the glycolysis in the liver.
(Adapted from(Viollet et al. 2008)
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Chotechuang N, Azzout-Marniche D, Bos C, Chaumontet C, (p70°®%) and the eukaryotic initiation factor 4E-binding pro-
Gaussers N, Steiler T, Gaudichon C, TonieD. mTOR, AMPK, and  tein-1 (4E-BP1), that stimulate translation initiation (42), and
GCN2 coordinate the adaptation of hepatic energy metabolic paiie general control nondepressible 2 kinase (GCN2), which i
ways in response to protein intake in the famn J Physiol Endocrinol %”Si“"e to amino acid (AA) deprivation and inhibits transla-

Metab297: E1313DE1323, 2009. First published September 8, 20 . - PR
doi:10.1152/ajpendo.91000.2008.NThree transduction pathways gr n via the phosphorylation of eukaryotic initiation factor

involved in amino acid (AA) sensing in liver: mammalian target o elF)2 ,(1’ 14, 50). . . .

rapamycin (MTOR), AMP-activated protein kinase (AMPK), and The liver plays a central role in the ability of omnivorous
general control nondepressible kinase 2 (GCN2). However, no sti@€Cies such as rats or humans to adapt energy and A
has investigated the involvement of these signaling pathways fimetabolism to environmental nutritional conditions. It has beer,
hepatic AA sensing. To address the question of liver AA sensing aotbserved that shifting from a high-carbohydrate to a high;
signaling in response to a high-protein (HP) dietary supply, wsrotein (HP) diet induces important modibcations in AA and
investigated the changes in the phosphorylation state of hepadigergy nutrient handling and metabolism. As a consequenc
mTOR (p-mTOR), AMPK' (p-AMPK ), and GCN2 (p-GCN2) by Hp jntake improves body composition through a stabilizatior
Western blotting. In rats fed a HP diet for 14 days, the hepatgf lean mass and a decrease of fat tissue (29, 41). These effe
P-AMPK _ and p-GCN2 were lowei{ ~0.001), and those of both yvere ascribed both to the satiating effect of protein ang

the p-mTOR and eukaryotic initiation factor 4E-binding protein- . . : .
phosphorylation (p-4E-BP1) were highd? ( 0.01) compared with macronutrient composition of diet (4, 5, 7). Metabolic adapta

rats receiving a normal protein (NP) diet. In hepatocytes in primaf{Pn to HP intake was characterized by a downregulation o
culture, high AA concentration decreased AMPIghosphorylation lipogenesis from glucose (7, 41), an upregulation of AA
whether insulin was present or ndt ( 0.01). Either AAs or insulin catabolic pathways (16, 38), AA transfer to gluconeogenid
can stimulate p-mTOR, but this is not sufpcient for 4E-BP1 phopathways (2), and protein synthesis (48, 56). We have reportg
phorylation that requires bottP( 0.01). As expected, branched-previously that the effect of HP diet on gluconeogenesis
chain AAs (BCAA) or leucine stimulated the phosphorylation ofinogenesis, and protein metabolism was attributable mostly t
mTOR, bL;]t bort]h "?SL.’"” aggNE;CA? Orh'eulc'”.e are req“O'IrEd dfogepatic metabolism adaptation (2, 7, 12).

4E-BP1 phosphorylation. phosphorylation was reduced by : :

both AAs and insulifP  0.01), suggesting for the prst time that the, AAs have been demonstrated to act as important signals, af
translation inhibitor GCN2 senses not only the AA debciency but alﬁ

the AA increase in the liver. The present bndings demonstrate t h : O
AAs and insulin exert a coordinated action on translation and involvé&d the liver to HP feeding. AMPK phosphorylation is repressed
mTOR, AMPK, and GCN2 transduction pathways. by an increase in AA concentrations incells (19) and the

hypothalamus, (43) whereas it is induced in hepatocytes (34).

