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Regulation of Glucose and Lipid Metabolism via AMPK

Yuichi YOKOYAMA *®, Kazuhiro IGUCHI @, Shigeyuki USUI ¥,
Kazuyuki HIRANO ¥*

Abstract: Change in glycerol influx into the liver causes metabolic alternations in many pathways since glycerol is a substrate for
gluconeogenesis and lipogenesis in the liver. Aquaporin 9 (AQP9), a channel membrane protein, is expressed mainly in the liver and
permeable to water and small molecular weight solutes such as glycerol and urea. AMP-activated protein kinase, AMPK, functioning
as a serine/threonine kinase acts as an energy sensor in the homeostasis of glyco- and lipid-metabolism. In this study, we found that
5-aminoimidazole-4-carboxamide-1-B-D-ribonucleoside (AICAR), an AMPK activator, significantly down-regulated AQP9 mRNA
expression in human hepatoma HepG2 cells. Forkhead box a2 (Foxa2) was demonstrated to be one of the transcriptional regulators
of AQP9 gene expression repressed by AICAR from the results of a reporter gene assay and knock-down of the Foxa2 gene by
siRNA. Activation of AMPK by AICAR promoted the phosphorylation of Akt at Thr-308 and Ser-473 residues and subsequently
phosphorylated and excluded Foxa2 from the nucleus. These results suggest the possibility that AQP9 is under AMPK control in the
influx of glycerol into the liver and that AQP9 contributes to the glycol- and lipid-metabolism of glycerol transport in the liver.
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DIRBEORERFEREZF SR T IR 77 7 X2 —T
D, EEMEBREDLIESIZEWTE, BEICREESE TS
TE~DOBELBEESTEY  BRRFRCERB AT 47
DM E LTH]Y EFbnaHabLn, 20X 5 2RI
DT OEE, =X — RS BEE R AR A2 R L,
THBFFOEBEN LIRS, BAFAHIZIRIC L - T, Hix
ERY w7y Re—LRRHs L TW5H T,
AMP-activated protein kinase (AMPK) 7233% % Y,

AMPK T, HIFEN O AMP/ATP o> S HE > CTiEMEAL
ENskEY Y ALF=rFF—ETHD 2, AMPK 2ME
MibEn s &, phosphofruktkinase-2 diEPE(L., acetyl-CoA
carboxylase DFRE, 35 & OVE#&#% T glucose transporter 4
DOMEREA~D R T Aalr—v g COREREIZE 5T,
fiihE. RRIAEERE (L. S OITHEI Y AL DR L o 72 ATP
EEEAET DR TUET D, ERFRFIZ, AMPK 23 EME(L
S b & FEE A R23% O phosphoenolpyruvate carboxykinase.,
glucose-6-phosphatase . 3 & Vx5 [ 7 sterol regulatory
element-binding protein 1 ®FBLHH| 722 S12 k- T, BEHTE
IR ARED ATP ZEET 2RIl sns, 20
&5 ZEHNC & o T AMPK MU R TR OB UIE TG 20 S
BT ENHIRFISN TN D,

AHFFETIZ, AMPK OIEHALIZ L - THRBGREI S D
B - IEECH B EE R T & LC, B AECIEE & Ok
L7257V e —)LEFiET % aquaporin 9 (AQP9) T3
HL7, & F® AQP (21X AQPO~12 » 13 FEH DY 7 % A
TPFAE L, BRT B T OENNIL 2T 2207 —F

B END, =KD FOHREHBRT 25 FHETHY .

