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ABSTRACT

It has been reported that hepatic glutathione (GSH) levels are decreased in diabetic patients, and glucagon
increases hepatic efflux of GSH into blood. The signaling pathways responsible for mediating the glucagon
effects on GSH efflux, however, are unknown. The signaling pathways involved in the regulation of GSH ef-
flux in response to glucagon and insulin were examined in primary cultured rat hepatocytes. The GSH concen-
trations in the culture medium were markedly increased by the addition of glucagon, although cellular GSH
levels are significantly decreased by glucagon. Insulin was also increased the GSH concentrations in the culture
medium, but which is reflected in elevations of both cellular GSH and protein. Treatment of cells with 8-bromo
-cAMP or dibutyryl-cAMP also resulted in elevation of the GSH concentrations in the culture medium. Pre-
treatment with H89, a selective inhibitor of protein kinase A, before glucagon addition markedly attenuated the
glucagon effect. These results suggest that glucagon changes GSH homeostasis via elevation of GSH efflux,
which may be responsible for decrease in hepatic GSH levels observed in diabetic condition. Furthermore, the
present study implicates cAMP and protein kinase A in mediating the effect of glucagon on GSH efflux in
primary cultured rat hepatocytes.
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A A BAEALES A AT (Sies, 1999).
=3 GSHE ¥HS-A o] 78 o] xAkel cysteine?]
$aA4 2 AAAR 7)3%-8}c} (Stipanuk, 2004). 2
FHoz GSHE: A=z Abd, Az 254, A=
2, N zA7Re 7% 2 59 %S 39T
o} (Sies, 1999).

g xAq thAA3Bke] e (diabetes mellitus)
Mze 299 Udes BT v AR &
Are Q14@ ] 3HA] (insulin resistance)¥} B4 =E-&
A1 ®4}7red (non-alcoholic steatohepatitis) @ #H
o] 9= Aoz RIFET ¢lv)(Baynes and Thor-
pe, 1999; West, 2000; Neuschwander-Tetri and Cald-
well, 2003). Fxol A AbEH £49] 71de=2s
FEed O BRLFY 2o 22 A
el Ak Az ARA 27l 0% %4,
Ezeoll BALE] A4 27 5ol
Aor=E 1 gle}(Abdelmegeed ef al., 2004). 3 Ak
A &4 dAske kst mae] I 94
dedzt I 98 HEHE Zle= Hu
=g} (Kim et al., 2003a, b; Kim et al., 2004; Kim
et al., 2006a, b; Kim and Novak, 2007).

P Akl AP Pl GSH =t 343t
o olgjat Zat AEHE Akl Alxg RIZEH
&t} (Yoshida et al., 1995; Jain et al., 2000). ZHH| =
ol Q% M2)E GSHE FAL wifshe &
o) wale F/AY)E Aoz HaEgen (Lue
al., 1992) ¥H FF7EL bl "oz GSH
9] gE)8 Z/M7IE Aoz RuEdck(Lueral,
1990). e} FFhRe) A s AxA
FALAAE BA7A AFEA gsiet 2 A7
Exyx oz ik P FAE AFAAM FFI}
23} Q143 o] GSHY effluxdl] njX¥x g o
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Modified Chee’s medium?} L-glutamine-2- Invit-
rogen (Carlsbad, CA)o|A ¢l€¥-2 Novo Nordisk
Pharmaceuticals Inc. (Princeton, NIellA] 3138}
t}. Collagenase (type 1) Worthington Biochemi-
cals (Freehold, NJ)el| A, vitrogen (95~98% type I
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collagen, 2~5% type III collagen) Cohesion
Technologies Inc. (Palo Alto, CA)ol|A] F131%i=t.
H892} KT5720-2 Calbiochem (La Jolla, CAYNAM
Glucagon, 8-bromo-cAMP (Br-cAMP), dibutyryl-
cAMP (DB-cAMP)3} 7]e} A]2f-& Sigma-Aldrich
(St. Louis, MO)ol| A 913wt

2. HE UMzl Fa| % WY

WA 2 (hepatocytes)t= -&A Sprague-Dawley 2}
E(200~300 g)ol| A} collagenaseE F-73te] e
3ted vk (Kim et al., 2005). 7HH E£E 60 mm ul SFA A
o] 3x10%cells2 7}sl 1uMe] Qlge] #Hrisl
Wl x| oljA] 4A1ZF Bk wheFsled 2 EE vl FA Al
o ®AAAL AdgHe] gl vz 23] AN}
of mlxzty Axe} AdeE AAT 2AT F
b SHAHAZ F Q&d, FFIHE, BrcAMP =
DB-cAMPZ& #)2)3}g]c}. Protein kinase A (PKA)<]
A A) Q) KT57207 H89:= DMSOe] =] —-20°C
oA BAsh PKA JAAE F571E A
317] 154128 Aol AxEsdeh Az ASE
8ol 3}7] 918l MTT assay2} LDH (lactate dehydro-
genase) assay 2 434 815}