mammalian target of rapamycin; adenosineronophosphate-acti- pogohorylation of mMTOR was enhanced in isolated hepatd
vated protein kinase; general control nondepressible kinase 2; trans; " . . -
duction pathways; translation; high-protein diet Cyte§ In response tq branched-chain AAs (BCAA), mainly
leucine (26). Interestingly, AMPK has been demonstrated t(
repress the mTOR signaling pathway (11, 32, 33, 36) and t
DIFFERENT TRANSDUCTION PATHWAYSSENSitive to energy, nutrient prevent the activation of eukaryotic elongation factor 2 (9, 25
sufbciency, and hormones continuously adapt protein aadd p7G¢K (15) in the liver. However, the effect of AAs on
energy metabolic pathways to maintain an energy and nutriéilPK phosphorylation and activation remains unclear (19,
balance in cells. These pathways include adenosimadno- 34, 43). The GCN2 transduction pathway in liver has beer
phosphate-activated protein kinase (AMPK), which is thghown to be involved in sensing leucine debciency (1, 21), by
downstream component of a protein kinase cascade actingtasole in liver AA sensing and in the detection of increases in
an intracellular energy sensor (17, 53), the mammalian targeA concentration has not been addressed.
of rapamycin (MTOR), which is the downstream component of This study aims to evaluate whether the interplay betwee
a nutrient-sensing kinase cascade able to phosphorylate the transduction pathways AMPK, mTOR, and GCN2 can
regulatory proteins, the p70 ribosomal S6 protein kinag@rticipate specibcally in the sensing of the AA level provided
to the liver and participate in hepatic metabolic responses t
Address for reprint requests and other correspondence: D. Azzout-Marnic, rotein and e_nergy intake in adapted rats. For this purpose, th
UMR914 INRA-AgroParisTech Nutrition Physiology and Ingestive Behavio ,.ﬁOSphorylatlon state of m.TORZ AMPK’ and GCN2 transduc
AgroParisTech, 16 rue Claude Bernard, F-75005 Paris, France (e-mi@n pathways was determined in the liver of rats fed a HP o
Dalila.Azzout_Marniche@agroparistech.fr). normal protein (NP) diet. The specibc role of these transdug

http://lwww.ajpendo.org 0193-1849/09 $8.00 Copyriglet 2009 the American Physiological Society E1313

PK, mTOR, and GCN2 are important candidates as transf
ction pathways involved in the control of metabolic responsg
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E1314 AMINO ACID SENSING BY HEPATOCYTES

tion pathways in sensing AAs, glucose, and insulin was alsteptomycin, 0.1% (wt/vol) BSA, 2% (vol/vol) Ultrocer G (Pall Life
determined in isolated hepatocytes. The results showed fféences, East Hills, NY), 100 nM dexamethasone (Sigma-Aldrich
involvement of mTOR, AMPK, and GCN2 in AA sensing andbt. Louis, MO), 1 nM insulin (Sigma-Aldrich), and 100 nM triiodo-

in coordinating enerav supply and protein metabolism in tﬁ@yronine (Sigma-Aldrich). Aft_er cell attachment (4 h), the medium
liver 9 gy supply P was replaced by M199 medium salts supplemented with 5.5 mM

glucose and the AA concentration found in the portal vein of NP-
MATERIALS AND METHODS fasted rats (low AA concentration), as described previously (2)
Hepatocytes were then incubated overnight (1824 h) at 37;C. Th

Animals.The animal experimental protocols used in these studiéglowing day, the cells were cultured for a furth2 h in thesame
were carried out in accordance with the guidelines of the Fren#igsh medium and then incubated under various conditions, as d¢
Committee for Animal Care and the European Convention of Vertgcribed in the Pgure legends. Each treatment was performed
brate Animals Used for Experimentation. Male Wistar rats (24), duplicate. In primary culture of hepatocytes, the cells do not keep th
initially weighing 1759200 g, were purchased from Harlan (Horgtitial phenotype of the rat liver but are inRuenced by the composition
The Netherlands). They were housed under a 12:12-h light-dark cyefethe medium.
(12-h dark period starting at 2000) and were allowed free access to aVestern blot analysigrozen liver (100 mg) or 7 10° hepatocyte
commercial laboratory chow diet and water for 6 days before tigells were homogenized in a lysis buffer containing 40 mM HiS|
initiation of any dietary adaptations or in vitro study. (pH 7.5), 300 mM sodium chloride, 2 mM EDTA, 2 mM EGTA, 100

