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Hepatic Metabolism of Sulfur Amino Acids During Septic Shock
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Abstract — It has been reported that sulfur-containing intermediates or products in the transsulfuration pathway including
S-adenosylmethionine, 5-methylthioadenosine, glutathione and taurine can prevent liver injury mediated by inflammation
response induced by lipopolysaccharide (LPS) treatment. The present study examines the modulation of hepatic metabolism
of sulfur amino acid in a model of acute sepsis induced by LPS treatment (5 mg/kg, iv). Serum TNF-alpha and hepatotoxic
parameters were significantly increased in rats treated with LPS, indicating that LPS results in sepsis at the doses used in
this study. LPS also induced oxidative stress determined by increases in malondialdehyde levels and decreases in total oxy-
radical scavenging capacities. Hepatic methionine and glutathione concentrations were decreased, but S-adenosylho-
mocysteine, cystathionine, cysteine, hypotaurine and taurine concentrations were increased. Hepatic protein expression of
methionine adenosyltransferase, cystathionine beta-synthase and cysteine dioxygenase were induced, but gamma-glutamyl-
cysteine ligase catalytic subunit levels were decreased. The results show that sepsis activates transsulfuration pathway from
methionine to cysteine, suggesting an increased requirement for methionine during sepsis.
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A wellg]ole] Wof Ea)3l= lipopolysaccharide(LPS)ll <)l
ZurgthD LPSO oo e ke therdt 4% diAA
cytokine, 2AJALARET TPl R g il LeFHrh 53, 1t
A5l macrophage?! Kupffer cell®] A= o] dAolMd 25
AQl dge Fastt? TNEaphat thEAQ) JEWHA
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t}¥ H S-adenosylmethionine(SAM), 5-methylthicadenosine,
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Aol AET) 1231 taurine FESHT ofv)iAk A
A2l HAE ujAddoln betaine choline?] AHHd iARIZEA]
homocysteine®] remethylationoll .29 methyl 71| FoiAll®
methionine®] A4 HE--ofl Foigte}.? ool AFE2 HEA
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o7 Whpsle] B4 oln|iake] "] Sk ThHde AL
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ool A= HEBF A FEHET obrliAte] it BiEE
& AR v @A R3S ofrlieake] A1 of
AR BEajolut A &40 U WislE HURE =82 ARt

£ doMs LPS &3l a8 wi@5olA 7k #3348 of
A TS H713E] 2180 methionine, SAM, S-adenosylhomo-
cysteine(SAH), cystathionine, cysteine, GSH, hypotaurine %!
taurine®] S HPLCE ©]8-38lo) #2180}, wgt 33hs
ol Ak TALS ulj 7} &= MAT, cystathionine beta-synthase
(CBS), cysteine dioxygenase(CDO) % gamma-glutamylcysteine
ligase catalytic subunit(GCLC)2] w2l wks W3ls H71s)sich.

NE Wy

AEHEE « FoidHy

g3t AEFEM Y FFA 230~280 g2 343
Sprague-Dawley # E ol LPS(Escherichia coli, serotype 0128 :
B12)% 5mgkg 3%° % pyrogen-free salineol| o] ma]eof 7
WEARSISIT tlRTe TYUS H-3]9] pyrogen-free salines F

ofal3iet.

Alof

LPS, SAM, SAH, cystathionine, hypotaurine, amino acid %
3 taurine, NADPH, glutathione(GSH), 2-mercaptoethanol,
ninhydrin# O-phthalaldehyde Sigma Chemical Co.(St Louis,
MO, USAXIIA T8It 1 $lofl B0 Hagh BE Ajoke
reagent grade S 1 ©)Fe] o)t

Assays

RS oAt 9 Okl S48 fiste] LPSE Folska
10A1ZF Fofl HEES ether® "HIE A7]13L HoiEdols A8
< Fshal 7+ Ak 7FS ice-cold 1M perchloric acid
I 115% KCl g-4olld &3ttt SAM, SAH, GSHS}
cysteines perchloric acid® A3t A4Eeste] 4L A5
NE ARE ARESIGIoH 1B ol Ake: 115% KCI X43E
M-S methanol® APHsiy A4Egsl0] G
B2 ARSIk ZAAE 2 e o)) R w1

Cysteine?| 35 Z3sk7] 3l A15F 10837+ 100°CellA
100 pl] AHd ninhydrin €94, 100 W] acetic acid®} 100 2
ANBEEZ 9N F SA] ASER A3k 95%2] ethanol 0.67
mi& 718k QP EA1F) 3 20~30% ¥ 560 nmolld FHEE
z331900}.