3. GSH %

A ze] GSH ke Aol nux whyg AHE3t
9t} (Kim ef al., 2005; Kim et al., 2006b). A 2
6% perchloric acidell A o] 1.5mL tubee]] ®o3
Qapelstel A59e Ams ALgsialch A
of wjAlellAl GSH =% iAo #3j¥] 1072
6% perchloric acid g 718t Y42 F 45
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seAssln §BPE9 C18 AP S AT
HPLCE AHg3ted 22 9 AFsiglc 943 &
22 bovine serum albuming EFEA 2 A3}
BCA (bicinchoninic acid) ¥ o2 A s}l

A
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A F Abole]l EA A ol analysis of vari-
ance® Newman-Keuls multiple comparison test (P
<005)2 Arkstech AYAHe] APAL 2~4
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Zat o oFE
1. 287124 9l&lo] ZHMZoM GSHE
effluxol] ojxl= A&

Az} wfey A= A AJA NN FFIREH
Qo] GSHY effluxell vjA|= Jakg A znfok
wWRlolA GSHY F=& Alzbdz &A4ste] Hrt
st e} (Fig. 1). wiofel] AM8-3HA] ob-& Alxefof
]9l Chee’s mediumeoll A= GSH7} FH&E A
t}(data not shown). Q& 2] = 2427k F
M EE Wik wiAelA 10nM3PE GSHe| %
& Z7p7 et GSHe WlasEs AES)
G g BASdE dEPe e 0.50
+0.04 nmol/hr/mg proteino]gl.o™ o] 7k &
e 0.1,1,10, 28T 100 M2 HE]sle AS
247k 0.5240.06, 0.44+0.05, 0.48+0.04 13|
0.554:0.04 nmol/hr/mg protein® -§-2]H ¢l A}o]7}
dsch A M 5% GSHY F=Ex H=2F
oA} 30.741.9 nmol/mg proteine]gl. o™ o]
d&de] =57} 0.1, 1, 10 28} 100 nM2 Z7}
gteo]] uhel 247t 304422, 334403,389+06 1
2] 3 38.342.8 nmol/mg protein 2 Q&3 Fx
o 9xgd Z7b BALAG G Q&
o MmN GSH) Z7ke w9 ¢
o) 2713} Az)H GSH §4 3719 Bges
Balr,

SR Al 3AZRE Alzafek wjz|of
A GSHY =% F7HzoH o 4L 257}
9] Fxo 2)&A o|glt}(Fig. 1B). GSHY wi&
£x2 AAispd Jxe] FE 0.5140.03 nmol
hr/mg proteino] g} o™ o] L FFITE 1,10,
25 28]3 100nME Z7FAZHE 4% 247 0.58+
0.04, 0.74%0.07, 0.79+0.05 18]3 0.94+ 0.05
nmol/hr/mg protein®  Z7}slgch wkw A EolA
GSHY ¥=¥ Y ZzZdA 31.7x0.6 nmol/mg
proteino|gl.oem FF7L2e] Fx7) 1,10, 25 1
T 100 nM3. Z7}3te)) me) 31.0+2.3, 27.7+1.2,
27.6+1.6 18] 3 26.5+1.0 nmol/mg protein .2 7}
A3} o] AdE FFIRTe] MZulick wiAle)
Al GSHe| ¥=& Z7M7IM Hb Azexe 7
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Fig. 1. Effect of insulin (A) or glucagon (B) on GSH efflux.
After 4 hr plating period in the presence of 1 uM
insulin, hepatocytes were maintained in the absence
of hormone (control) or in the presence of various
concentrations of insulin or glucagon for 1day. Data
are means & S.D. of four preparations of cell lysates.
* % *kkkgienificantly different than levels monitor-
ed in hepatocytes cultured in the absence of hor-
mone, P<0.05, P<0.01 or P<0.001, respectively.
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Fig. 2. Effect of DB-cAMP (A) or Br-cAMP (B) on GSH
efflux. After 4 hr plating period in the presence of 1
{M insulin, hepatocytes were maintained in the
absence of hormone (control) or in the presence of
various concentrations of DB-cAMP or Br-cAMP
for 1 day. Data are means+S.D. of four prepara-
tions of cell lysates. *, **, ***gignificantly different
than levels monitored in hepatocytes cultured in the
absence of hormone, P<0.05, P<0.01 or P<0.001,
respectively