In vivo study design in NP- and HP-fed raRats were allocated to MM sodium Buoride, 2 mM -glycerophosphate, 5 mM sodium
receive a NP or HP diet for 14 days. The ratsO initial body weights @rophosphate, 2 mM sodium orthovanadate, and 1% (vol/vol) Trito
not differ between the groups or between experiments. NP and MFPLOO supplemented with a protease inhibitor cocktail (Roche Diag
diets were formulated to be isoenergetic (14.7 kJ/g) and provided ng@stics, Mannheim, Germany). The samples were centrifuged for 1p
and 48% of energy as protein, 12 and 14% of energy as fat, and 75 &md at 10,000y at 4{C, and the protein concentration was determined
38% of energy as carbohydrate, respectively (Table 1). Rats wéfethe supernatant using the DC protein assay kit (Bio-Rad Labora|
accustomed to receiving their food according to a pattern that cdaries, Hercules, CA). An equivalent of 20@ for liver or 70 g for
sisted of a small mealf& g of dry matter between 0900 and 1000 andnepatocytes of protein per sample was resolved with Criterion XT gej
free access to food between 1400 and 1800. This pattern was adoftisdTris 4D12% (Bio-Rad Laboratories). After electrophoresis, thg
to train the animals to eat a standard meal withi h so as to proteins were transferred overnight at 4;C to a nitrocellulose mem
standardize both the amount of energy ingested and the physiologle@ne (Millipore, Bedford, MA). The quality of transfer was veribed
state of animals that were to be studied in a fed state on the day of fyeCoomassie gel and Ponceau S membrane staining. The membrg
experiment. The rats were allowed free access to water. At the endusfs then blocked fol h atroom temperature in a solution of 5%
this experiment, the rats were anesthetized with pentobarbital sodi(wi/vol) low-fat milk powder in 10 mM TrisHCI (pH 7.4), 0.5 M
(50 mg/kg body wt). After incision of the abdomen, the ratsO livelaCl, and 0.1% (vol/vol) Tween-20 (TBST) and then washed with
were rapidly harvested under sterile conditions, frozen in liquilBBST at room temperature. Incubation with the primary antibody
nitrogen, and stored at 70;C until further analysis for gene expres-(Cell Signaling Technology, Beverly, MA) was performed overnight
sion measurements and Western blots. at 4iC. The primary antibodies (dilution 1/1,000%ed were the anti-

Primary culture of rat hepatocyte®rior to the experiments, the phospho AMPK (Thr'7?) catalytic subunit, the anti-AMPK catalytic
rats used for in situ liver perfusion studies were allowed free accessstdunit, anti-phospho-mTOR ($é49, anti-mTOR, anti-phospho-4E-
a commercial laboratory chow diet and water for a wk. Hepato- BP1 (Th#”49, anti-4E-BP1, anti-phospho-GCN2 (Pff), anti-GCN2,
cytes were isolated from the liver of fed rats using the collagenagsti-phospho-elF2 (Sef?'), anti-elF2, anti-phospho-acetyl-CoA
method (6), as described previously (2). Cell viability was assesseddgyboxylase (ACC; Sé%), and anti-ACC. At the end of incubation,
the trypan blue exclusion test and was alway85%. Hepatocytes the blots were washed extensively with TBST at room temperaturg
were seeded at a density of 710° cells/dish in 100-mm petri dishes and incubated with a secondary antibody conjugated to horseradis
in M199 medium with EarleOs salts (GIBCO, Invitrogen, Cergyeroxidase (1/2,000; Santa Cruz Biotechnology, Santa Cruz, CA) fo
Pontoise, France) supplemented with 100 U/ml penicillin, 1§dml 90 min at room temperature. After further washing with TBST, the
blots were developed using an enhanced chemiluminescence |
(Pierce Biotechnology, Rockford, IL). To achieve further hybridiza-
tion, the membrane was stripped in stripping buffer (pH 6.8) contain
ing 62.5 mM TrisHCI, 2% (wt/vol) SDS, and 100 mM -mecapto-
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Table 1. Composition of diets