= (e}
FeHE Al

GSHS) &2 GSH reductase® ©]€-3t enzyme recycling
H & AL2-3}19i T}, Eppendorf tubesell 0.3 mM NADPH £
0.7 ml, 6 mM DTNB(5,5-dithio-bis-(2-nitrobenzoic acid)) & <4
01m/, A ¥+ GSH 5 02miS 7Iete] & 412 5 4
oA 487 uFx)EI Tk HE-g-lof 12 units/m/ 559 GSH
reductaseZ 718t 2 432 F 412 nmellA] o 287 FFEY
M3}2 274819 lineardt 17k 7]27] WslkE T8k A%
o=2XE GSHY & ARt

SAM3} SAHS 1-heptanesulfonic acid sodium salts AH8-5}
o] ion pairingAl 7|2 44 column(3.5um Symmetry C18
column; Waters, Milford, MA, USA)¥} UV H&71(UV-975
UV/VIS detector, Jasco Co., Tokyo, Japan)E& ~g=+$F HPLC
systemeld] He] 2 g3t o] 54 18% methanoks 3
3k 40 mM NH,H,PO,$ 8 mM 1-heptanesulfonic acid sodium
salte] SNE A3 column ovend ©]-&3te] 35°CollA
A3

o} Ak, taurine, hypotaurine & cystathionine®] 8-S ¢
3 O-phthaldialdehydeS ©]-&3tof fr=Algtatar 94 column
(3.5 um Symmetry C18 column; Waters, Milford, MA, USA)#}
fluorometric 3 Z 7](RF-10A fluorescence detector, Shimadze,
Tokyo, Japan)Z 732s+ HPLCE AF&-3k3ith 0.1 M sodium
acetic acidpH=7.2)$} 3%(v/")2 tetrahydrofurans 33t
methanolg ©]5ALC ® ARSI or] FTHlE 71903 27
] pump(model LC-10AT, Shimadze, Tokyo, Japan)E ©]-&-3}
k.

FHolq =X ARS 4317 A8l LPSE At 64
3 das A3 ARt d3& 228kt Alanine
aminotransferase(ALT) 2 aspartate aminotransferase(AST) &
Ae =4387) Y8 AEH ALT EE AST 7)1 & N(o-
ketoglutarate 2 mmole/ and aspartate 200 mmole/, alpha-
ketoglutarate 2 mmole// and alanine 200 mmole/) 0.5m/,
serum 0.1 mi& 71k 37°CollA ALTE= 30%, AST= W &
b WH-SAIFT WS TR F SA] #4442 4-dinitrophenyl
hydrazine, 1 mmole/)& 0.5 mi% 71313l Al&olx] 2087 4|
3+ 3 04N NaOH 5 mfe 7slof 578 202 520 nm
oA FFEE EA3I). Pyruvates FUTH WO HHAA|
7 FEHFA o ZHE FAE F3Iith 9 F total bilirubin
128 bilirubin®] diazo A2} Z$sle] BAEE azobilirubin

F4eE Pl FESIITE Bilirubin ‘2ol diazo Ak
7¥ehr G 02 mke A7Isle] 2081 AeoA AR+
535 nmelM FHEE 3t Diazo Aleke 71HA & ANEE
W o7 AT