cAMP $-%4 9l DB-cAMP2} Br-cAMP%E 1,5, 10
2 25uME A Zujoflol] A 2] skl (Fig. 2). DB-
cAMP#} Br-cAMP: 100 uM7}x] MTT % LDH=
97k Azsgel fode wate $EA @
o)t} (data not shown). DB-cAMPY: ] F 3|7
B Az} WiA)A GSHE| 58 fodoe
2izem o @S 24NN FAEA
(Fig. 2B). GSH2] wWl&&xE dR=FA 050+
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0.04 nmol/hr/mg proteine}g o™ o} 7k DB-cAMP
9 =2 1,5 109 25uM= F7HAIRC] wel
0.7340.05, 0.90+0.02, 1.00-+0.08 18]17 0.94*
0.08 nmol/hr/mg protein2. Z7}stict ¥ A=
o)A} GSHE] #eFe thz7olA 31.7+0.6 nmol/mg
proteine]g].2™ o] 72 DB-cAMP9] 5=7} 1,5,
10 18] 25 uM=2 Z718e uje} 262120, 24.2
+1.1, 25.142.5 28] 24.2+2.4 nmol/mg protein
o2 7+Aasleeh

Br-cAMP %] 3A17H8E] Al ufj opul 2| A] GSH
o 358 27MI7cFig 2B). GSHe| Wia4s
= gzZo)A 0.50£0.04 nmol/hr/mg proteine] 3
om o] & BrcAMPY HxEF 1,5, 10 = 25
UME Z7}X)7le) w2t 0.84+0.08, 0.92+0.04,
0.94+0.10 18] 0.9320.06 nmol/hr/mg protein®.
Z7}s19ic). wh A Eel A GSHO] e di&
Fo)A} 31.7 0.6 nmol/mg proteino] gl o™ o} e
Br-cAMP®] %%~} 1,5, 10 28] 25uM= =7}
grel] we} 31.741.6, 30.2%0.7, 26.1£1.2 k-l i
26.0+0.7 nmol/mg protein &2 Z}4:8} o} o] A3}
= 2251 o3 GSHY w2z Z71 2 M=z
GSH2] 747} cAMPel| &3 =i g-& A2

3. ZEM Zol|M PKA <Jx|mIel H892} KT57200|
Z 23120 o5t GSH efflux®] Z7tof ojx|
= g9

Z27}20 213 GSH vl 2¢] 2717} PKA| 2]
& wAEE 712 gsl] $ls) PKAS] Adgzel
A A ¢l H89S} KT5720-8 A3t} H89+&=
25uM7FA] MTTu} LDHS] &ARlel] wWgg (48t
A Zahglon}t KT57208] A 1uMeiA 14
A7RE 9" MTTS ztiel LDHE| Z7HE
-uts}ed o) (data not shown). KT57200) 9}3t A=
2L o)Al wmel YAsHe Aol MEE
KMoz Q3 KT5720 0.1uMz} 0.5uM =%
Abg-5hole). H892 R5A e 25uMelA f-24
9l GSH wW&9 74t #AFgled (Fig. 3A)
KT57202 0.5 uM7kA] #2141 W37k g+t
(data not shown). FF71Zol| 2§ GSHe] W& 5
7}= H89 Al 28 sEEH o FFas
o} (Fig. 3B). H892 10uM =2 AX2)5d& 7
© gpElA FE7lEel 93 GSH| W&371HE
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Fig. 3. Effect of the protein kinase (A) inhibitor, H89, on
the glucagon-mediated increase in GSH efflux. (A)
hepatocytes were treated with H89 for 1 day. Con-
trol hepatocytes were cultured in the absence of glu-
cagon and inhibitor. Data are means+5.D. of four
preparations of cell lysates. ***significantly differ-
ent than levels monitored in control hepatocytes,
P<0.001. (B) hepatocytes were treated with H89
for 1.5 h prior to addition of 100 nM glucagon for 1
day. Data are means+S.D. of four preparations of
cell lysates. Values with different letters are signifi-
cantly different from each other, P<0.05.

A)5k9ic). GSHE) wWlZ4Ex HzZI 100 nM
Zzyl2 AHgZdA 22 0.51+£0.055 092+
0.04 nmol/hr/mg proteine| gl ov] H89E 1,10 =x
25uM= A2l 100 M) 7728 =5
o< 9 0.6940.01,0.54+£0.0154 0.32+0.01 nmol/
hr/mg protein2. 7rA8tgd v 7hH Eo| A GSHE] &
e YxFI 100nM FF7 AeElM A2