NP Diet HP Diet  athanol at 60jC for 15 min.

glkg DM 1 Analysis of gene expression by real-time PARtal RNA was
Protein* 116.0 424.0 extracted from 0.05 to 0.1 g of frozen liver using Trizol Reagents
Sucrose 99.8 455 (Invitrogen, Carlsbad, CA), and its amount was quantibed at 260 nn.
Cornstarch 548.0 253.0 The quality and integrity of total RNA were assessed on 1% agarosg
Lactose 7.0 26.5  gels containing ethidium bromide. First-strand cDNA was synthesized
gg?’ra ?e"'t 4§§ fg-g from 400 ng of total RNA using a high-capacity cDNA reverse
Mineyrals (AIN-93M) 350 350 transcription kit (_Applied Biosystems, Foster City, CA) with a random
Vitamins (AIN-93M) 10.0 100 hexamer. Real-time PCR was performed on ;O ng pf cDNA using the
Cellulose 50.0 50.0 Power SYBR Green PCR master mix (Applied Biosystems) and 4
Choline 23 2.3 7300 real-time PCR system (Applied Biosystems). All PCR reactiong

%Energy were carried out as follows: denaturation at 95;C for 10 min, 40
Total protein, %energy 13.0 48.0 amplibcation cycles, with each cycle consisting of 15 s at 95;C
Total fat, %energy 12.0 14.0 followed by 1 min at 60;C. The primers were designed using Oligo
Total carbohydrate, %energy 75.0 38.0 Explorer 1.1.0 software. The sequences of PCR primers used wefe
Metabolizable energy, kJ/g DM 14.8 147 5 TGTGGCTCGCCCAATTATG-3 (up) and 5-GACCCCGCT-