MIFIIAS FLINC 7 U a—ARRFED L 5 RIS T
FEHEbLEBRB T O TETH DH, FFICH T IX
aquagulyceroporin (AQGP) &#Fr&iu, B FTiE AQP3,
7.9, 10 TH2 I, BUE, £ MRV TZYEr—LF v
ANELTHONDEAEIT AQGP DA THY | HEFE
RNEE A AN Z bl 5 FICiE AQP9 234 <
FH LTINS 49,

AQPY IZ K » TIHFIRICI W IAEND 7 U Er—id, HE
ARG R OMEL & 72 B 728 | BEFTACIRIA & 231
il 235 AMPK IEMALERZIE, AQP9 DI BLN NN S b
ZENHEREND, £ T, b MFEHEK HepG2 HifuiC
AMPK &ML A T&H % 5-Aminoimidazole-4-carboxamide
ribonucleoside (AICAR) ZALEEL7-& Z A, AQP9 mRNA
OFBIIIH3FRH H =D T, AICAR IZ X 5 AQPY 5
FREIE T 2 BRI ARG LTz,

2. AQPYEZFRERICKIZT AICAR DEE

AICAR 22 AQPY MEZFRBUC LD X 5 2 EERIET
2% HepG2 MIRRICISV TR L 7=, HepG2 #jdiz, &R

B D AICAR #% 24 WfiALEE L - B, % 721%.1 mM @ AICAR
A RMOE L= AQP9 mRNA R % real-time
RT-PCR ¥EIZTHIE L7, AQP9 mRNA #HiX 1 mM ©
AICAR % 12 RpALERT % = L CHRITIMM Shi (Fig.
1A, B),
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Fig. 1. Effect of AICAR on the AQP9 mRNA expression in
HepG2 cells.

HepG2 cells were incubated with (A) various concentrations of
AICAR for 24 h and (B) 1 mM AICAR for the period indicated.
HepG2 cells incubated without AICAR were used as a control.
The expression of mMRNA was quantified by the real-time
RT-PCR method after total RNA was extracted. The results
were normalized with the p2-microglobulin mRNA levels and
the mRNA level of the control was taken as 100%. Data show
the mean + S.D. from five experiments. *'p<0.01, “*p<0.001 vs.
control.

3. AICAR [Z& % AMPK DiEHE{EZEAT L 1=
AQP9 mRNA & {5 F S LN

3.1.AMPK®D ) VBt H L UZDEMICRIFS AICAR
NEE

AICAR X AMPK DOiE#({EAIE LTHWLH DA,
AICAR DERRIRIZ AMPK DIFHAL M &RV E VW5 #
HHVEFET B, €2 T, HepG2 Mfi@izi5v T, AICAR
MNEPJZ AMPK ZIEHEET 25 E 55, Ei=, AICARIZ
X 3 AQP9 mRNA ZEBMfHIIIC AMPK DI {E(LASBIE LT
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WD IEDINTOWTHRF L2, 1 mM AICAR THULEE 5 &
AMPK O U U FRITR HRAFRIIZ TTHE L7 (Fig. 2A),

F 72,100 pM~5 mM @ AICAR T 1 FrfALER L, AMPK
EEERELZEZA, 1 mM & 5 mM OULEREIZT
AMPK JEMEDHE R EFRPRBD B, £ OTEMIT AMPK
B2 Compound C D ETALERIZ X - THLE &7z (Fig. 2B) .
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Fig. 2. Effect of AICAR on the AMPK activation.

(A) HepG2 cells were incubated with 1 mM AICAR for the
period indicated. Cell lysate was prepared with lysis buffer
containing SDS and 2-mercaptoethanol and forty ug of protein
from the lysate was separated by electrophoresis with a 10%
SDS-polyacrylamide gel. After proteins in the gel were
electroblotted on a PVDF membrane, AMPK alpha subunit
(AMPKa) and phosphorylated AMPKo were probed with
anti-AMPKa antibody and anti-phospho-AMPKa (Thr-172)
antibody, respectively, and visualized using a secondary
antibody-peroxidase conjugate and the ECL system. (B) HepG2
cells were incubated with (open column) or without (filled
column) 10 uM Compound C for 1 h and subsequently treated
with various concentration of AICAR for 1 h. Cell lysates were
prepared with lysis buffer and relative AMPK activities were
measured with  AMPK Kinase Assay Kit. The data were
indicated by measurement of dual wavelengths of 450/570 nm
absorbance. Data show the mean + S.D. from three experiments.
“p<0.01, ""p<0.001 vs. the cells treated without AICAR and
Compound C.