TNF-alphag Z%3}7) $I3] LPSE Aelsti 1543 Foll &
Mg FH3ka gawestel @3S EUth F4elx TNF-alpha

ol

lo 1o, o
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== ELISA kit(Endogen Inc., Woburn, MA, USAYS AM&3}
1=
AdLeE H4sY) 98 LPSE Aelshal 10417 & 55
< diethyl ether® VA7 ¥4 sl 2EH 7t
v 820} 1.15% KCH: 71sto} Rt & 290 29 lipid
peroxidation &) #FAH4E21 malondialdehyde®] 372 =733}
3At}. Thiobarbituric acid®} malondialdehyde S 100°Coll A 40
B SAA REAE v - lielsie] Aeds AER
AHESEITE S NS 94 column(3.5 ym Symmetry C18
column; Waters, Milford, MA, USA)# fluorometric & 7]
(RF-10A fluorescence detector, Shimadze, Tokyo. Japan)7} &
2 HPLCOA £ At

7t AlgelA AAEQ oxy-radicalell i3t £ H 58 Hrlsly]
13l total oxyradical scavenging capacity(TOSC) assay= <34
at3ich. LPSE Agati 10A1F & SdigdeoAa A8S
FH3har 78 238k} 749 cytosol fraction? F3L 2000
2 HAZ & AFEE A5 Y Peroxy radical 2,2-
azobisamidinopropane(ABAP)S- 35°CellA thermal homolysis|
7] dHAANZ T}, Hydroxy radical - Fe$} ascorbate® ©]8-3F
Fenton reaction® &, peroxynitritet= SIN-12] AP Ha)E 5
3 AIAIETE 2AsE ZH2E9) reactive oxygen speciess alpha-
keto-gamma-methiolbutyric acid(KMBA)$} ¥F-&-3}¢] ethylene
& sk olwle] TOSC > AW el 50
B AolE HERA o= FoE Haw vl Qo) vk HF
volume 1m/2) ¥h&N& rubber septum®® UHE 10 m/ £7]
of Yoj XY}, Ethylene 842 FALS 9Ee-£7]9) head
space 37| 0.2 mie #3}o} gas chromatography® 213130}
Flame ionization detector(FID)?} 30 m®! capillary SPB-1 2
(Supelco)E 2§ Hewlett-Packard(Series 11 5890) gas
chromatograph® AME3I0w o] W] oventt injector, FIDS] &
== 27 60°C, 180°C, 180°CE A7gs}aL o) 4] helium gas
© 30 m/min®] £eE FAEKITH AdA 7= AESAHARS
E] 3t 2T E AE3l0d area under the kinetic curve(AUC)
£ ¢a1 TOSCE o] 2ozie g 4= qth

3R ol

w

TOSC=100-( [SA/ [CAx100)

where jSA =integrated area from the curve of the sample
reaction

ICA =integrated area from the curve of the control
reaction

w2hA oxyradical scavenging capacity® A3 zZb4] Eah= A
9 A9l [SA/[SA =10] Hm) TOSC=09] gk Zh=th.
RAAZ [SA—-09 = TOSC k2 10000 H2&h o] ghe
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52l @3} nlwshd HEZ ol 71719 3
T} ARgAOE P RRe Y] RS whx] okt
Immunoblot #4418 15 pg®] @M4S loading bufferel] 34
X171 & sodium dodecyl sulfate-polyacrylamide gelellA] F71%3
3} 1! nitrocellulose membrane(Bio-Rad, Inc., Hercules, CA)
2 o)Az wido] AT nitrocellulose membranes: 2
A7y %9 5% non-fat milk powderS %3} phosphate-
buffered saline(pH 7.4)e1X ¥h-g-A17121 Zjz}e) Lt S 7}
3 5 Ab2ola 1677 59 SA T AaF FAPT AdE
nitrocellulose membraneS 3A17F F<F horseradish peroxidase
o] 9l ojx} 3|9} ¥-2A)7]5L enhanced chemilumine-
scence Ao¥#t Kodak X-OMAT film(Sigma-Aldrich)y2 o]£-5}¢]
e Azstgh HEE G As A7) Molecular
Dynamics scanning laser densitometer$} ImageQuant analysis
program(Amersham Biosciences, Inc.y& A1t

SHXE
AT Alo)9] ZA|F Aol Student's t-test® FHARIATE
BE A9yl HrtEFeatE BARKITH
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Agof ARE-8F LPSS] 715738 H7Fsb7| 998l LPS(5 mg/kg,
e Heldk 6rF Fofl @Al 7HEAd X)3EQ1 ALTSF AST
o] 34 9 total bilirubindFFe S35 tH(Table I). LPSY |
2= ALTY) 848 AAtIRTol viste] oF 178), ASTS] 24
S ¢k 68} 283l total bilirubin®) TS <F 118) F7HAFAT.
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Table I - LPS-induced hepatotoxicity in rats