NP, normal protein; HP, high protein; DM, dry matter. *Total milk proteinGCTCCAGAT-3 (down) for AMPK 1 (NM_019142), 5TGGAG-
isolate, purchased from Nutrinov, Rennes, Fran&uirchased from ICN GTGAATTGTTCGACTACAT-3 (up) and 5>ACAGTAGTCCACGGC-
Biochemicals, Cleveland, OH. AGACAGA-3 (down) for AMPK 2 (NM_023991), 5TGGAGGGAG-
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AGCGTCTGAGA-3 (up) and 5TGATGTGCCGAGGCTTTGT-3 line. Ribosomal 18S RNA amplibcations were used to account fo
(down) for mTOR (NM_019906), 5SCTGCGGGTCCCTTTTGC-3 variability in the initial quantities of cDNA, and interplate variations
(up) and 5-AATCGGTCTAACTTCCTAGGTCTGAA-3 (down) for were corrected using an RT calibrator. Gene expression was detdr-
GCN2 (NM_013719), and 5GGGAGCCTGAGAAACGGC-3and 5- mined using the 2 ™ formula, where 2 represents the optimum
GGGTCGGGAGTGGGTAATTT-3for 18S. efbciency E) of PCR, whichisE  2and Cr (Gt target gene  Cr 189.
For each run, a melt curve was performed to analyze the produBGR efpciency was determined for each gene using a serial dilution ¢f
generated and controlled for possible contamination resulting framverse-transcribed RNA.
residual genomic DNA amplibcation (using control without reverse Immunohistochemistryzor inmunohistochemistry analyses, hepa-
transcriptase) and/or from primer-dimer formation (controls with ntmcytes were seeded onto Lab-Tek Chamber Slide culture chambefs
DNA template and no reverse transcriptase). The cycle threshe)d (¢Nunc, Naperville, IL). Twenty-four hours after seeding, the cells
for each sample was determined at a constant Buorescence thresiele treated for 0, 30, and 60 min with low or high AA concentra-
=== Fasted
—= Fed
A NP HP B NP HP
Fast Fed Fast Fed Fast Fed Fast Fed
P-mTOR P-4E-BP1
(Ser2448) (Thr37/46)
Total mMTOR Total 4E-BP1 o
Diet P< 0.001 Diet P<0.01 g
o Meal P< 0.001 & 35, Meal P=0.01 =
o 51 Meal x Diet P<0.001 b o : Meal x Diet P<0.05 b o
= W 3.0 ®
1S 4 < %
s T 251 a a o
é 3 2 201 a g
E ) a 2 a 9.: 1.5 o
€ w ] °
ﬂl. . I 1.0 g
2 o %57 Fig. 1. Effects of normal- (NP) and high-protein | ©
e o £ oo (HP) diets on mammalian target of rapamycin |5
NP HP 14 NP HP (mTOR), eukaryotic initiation factor (elF) 4E- S
binding protein-1 (4E-BP1), AMP-activated pro- | &
c NP HP tein kinase (AMPK), general control nonde- g
pressible kinase 2 (GCN2), and elFghosphor- <
Fast _ Fed Fast _Fed ylation in rat. Protein extracted from the livers of | 9
P-AMPKa rats adapted to NP or HP diets for 14 days ( Q
(Thr172) 24) and euthanized in the fasted or fed state was S
Total AMPKa processed for Western blot analysis as described| =z
E 1.0 1 bist P< 0.001 iN MATERIALS AND METHODS. AEIE_: representative %
s a Western blots (2 from 6 animals) of mTOR 3
< 08 4 phosphorylation (p-mTOR) and total mMTOR)( o
I g b 4E-BP1 phosphorylation (p-4E-BP1) and total | 8
2 0561 4E-BP1 @), AMPK phosphorylation (p- N
E b AMPK ) and total AMPK (C), GCN2 phos- o
s 041 phorylation (p-GCN2D), and elF2 phosphor- o
< ylation (p-elF2) and total elF2 (E). The re- 3
Q 024 sults are expressed as mean$D. The effects
B of diet (NP or HP) or meal (fasted or fed) were
x 0.0 assessed by 2-way ANOVA. Bars with different
NP HP letters within a graph are statistically signib-
cantly different (post hoc Tukey tests for multi-
D NP HP E NP HP ple comparisons?  0.05).
Fast  Fed Fast Fed Fast _Fed Fast _ Fed
P-elF2a
P-GCN2 (Ser51)
(Thrg9s) Total elF2a
Diet P< 0.001 Diet P<0.001
Meal P=0.05 Meal P<0.01
2.5 - 06 1 Meal x Diet P<0.01
N
™ a a
20 | a a 3 05 a
=
g s b e b
8 b E 0.3
o 10 )
n'_ 0.2
0.5 L
t‘-v' 0.1
[v4
0.0 - 0.0
NP HP NP HP
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tions. They were then washed brieRy three times with PBS, permfe mTORpathway, whereas p-AMPKand p-GCN2 decreased.
abilized with 0.25% Triton X-100 in 4% paraformaldehyde for 2 minThese changes in the AMPKand GCN2 phosphorylation state
and pxed with 4% paraformaldehyde in PBS for 30 min. Cells wetgtacted neither 4E-BP1 nor elF2phosphorylation. More pre-

prehybridized fo 1 h with 2% bovine serum albumin in PBS and theQ:iser, both the mTOR (meal diet effect,P ~ 0.001; Fig. 1)

incubated overnight at 4;C with anti-phospho AMPKThr'7?) cat . -
alytic subunits (dilution 1/100) (Cell Signaling Technology) of rabbifld 4E-BP1 (meal diet effect,P  0.05; Fig. B) phosphory-

monoclonal antibody. The membranes were then hybridized wiRion states were increased in the fed state in HP rats. Th

secondary rabbit antibody conjugated to Buorescein isothiocyanBftosphorylation states of AMPKand GCN2 were more inf3u-
(FITC; dilution 1/200) (Santa Cruz Biotechnology). After mounting irenced by diet than by nutritional state (diet efféct, 0.001, meal
Vecta-Shield (Vector Laboratories, Biovalley, Marne la “alle effect not signibcant). As shown in FigC1HP-fed rats were
France), the samples were observed4Q0 magniPcation) using a characterized by lower levels of AMPKphosphorylation (diet

microscope equipped with epiBuorescence and a camera (Axio ImagffectP  0.001) in both the fasted and fed states when comparel
with NP rats. GCN2 phosphorylation was lower in HP rats and

Z.1; Zeiss, Gdtingen, Germany).