3. 2. AQPIMRNA EEZFHEIZKIZFT AMPK EifiL
DEE

AICAR AFEZ X > THfSh™ AQP9 mRNA RHi
Compound C DRTARIZ X - THRICESE L 7= (Fig. 3A).

FEie, 2 BIPERBIAMIED metformin (MF) iX AMPK @
EEEENMLTCLHETHERERT. €T MF b
AICAR X [RRIZ AQP9 MRNA R ZH T30 5 1%
MR, MF iX AQP9 mRNA F551% BB GRFF A0 91l
L7 (Fig.3B),
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Fig. 3. Effect of AMPK on the AQP9 mRNA expression.

(A) HepG2 cells were incubated with various concentrations of
Compound C for 1 h and subsequently treated with 1 mM
AICAR for 24 h. HepG2 cells incubated without AICAR and
Compound C were used as a control. The mRNA expression of
AQP9 was analyzed by the real-time RT-PCR method after total
RNA was extracted. The results were normalized with the
p2-microglobulin mRNA levels and the mRNA level of the
control was taken as 100%. Data show the mean + S.D. from
three experiments. ““p<0.01 vs. control, "p<0.01 vs. the cells
treated with AICAR and without Compound C. (B) HepG2
cells were incubated with various concentrations of metformin
for 24 h. HepG2 cells incubated without metformin were used
as a control. The expression of mMRNA was quantified by the
real-time RT-PCR method after total RNA was extracted. The
results were nommalized with the P2-microglobulin mRNA
levels and the mRNA level of the control was taken as 10096.
Data show the mean + S.D. from five experiments. “p<0.01,
**p<0.001 vs. control.

4. AQPYEEESEHEICRIFF AICAR DEE

AQP9 IZEHSAR D B EHE—2000 bp, —1480 bp, —
512 bp 35 X *—2178 bp 2> H+80 bp £ THO S B E— & —{F
% pGLS VY 7 2 F—BRI F— 2 a—=r T L. £
h®h, 75 X3 K 2000pGL3, 1480pGL3. 512pGL3
BIXU278pGLS & L, T b % HepG2 MRIZMA L,
AICAR ® AQP9 71 &— & —E I RIFTREZOVWT
M7, AICAR iX52201C1k AQP9 IEIEME XM L2 A
o7ehd, AQP9 Fue—F —EHDN, —1480bp 22 H—
512 bp ¥ COMFEMK, BITR —512bp 1*5—278bp £ T
DFEIRIC AICAR DEEIC X > THMiZ 2175 DNA &5
REETIZ L7 EhE (Fig. 4A), - T, kR0
2 BEORFIMCRKAFEEZHD, D AICAR IZL>T
HEMM SN 2BEEFERBLI-L 25, Foxa2 & RH
L, 2T, Foxa2 22 AQP9 DIGEIEH 2 WM+ 20 Y
5 DLW 573, HepG2 MIMIZ Foxa2 SiRNA % k5
YRZ7=7 bL, Foxa2 BEZHMBLELZ A, AQPY
mRNA ZBRiIFEiICHBl Sh (Fig.4B), #- T, BE
HF Foxa2 iX AQP9 mMRNA DIEETL#IZHFE L TWBZ &
BRgEIhi,
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Fig. 4. Transcriptional regulation of AQP9 gene by AICAR.