Control LPS
ALT (units/serum m/) 37719 659.2+163.9%%*
AST (units/serum mi) 33.6+2.5 485.4+57.2%*
Total bilirubin (mg/serum d/) 0.18+0.01 1.93+0.15%**
TNF-alpha (ng/serum mf) 0.01+0.01 20.9+0.66%**

Blood was sampled 1.5 or 6 h after LPS treatment (5 mg/kg, iv)
for determination of serum TNF-alpha or hepatotoxicity param-
eters (ALT, AST and total bilirubin), respectively. Each value
represents the mean+S.E.M. for 8 rats.

ok skGionificantly different from control (Student's #-test, P<
0.01 or 0.001, respectively).
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Table II - Oxidative stress in septic rats

Hepatic cytosol Serum
Control LPS Controi LPS
Malondialdehyde (nmol/g liver or m/ serum) 52+0.3 15.0+1.5%+* 0.2+0.1 0.5£0.1%*
TOSC against hydroxyl radical (TOSC/mg protein) 925+51 732+46* 131+5 100+£8**
TOSC against peroxyl radical (TOSC/mg protein) 691125 443 +31%%* 2027 127 £ 5%%*
TOSC against peroxynitrite (TOSC/mg protein) 829+41 598 £52** 153+6 67 £3¥**

Rats were sacrificed 10 h after LPS treatment (5 mg/kg, iv). Each value represents the mean+S.E.M. for more than 4 rats.
# e F*Significantly different from control (Student's t-test, P<0.05, P<0.01 or 0.001, respectively).

ATH LPSel| 93t Ahstd ~EgAs Brsly) ek 7kt
Ao Adatstel st 24382 malondialdehyde?] 3
< HPLCE ©ol€3}9] Z74313it(Table II). LPSS] Hz)i= 71
A] malondialdehyde®] %% 5.2+0.3 nmol/g liverollA] 15.0+
1.5 nmol/g liver2 §73] Z7pA 7T} 2 A8 A7 LPSe)] A
27} 7olA Adald AEg ) gt At E 7S
AAFSHEE LPSO &jsh ik A5Rkeol 249 & 3als &
& B7187] 913l TOSC assays 355 ch(Table 10). LPS
o] Hal= 74 cytosollX hydroxyl radical, peroxyl radical @
peroxynitrite] T TOSC ¢k 2} izl 79, 64 U
2%% T2AA ZhellA] 015 oxy-radicalel theh &4ks) B4do)
LPSel| ofa] ZAaFAS5E st I3 )X % hydroxyl
radical, peroxyl radical & peroxynitriteo] )& TOSC -2 A
FHETY 76, 63 L 4%2 43T LPSE zhol| 1o
GelX peroxynitritedll thet TOSC -2 EASA 7HAA 17T

LPSE Azlslal 10/3F Fof] Zholld] 318k ofnjy-Aak ol o
AR TS S3I%IcH(Table D). LPSY el B5A o
g AAR] IFRAE 3.6620.07%014 2.99+0.06%% 71AA)
ZA} (Student's t-test, P<0.001). LPS?) *j2l= SAMS |25
574d 2E Axel o)A WstE fislsitt. Methionined)
FFS Fodoz askg oy v SAH, cystathionine,

cysteine, hypotaurine¥} taurine?] kS Z7jsbqivt. E3)

Table III — Changes in hepatic levels of major sulfur amino acid
metabolites in LPS-treated rats