Statistics.The data are shown as meansSD. The effects of diets (!;Y low in HP-fed rats (diet effec® 0.001; Fig. D). The

(NP vs. HP) and meals (fasted vs. fed state) and their interactions wi . -
tested by two-way ANOVA(SAS 9.1; SAS Institute, Cary, NC). pﬁosphorylanon of elF2 (Fig. 1E), the downstream target of

Post hoc Tukey tests for multiple comparisons were performed ® N2, followed the same variations as p-GCN2 (meatliet

make pairwise comparisons. Differences were considered signgdfect,P  0.01).

cant atP  0.05. For in vitro studies, differences from controls The gene expression of AMPKL catalytic subunit,

were analyzed using a pairédest, comparing different treatmentsAMPK 2 catalytic subunit, mTOR, and GCN2 was also de-

with the control. The level of signibcance was sefat 0.05.  termined in the liver in both the fasted and fed states in NP an

RESULTS HP rats, _respecti_vely (F?g. 2). mTQR gene expression wa
affected in the liver neither by diet (NP or HP) nor by

Liver mTOR, AMPK, and GCN2 phosphorylation and gerfeutritional state (fasted or fed). GCN2 gene expression was n¢

expression in NP and HP rathe rats received the NP andaffected by diet (NP or HP) in the fasted state or by nutritiona

HP diets for 2 wk. The liver was then removed in either thetate (fasted or fed) in NP rats. By contrast, in HP rats, GCN?
fasted or fed state to measure the phosphorylation stategehe expression was signiPcantly higher (20%) in the faste

mTOR, AMPK, and GCN2 and their downstream targetsfate than in the fed state (mealdiet effect,P ~ 0.01). For
4E-BP1 and elF2 (Fig. 1). The results showed that HPAMPK, and to distinguish between the AMPHK and
feeding in the fed state upregulated mTOR and downregula®PK 2 catalytic subunits, we examined mRNA levels for
both the AMPK and GCN2 signaling pathways. Under thessach isoform. AMPK 1 was signibcantly affected by diet
nutritional conditions, translation initiation was stimulated, a8®> 0.01) and induced at the same level in both the faste
indicated by the increase of p-4E-BP1 and the decreaseanid fed states (37.5%) in HP rats. AMPR gene expression
p-elF2 . In the HP-fasted state, no changes were observed Yoas affected by neither diet nor nutritional conditions. The

mTOR GCN2
12 5 mm Fasted Diet P=0.05
= Fed s1Meal x Diet P<0.01 ,
. 0 4 a ab a
ﬂ 8 4 'a
X = 2
2 ; S5
EC s Q>
<5 ©&
Fig. 2. Relative expression of genes encodingg & “1 ﬂég
mTOR, GCN2, AMPK 1, and AMPK 2. He- .
patic gene expression was measured using real-
time PCR in rats adapted to NP or HP diets for 14
days @ 20) and euthanized in the fasted or fed 0 0
state (5 animals in each condition). The results are NP HP NP HP
expressed as meansSD. The effects of diet (NP
or HP) or meal (fasted or fed) were assessed by AMPKa1 AMPKa2
2-way ANOVA. Bars with different letters within . 95 -
a graph are statistically signibcantly different 7 Diet P<0.01 . '
(post hoc Tukey tests for multiple comparisons, 64
P 0.05). a ® 201
2 °] e
E g o E S 15
if. :f
= 3 7 E E 1.0 4
nE: S 5 ES
0.5
11
0 0.0
NP HP NP HP
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AMINO ACID SENSING BY HEPATOCYTES E1317