(A) HepG2 cells were co-transfected with the reporter vector
containing the promoter region of AQP9 gene and a reference
plasmid, phRL-TK. Transfected cells were maintained in the
regular culture medium for 24 h and further cultured with or
without 1 mM AICAR for 24 h. Cell lysates were prepared after
the incubation and luciferase activities were measured with a
Dual-Luciferase Reporter Assay System. Firefly luciferase
activity was normalized with Renilla luciferase activity and is
expressed relative to the control treated without AICAR. Data
represent the mean + S.D. from five experiments. “p<0.01,
“p<0.001 vs. 2000pGL3 treated with AICAR. (B) Foxa2
siRNA and control siRNA were transfected to HepG2 cells with
lipofectamine 2000 and incubated for 24h. The suppression of
Foxa2 mRNA levels was measured by RT-PCR and AQP9
MRNA levels were quantified by the real-time RT-PCR method
after total RNA was extracted. The results were normalized
with the B2-microglobulin mRNA levels and the mRNA level
of control siRNA treatment gruoup was taken as 100%. Data
show the mean + S.D. from three experiments. ~"p<0.01 vs.
cells treated with control siRNA. (C) HepG2 cells were
incubated with 1 mM AICAR for the period indicated. The
expression of Foxa2 mRNA was quantified by the real-time
RT-PCR method after total RNA was extracted. The results
were normalized with the B2-microglobulin mRNA levels and
the mRNA level of 0 h was taken as 100%. Data show the mean
+ S.D. from four experiments. ~p<0.01 vs. 0 h.

AICAR (2 ) % Foxa2 Z /- L7= AQP9 mRNA & B #i i i
HEZ A=, 563 AICAR LLBLIZ L 5 Foxa2 mRNA %5

B8 DA% real-time RT-PCR #:1Z CHllliE L 7= (Fig. 4C),
Foxa2 MRNA &% AICAR LB AADN © 16 REf % & Tix &
{9, 24 BRI, DT 2T L7z, AICAR IZ
£ % AQP9 mRNA FHELOMFIEHIL AICAR ML 12 FEH]
FBICIIMER SN TWVH DT, AICAR |2 X 5 Foxa2 FIH
HiHs AQP9 DFEBIMHNIZIZBI S LiaW\ 2 & RS Tz,
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DEE

5. 1. AICARIZ& 3 At D) VL
Leclerc 591X, &Y A MBMITIZISNT,

AICARIZ X > TAMPKASTEIE(L &5 L. AktDThr-308%%
E BIUSer473RED Y VBERAET I L2 MEL
TW3, £o T, ZERRICBIT 5. AICARIC & 5AKtD
Y VB{ETTEIT OV TR L2, Fig.5IZRT & 51T, Akt
D2-D Y BMLERAL (Thr-308, Ser-473) X, 1 mM AICAR
BB HORMEEZE—2 L LT, YV UBEEHhB D
LR ENE,
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Fig. 5. Phosphorylation of Akt by AICAR in HepG2 cells.
HepG2 cells were treated with 1 mM AICAR for the period
indicated. Cell lysate was prepared with lysis buffercontaining
SDS and 2-mercaptoethanol, and 40 pg protein from the lysate
was separated by electrophoresis with a 10%
SDS—polyacrylamide gel. After proteins in the gel were
electroblotted on a PVDF membrane, phosphorylated Akt
(Thr-308), phosphorylated Akt (Ser-473), and Akt were probed
with anti-phospho-Akt (Thr-308) antibody, antiphospho-Akt
(Ser-473) antibody, and anti-Akt antibody, respectively, and
visualized using a secondary antibody-peroxidase conjugate
and the ECL system.

5. 2. PISK/IAKtZEEIZRIXTAICARDEE

MBERE T /L€ 2 CHh BinsuliniIPISK/AKLERIE 2 F5 k(L
FTHZERRLMBATWS, £k, insulintXAQP3, AQP7,
AQPODMRNARE MM 5 Z L RAESh T3, £
Z G, HepG2#ii2iZ 33> TinsulindAQP9 mMRNARHIZ K
IETEREHMBLEL 25, AQP9 MRNARE Kiinsulin
BT & - TREEFAITHR Sh~ (Fig.6A),