Control LPS
Methionine (nmole/g) 60.8+3.1 452+]1 5%**
S-Adenosylmethionine (nmole/g) 99.4+2.0 109.3+4.8
S-Adenosylhomocysteine (nmole/g)  22.5+0.4 36.9+2,1%%*
SAM/SAH (%) 4322016  3.000,15%**
Cystathionine (nmole/g) 6.0+0.2 11.8+1.1%%*
Cysteine (nmole/g) 97122  118.9+55%*
GSH (umole/g) 723+0.10  4.80+0.09%**
Hypotaurine (nmole/g) 1255+124 942.9+136.8***
Taurine (umole/g) 2.18+0.27  6.05+0.22%**

hypotaurine¥} taurine®] 7P} 71P¢ dA3I5ic A2 0% A
oA methylation ¥Hg 529] A3EQ1 SAM/SAHS] vl&-S &
oA ow Zrasilvh Aule] tjEA Q] Akl B2l GSHY
B LPSe] Aol 2fste] 7H43ith. o] A= methionine
S 2 HE] cysteine®E 2] o] LPS Azl ojsf EA431E 7}
5735 ARt Wb ez 71614 prolines AYE Umx]
WA A oheate] S £ rh(Table IV). 3% of
u| At SollM aspartate, glutamate, glycine “72)1l arginine®)
L F7FI O LA ofnlicAte] el 230 WA
71 ql3itt. o] drke #dF5olM GSH] #47f GSHE 4
8= cysteine, glutamate 2 glycine®] 7HA9l= Fa3HS AlA}
gt}

TR ofelAe] dirlel] Hodsk= WA F491 MAT, CBS,
CDO ¥ GCLCe] whiizl e wisls Zhzhe] FAE o) g3l
B7RICHFg. 1). 38 oA diake] A |AIE wivis)
%] methionine?} ATPZHE SAMS $HjsH= MAT9] e
HEFNA oF 258 F7F6ATt. o] A3 methionine®] 74

Table IV - Effect of LPS on levels of various amino acids in liver

Control LPS
Aspartate (nmole/g liver) 847+34 1438+ 74%**
Glutamate (nmole/g liver) 1239+86 2467 +158***
Asparagine (nmole/g liver) 119+9 109+2
Serine (nmole/g liver) 651+44 590+36
Glutamine (nmole/g liver) 4929+480 4988+522
Histidine (nmole/g liver) 99666 1029+76
Glycine (nmole/g liver) 1590+119  2695+208**

Arginine (nmole/g liver) 171 30 2%%%*
Threonine (nmole/g liver) 222+3 26018
Alanine (nmole/g liver) 3088+206  2663+124
Tyrosine (nmole/g liver) 96=13 88+7

Tryptophan (nmole/g liver) 32+4 29+1

Valine (nmole/g liver) 194+17 176+14
Phenylalanine (nmole/g liver) 84+10 82+2

Isoleucine (nmole/g liver) 144+12 112+10
Leucine (nmole/g liver) 21121 178+13
Lysine (nmole/g liver) 544+55 781+83

Rats were sacrificed 10 h after LPS treatment (5mgkg, iv).
Each value represents the mean+S.E.M. for 8 rats.

#* ***Significantly different from control (Student's f-test, P<
0.01 or 0.001, respectively).

Rats were sacrificed 10h after LPS treatment (5mg/kg, iv).
Each value represents the mean+S.E.M. for more than 4 rats.

* ®x ***Significantly different from control (Student's f-test, P<
0.05, P<0.01 or 0.001, respectively).
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(100 £ §) (257 £ 11%%%)
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CDO [

(312 £ 15%%%)
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(100 + 15) (44 £ 13%)
Control rats Septicrats

Fig. 1 - Immunoblot analysis of hepatic MAT, CBS, CDO and GCLC
protein levels in rats treated with LPS. Rats were
sacrificed 10 h after LPS treatment (5 mg/kg, iv). Values
given in parentheses are shown as a percentage of each
protein levels monitored in control rats (100%). Each value
represents the mean=+S.E.M. for 4 rats. *,***Significantly
different from control (Student's #-test, P<0.05, or 0.001,
respectively).