results of gene expression in HP-fed state followed the samently reduced the phosphorylation state of AMPgig. 3C)
variation as protein, at least for mTOR and AMPK, com(P ~ 0.001). High AA concentrations or insulin enhanced
pared with NP-fed rats. For GCN2, we were unable tmTOR phosphorylationR  0.001; Fig. 4, but both signals
measure total protein level. The similar level of mRNAwvere required to induce 4E-BP1 phosphorylatiéh ( 0.01;
between HP- and NP-fed rats indicated that there was Rig. 4B). In particular, theincrease in the concentration of
effect of protein intake on GCN2 gene expression. BCAA or leucine was sufbcient to stimulate the phosphor-
InBuence of AAs, glucose, and insulin on mTOR, AMPK, agithtion of both mTOR and 4E-BP1 in the presence of insulin
GCN2 transduction pathways in vitro on isolated rat hepatd¥ig. 5). AMPK phosphorylation was lower in the presence
cytes. To investigate whether AAs, glucose, or insulin aref a high AA concentration whether insulin was present or
involved in the changes of mMTOR, AMPK, and GCN2 phosiot (P 0.01; Fig. 4). Insulin or high AA concentrations
phorylation state in the liver of HP-fed rats, we performed aalone had no effect on p-GCNZ2, but the presence of bot
in vitro study using primary culture of hepatocytes. Cells wemecreased p-GCN2 phosphorylatidh ( 0.0001; Fig. D).
incubated in the presence of low or high AA concentration To conbrm the effects of glucose and AAs on AMPKve
[corresponding to the concentration measured in the portal veixamined whether the decrease in AMPIghosphorylation
of NP-fasted rats or HP-fed rats, respectively, as describeds associated with changes in ACC phosphorylation. Surprig
previously (2)] in the presence or absence of insulin (100 nMphgly, we found that, after 60 min, AMPK phosphorylation
Hepatocytes were also incubated at low or high concentratiomas decreased in the presence of either high glucose conce
of glucose (5 or 25 mM of glucose). trations (25 mMP  0.01; Fig. &) or high AA concentrations
The effects of glucose (Fig. 3), AAs, and insulin (Figs. 4 and %rig. 6B) (P 0.001), whereas ACC phosphorylation was
on the phosphorylation state of mMTOR, AMPKGCN2, and decreased with high glucose concentration (F®.@® 0.01)
4E-BP1 were determined in vitro in primary cultures of isobut was not affected by high AA concentrations (Fid3).6
lated rat hepatocytes. As reported in Fig. 3, the increase Mbreover, to conbrm the effect of AAs on AMPK dephos-
glucose concentration from 5.5 to 25 mM in the culturphorylation in hepatocytes, immunohistochemical analyses g
medium for 60 min did not modify the phosphorylation state gf-AMPK  were performed under both low and high AA
MTOR, 4E-BP1, and GCN2 (Fig. 3, B, andD) but signib- concentrations. As shown in Fig. 7, under negative contro

=== Control 5mM
= 25 mM

A 5 25 Glucose (mM) B 5 25  Glucose (mM)
P-mTOR P-4E-BP1
(Ser2448) (Thr37/46)
Total MTOR Total 4E-BP1
g 1.2 E 1.2
e i
E L 10 T Y= 1o 1 Fig. 3. Effect of glucose on mTOR, 4E-BP1,
8 ‘g’ s g AMPK, and GCN2 in a primary hepatocyte
t° o % 25 08 culture. Hepatocytes were incubated for 60
€2 o5 TO os min in M199 salt medium containing a low
,9 e o2 amino acid concentration plus glucose at 5 or
gES 04 ¥§2 25 mM. Protein extracts were processed for
g o, o o2 Western blotting, as described WmTERIALS
2 e 2 & AND METHODS. Results are representative of at
e s 2 © = 00 least 2 separate experiments. Western blots of
8 % p-mTOR and total mMTORA), p-4E-BP1 and
Glucose Cincentration (mM) Glucose Concentration (mM) total 4E-BP1 B), p-AMPK and total

AMPK (C), and p-GCN2 D) are repre-
sented. The graphs represent the results of

C ° 28 Glucose (mM) D ° 25 Glucose (mM) phosphorylated protein and the total protein
P-GCN2 ratio for the 4 samples from 2 separated
rort72). (Thr898) cultures, except for GCN2. The results are