EBHIZ, AICARIZ & 5 AQP9 MRNAREE DO IME~D
Aktl2A vt ¥ & — L PI3KFHL AT & % Wortmannin®
BIZOWTRHM L (Fig. 6B), ZD#RR. AICARLIRIZ
Lo TRl Sh7=AQP9 mRNAZEHEIX, Aktl21 k¥4
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Fig. 6. Effects of PI3K and Akt on AQP9 mRNA expression.
(A) HepG2 cellswere incubated with various concentrations of
insulin for 12 h or (B) preincubated with inhibitors for 1 h and
then treated with 1 mM AICAR for 24 h. HepG2 cells
incubated without insulin, AICAR, and inhibitors were used as
a control. The expression of AQP9 mRNA was quantified by
real-time RT-PCR after total RNA was extracted. The results
were normalized with the B2-microglobulin mRNA levels and
the mRNA level of the control was taken as 100%. Data show
the mean + S.D. of four experiments. ™ p < 0.001 vs. control,
o < 0.01 vs. cells treated with AICAR and without Akt
inhibitor.

6. AICARIZ & % Foxa2d) & i

Fig. 4 TiX, AICAR IZ &5 AQP9 REEFRBE OB,
BERT Foxa2 ABIELTWBAZ L &RLEN, 1 mM
AICAR 24 FF[ij 508813 Foxa2 mRNA 3535 % 359%R2HE L 2>#)
il X B Rh ol i, Foxa2 i X 5 AQP9 mRNA ZE5 G
EERTORA2MEHR Ci3%&< . Howell & Stoffel
B DDOWED & 512, Foxa2 DESRAIC X 2HERTH
NTVBOTIRRVWHLEL BN, £ 2T, HepG2 Hifid
D Foxa2 DJRTEHEZ 573, Foxa2 fifkz Avictk
Pedefa s X UMK T 21T o P& B 222V T Westen
blotting 217> 7= (Fig. 7A. B), HepG2 #ilEiZ 1 mM @
AICAR % 12 B[fjL84 3 = & ©, Foxa2 i BEE4yH> b
JAREY~BIT L7, Foxa2 ¥ 37 OBABITA h =X
AL LT, BSKEH CRML 28 Foxa2 2 D%
v 7Fv (NES) BT BZ LT, Foxa2 & /37 &%
Mok TBZ L REbhTWS, £ZT, AICAR Tk
% Foxa2 DB BITICRT 5 CRM1 DBIL-IZ oW TRMY
L7z, CRM1 DEHITH 5 leptomycin B (LMB) % HepG2
MIERIZ 1 ReRORGALER L, % D AICAR T 12 FRILHE L 7=,
ZORER, AICAR 12 & 5 Foxa2 DEEABITIE LMB IZ & 2
THEIh3Z L BER S (Fig. 7D), & HiZ, Fig. 7C
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Fig. 7. CRM1-dependent nuclear export of Foxa2 by
AICAR.