7F MATS] 24 F7te) Q8 vizlgs Ak, ey sk
A ER] SAMO] R MAT?] Z7lel% B8k o)Al
Aol7F TAHA] Yok B SAME) 2RNRo) TS A
o % gdrt, SAMO] 4K W& =17 methylation W33}
polyamine®] A O F FEETH £ Ad 7o) methylation
589 A3 SAM/SAHS] B1E0] 7EA3Hl 2 Y& methylation
Hhgo] F7heh 7 g W& Zlo g wdwnt ubE polyamine
9] ko) LPS7F Al nhe-A9 7hoA S716k9lom poly-
amine®] $4& v)7I5R= ornithine decarboxylase®} spermidine/
spermine N'-acetyltransferase®] @4o] Z7lsh= 702 R
=Qet1P opgel Avk= LPSOl 23 MATS] ¥ £7H= SAM
& %% polyamine®] ¥4 #o] 1S 7lsAlS ARSI

HEF HES] 7holA4] homocysteineL ZHE w7tz or
cystathionineS Fdsh= CpSQ) whldgizke. Aak tizro] v
ato] of 3ufl Tt o] Arh= dia} A=) cystathionine
9 39 SR cysteine®) F7FeF AX)FICE I CpSY) B
S Akl EAor] kel Aog RuEo]l® LpSel| o8 Ak
31 &4 GA] CBSE E3F cystathionine?] 3 =71 71
3 Ro= e

CDO+= cysteine® ZHE| nl71e34 © & cysteine sulfinic acid
o] 42 wi7lisks 4% taurine F99) A GAE s
CDO?J ©hid e LPSe] Mol 28l F4% Tl Fo
A 7R A VeIt o) Adks el $A 9 taurine @
hypotaurine®] S7FLE & Ax]gith. o)d Aol 445 &
§ taurine®] ¥ 573220 LPS Hzlel] 23k 1H54 <)
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A t+Y Taurine2 hypochlorous acid®}t E A& 3 =
neutrophine®] 7|52 Z7480] gt QFHEe-E sk A
oz BuErh? o] Aik= HEFel CDOY # 3]
taurine®] 3 S7VF BENEEE] 283 o) bgE ARKIH

GSH &34 £52874 948 Svsks gamma-glutamyl-
cysteine ligaset= heterodimer WA R catalytic subunit¥}
regulatory subunit® = TJHTE GSHS| =82 = catalytic
subunit®] A3ke} Fo] ATE® 2 Aol GCLCY @A
WS LPSell ojaf] Zamsiglor o] A= LPS A 2ol 2%k
GCLCY mRNA®] 45 B3k Buetlerd] Avjel YAt
GSH®] 373732 GSHE AR flofl &8 vhgol sfir =
Arith= He v2d o LPSe o3t GSHY Zaes 84 7
AbSHA Bl gt AF BEES] A BT g Aow
ket

oA A7 LPSel ot A¥F oA methionine 2= H-E]
cysteine© 7 2] A3 vi7i3h= transsulfuration pathwayell
o3h= MATS} CAS9) whiial o] 578l o SAMS: A
913t SAH, cystathionine 12]11 cysteine®] ¥©] 7135130t}
o] Aak= LPS A&l 8] methionine® ZHH cysteine® 2
9] o] HH U2 AAFITE Transsulfuration pathway<]
3 ARl SAMS% polyamine 374 Mol A A 5= 5
methylthioadenosine 2% 35 W& 2dshs F108 W
=9rk4D o)ate] AAE-S LPS Mol )¢ transsulfuration
Hhe-e] S7PF AHkge] 2 wo] 9lg TS AARE
o} 7k o5 CDOS] @ 1ol Wk hypotaurine %! taurine
o] g F7F A WY 9 dF whge] 2] 7| AoR
k), B A= H 5o cysteine© EFE taurine
o] @Ade) Fkeh ol& BEsH) S8} methionine® 55
cysteine® 29 transsulfuration ¥F5-¢] EJd3kE-S Wi, Az
A o7 HFZA BEEE negative nitrogen FHL BgropA)
Akl methionine®) 31743 #RA0] Lo HYFA =
methionine®] &) $712 0% HQTE AT
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1 ATofla] LPSY A= €4 AgtebQl Ax= Hrkd 7h
35 Fsig.or tEAQl 9% w7 cytokinel! TNF-alpha
TR/ @l A8 STl AESE WA £
Sz AA 7e] SAH, cystathionine, cysteine, hypotaurine
taurines] greko] S8l o WA methionine %! GSHE)
Yehe Thaioich §35k o|uAle) oiAkE wivlishe MAT,
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