(Thr172)

expressed as means SD; n 4. Statisti-

Total AMPKa. cally signibcant differences from controls
were determined using a pairedest, com-
paring different treatments with the controls,
and are represented in the graph# (*

I 0.01).
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C— Control : - Insulin + Low AA
zZ3 - Insulin + High AA
== +|nsulin + Low AA
mzzm +|nsulin + High AA

A Low AA High AA B Low AA High AA
- + - + Insulin 100 nM - + - + Insulin 100 nM
P-mTOR P-4E-BP1
(Ser2448) (Thr37/46)
Total mTOR Total 4E-BP1

Fig. 4. Effect of amino acids (AA) and insu-
linon MTOR, 4E-BP1, AMPK, and GCN2 in
a primary hepatocyte culture. Hepatocytes, ' * 207 *
were incubated for 60 min in M199 salt ©
medium containing 5 mM glucose supple-
mented with amino acids at low (low AA) or
high amino acid (high AA) concentrations
with or without insulin. Protein extracts were
processed for Western blot analyses, as deg
scribed in thevATERIALS AND METHODS. Re-
sults are representative of at least 2 separa
experiments. Western blots of p-mTOR andx
total MTOR @), p-4E-BP1 and total 4E-BP1 0.0 0.0
(B), p-AMPK and total AMPK (C), and Low AA High AA Low AA High AA
p-GCN2 D) are represented. The graphs rep-
resent the results of phosphorylated protein Low AA High AA Low AA High AA
and the total protein ratio for the 4 samples o

from 2 separated cultures, except for GCN2. bGCN2
The results are expressed as meanssD; :’T:r":';’z")“ (Thro98)
n 4. Statistically signipcant differences Total AMPK«

from controls were determined using a paired
t-test, comparing different treatments with the
controls, and are represented in the graphg,
*P  0.01).

OR/TotalmT

1.0 4

T

(Relative to Control)

054 0.5

fo P

ai

Ratio P-4E-BP1/Total4E-BP1

(Relative to Control)

+ - + Insulin 100 nM - + - + Insulin 100 nM

1.0
0.8 *
0.6

0 10 ;
8 084
*
6 06
4 1 B 04
- 024
00 00

0.4
02
Low AA High AA Low AA High AA

Ratio AMPK/TotAMP
(Relative to Control)
P-GCN2
(Relative to Control)

conditions (without anti-p-AMPK Thrt”2 antibody), no emis role in nutrient sensing and in the regulation of protein and
sion of Buorescence could be detected. In cells incubated wéthergy metabolism. Taken together, our results agree with th
low AA concentrations, bright Buorescence was observedea that amino acid sensing in the liver involves coordinated
whereas a reduction in Buorescence was seen clearly after gaetion of these transduction pathways to ensure the adaptati
exposure to high AA concentrations for 60 min. At 30 minef liver protein and energy metabolism to the availability of
there was no difference in Buorescence emission under low aftdino acids and energy nutrients. A proposed scheme for th
high AA concentrations. control of liver metabolism by AMPK, mTOR, and GCN2
according to protein level in the diet is shown in Fig.The
results showed that, at high glucose levels, AMPK phosphor
The mTOR, AMPK, and GCN2 transduction pathways angation was inhibited, whereas p-GCN2 and p-mTOR were no
their downstream targets 4E-BP1, ACC, and elfp?ay a key affected. At high amino acid levels, p-AMPK and p-GCN2

DISCUSSION

Fig. 5. Effect of branched chain amino acids (BCAA),
leucine (Leu), and insulin on mTOR and 4E-BP1 phos-
phorylation in a primary hepatocyte culture. Hepatocytes
were incubated for 60 min in M199 salt medium con-
taining 5 mM glucose supplemented with AA at low or
high AA concentrations with or without insulin. To study
the effect of BCAA and Leu, the medium containing low
AA was supplemented with BCAA or Leu at the same
level as high AA. Protein extracts were processed for
Western blot analyses, as described inMR®ERIALS AND
METHODS. Results are representative of at least 2 separate
experiments.
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