32.1+0.63} 26.7+0.5 nmol/mg protein o] $1.2.9
H89% 1, 10 =¥ 25 uM= AA 8L 100 nMS)
Zaylze Aoslye 9 28.2+1.8, 30.8+0.77
32.1+0.9 nmol/mg protein® Z7}3lgie}. KT57202-
0.5 uMoA] 100 nM Z-F7}Z¢l] &3t GSH W& F
7} 2 Mz GSH 7t4T FEHoz AAsdH
(data now shown). o] A= FFIZ| 93 GSH
o} wj& 2717} PKAC] o3 wifgE Bl
Zrell A A GSHE sii-8-2 ¥ == 95
oz Wiz, 53] PYoz wj&E GSHE Zel
2] GSH turnoverd] oj¥i2-g ddgtc} (Kaplowitz,
1985). Wi&% GSHE: A1#4-& v%g g8 A7)l
A agAe A A F4E gamma-gla-
tamylpeptidasee]] 2]3} cystine 5 A3t F
P} A- o2 GSHE HHAd el 748 cysteines
SeA wmx AAA 2 7Aoo dAp wlek
YE HEE o] &3 £ a7 FFEH <
9 =5 AZ ok wiAdA GSHY F=&
27N 22y 2398 27 Ak 3AMZ
o] wiRlel A GSHY =& ZF7HIzev d
£A2 24 el F7IAIZT A Aol deR
2 WM A GSH &4 e $=A4AHAE =4
8} gamma-glutamylcysteine ligase®] H&-& 37}
AA GSHY §4& F7HIe Aoz BIsgl
o}(Kim et al., 2004a). Lu S-2(1990) $~%A) o &
& wiEE A2 GSH wiZolA GSHe gt
Km Zte] 124+7.6 nmol/10° cellso]™ Vmax7}
0.12510.0065 nmol/min/10° cells® B 13}t o)
Algea AAEQl Alze] GSH 32 100~150
nmol/10° cells® GSH effluxel A} GSHE] Km 7t}
SA1ahdeh of A AZAA GSHE) wZol Al
29| GSH opll ZHAe AAlwet o] Ao
E @A #2" Aed A F 2427l A
% Rl AlolA Z7he GSHE AZelH GSH 5
=37te iAde] F7he Wedd Aow RAlg
vty FEIhES wiRldl el gEl AEelA
GSH 3 =& #4AZTh o] A Mz #4F
A& B3 GSHe| wiZe] F713He AlAblet
F3bee] A= g3 bRy FRRE &
248 7AH3le] cAMPS] Z7hs} PKAS 23 v
7R €1} (Kim and Novak, 20073, A8 odFofr I3
7}aLel] €)%} microsomal epoxide hydrolase 3 GSH
S-transferase?] & 734rt U3} wjof AE THA)




232 J. ENVIRON. TOXICOL.

Fﬂ
_z_
N L
r&‘«
Ilk-n
x
_‘EL

o] |ArE cAMPS} PKAS
7gvs}— Aoz wystec(Kim ef al., 2003b,
2006a). PKAS] AelAle] A|A|¢l H89¢} cAMP
ol Mz =74 $AHAQl DB-cAMPS} Br-cAMP
g 8% ¥ aFM 2FolEel % GSHS
W% 27 A cAMPst PKAs] Sis ol il
Aoz BATUG GSHY wW2Z7le A
GSHS| ek AAA7Ie Asdes Ao &
ol A7t A RS Dk A Q7R
et g 2 AFAAE TR AxE oW
&= PKAS ZA3br) ks asde] 4Es I
A7]12 GSHY wi&& 7oz AHEE &
Aol G Az ApAAE FIHATIE 2EHA
A A1 598 A A

GSH9| &) Fodsh= oA F54 I,
Z canalicular A|29}3%} sinusoidal A £3}ell A o}
Aoz WS 9ot Canalicular 4| 22} A GSH
9] w]Z&& ATP-binding cassette =54 ¢]1 MRP2¢]|
s =l/N=E ™ (Lu et al., 1996) sinusoidal Al F =]
Ne) A A7) BEPsht MRPA7} 32
3 dge 2dss Aoz AE3 okRivs er
al., 2006). 2 Ao FF71el 2% GSH2| )
2 2712 s 2eAs FEEA ® Bck
T} B MRPS) B ol} AT $27} TF
Fho] 2] WHaEEe Aoz ¥ wE e} (Chandra
et al., 2005). =3 & A9 4u|AP A} MRP
o] gAlAIel MK-57198] HAAele SF7H2el 2%
GSHY] ¥&& $9Aoz oAstec}(data not
shown). o] Az 72l ¥ GSH w29
Z7}17} MRPS) w8 w= A xd Hxo] Hislel
#2o] e TPede ANEE olg Wz 4
& A7} & QAN 28 Folk

uAel 2

o] =E2 2004% stZEE
2004-041-E00393)2) A& were.
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