(A) HepG2 cells were treated with or without 1 mM AICAR for
12 h. After permeabilizing and blocking the fixed preparation
with 0.05% Triton-X and 1% BSA, respectively, cells were
probed with anti-Foxa2 antibody and subsequently visualized
using a secondary antibody-rhodamine conjugate (red). Nuclear
staining was performed with Hoechst (blue). The preparation
was examined under a confocal laser scanning microscope. (B)
HepG2 cells were treated with 1 mM AICAR for the period
indicated, (C) preincubated with or without 10 ng/mL
leptomycin B (LMB) for 1 h and then treated with 1 mM
AICAR for 12 h. HepG2 cells incubated without AICAR and
LMB were used as a conirol. Cells were subsequently
fractionated to cytosol and nuclear fractions. Ten micrograms
of protein from cytosol fraction and 5 Ig protein from nuclear
fraction were separated by electrophoresis with a 10%
SDS—polyacrylamide gel. (D, E) HepG2 cells were treated with
1 mM AICAR for 12 h or without AICAR as a control. Cell
lysate was prepared with lysis buffer and was subsequent to
immunoprecipitation with anti-Foxa2 antibody. The precipitant
was collected by protein A/G agarose and separated by
electrophoresis with a 109 SDS—polyacrylamide gel. After
proteins in the gel were electroblotted on a PVDF membrane,
PARP, GAPDH, Foxa2 and phosphorylated threonine residues
in Foxa2 were probed with corresponding specific antibodies
and visualized using a secondary antibody-peroxidase
conjugate and the ECL system.
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TiX, AICAR IZ & o Tl 4172 AQP9 mRNA FEEL~D
CRM1 DB5C 2\ THiFF L7z, AICAR 12X > THIf &
7= AQPO R HLIZ 10 ng/mML O LMBIZ L »CTar fue—/b
LUV E CHERICEIE L, KIT, Foxa2 1T Akt 1L 25
Thr-156 520 U U Eb % % TN EATT B 729, AICAR
Ik % Foxa2 U VBB EIZ DWW THiISI LT-, Foxa2 @
Thr-156 @ U VR EHURIITIR S T 1 mM O
AICAR T 12 FEALEL L 7= HepG2 Hifian &, Foxa2 # > /X
T RRERKR L, ALA=10DU CE{LIRIEE Western
blotting THIE L7z, & DfEHR. AICAR MLEZ ] - T Foxa2
DV UERALDTLHET B Z LR Sz (Fig. 7TE),

7. &

AFEFTTIZ. HepG2llla iz AICAR % ALFR L 7= 7% 5. AQP9
FEEAIH STz, AICARIZ X 5 Foxa2 o 3 i Bk 13
AICARIZ X - THE AL & 1172 AMPK 78 Akt @ Thr-308 7% 5%
L Ser-4735% KA U Bk L, FHIZH] E FV CHERER
Foxa2z U gk L. U v E(k S v 7-Foxa2 23N 0> B %4+
AT T D EICE D, AQPIEIEFDIRENLE XD
LD —HOD A H = X LR S L7z, AICARIZ L 5 [iFhi
DAQPIFEHDINHIIL, HEHTAECIRE A RO & 725 7
Ut wa— L 3AQPIZ I L CHFIBICIRA T 5 D& HET 2
LT, INDOER AR IHEREEIME T D DOICES
LCTWbEBExBND, ERIC, VTt r ¥ —4R
BAERE T /L~ AZBWTAQPI% / v 7 T U b5 2
LT, M 7Y e — VREOBEEREME | I EOR
BERIETARDHNDEY, - T, AQPIDFHIIHIE, IF
B~ 7Y a— O ANEIH L, 2O, BEHES
NEE AR & W o To = 0L 5 — H BRI O Sl /FE I IR A
LEE‘EZBND,

AICARIZ & - TIEMHAL & 3172 AMPK 28 Akt @ Thr-3087%
L Ser-4735 5k A U b L. ZRICHIV T, Foxa22s V)
VERIL S IVTHREANEAT T A Z &2 ko T, AQPOFEBL A
&N D Z &R ST, Insulinll X 5 Foxa2 DE44 %
171X, Foxa2t§pk 7 2 / BEFCSI R oA v v F st
BATES (NES) IZHAMRIEIRCRMLIAFE AT 5 2 & TFT
bhoan, ABRFHICBOWTHCRMIDEERITH 5
leptomycin BiZ & - CAICARIZ X 5 AQPI D F& Ml 2 1]
ERBD BN L5, AICARIZ X D Foxa2 DA BT
H CRMUE FCTH D ENREZ 2 HALd, Insulinik, Foxa2
U LRLL, BABITT A Z LIk, s TIERO
FHEME LT 5, ITEE, Stoffel 5 L - T, T
31T D Foxa2d [T, BERIGICRIT A4 R Y v
PO RBICHE LTV 5D Ll Sz, AREToRs R
726 | Foxa2lZ & - TAQPIFILIL THE TV 5 A3, Foxa2
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