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A multifunctional protein metallothionein (MT) is induced by various chemicals and cytokines. We have found
novel functions of MT as follows: 1) Cytokine expression such as IL-1¢, IL-6, and TNF« responding to lipopolysaccha-
ride is reduced in MT-deficient macrophages compared with in wild-type cells. 2) Nitric oxide production responding to
TNFa and LPS is reduced in MT-deficient macrophages compared with in wild-type cells. 3) M-CSF expression respond-
ing to zinc is reduced in MT-deficient fibroblasts compared with in wild-type cells, and increased in MT-overexpressed
fibroblasts compared with in control cells. 4) LIF, a STAT3 activating cytokine, protects the heart from ischemia/reper-
fusion injury. Transgenic mice overexpressing STAT3 have tolerance to ischemia/reperfusion-induced damage, whereas
MT-null mutation cancels the myocardial protection. In this review, we discuss the relation of MT and stress responses
from the point of view of cytokine-induced expression of MT and modulation of cytokine expression by MT.

Key words——metallothionein; cytokine; interleukin-6; tumor necrosis factor; nuclear factor x¥B; signal transducer and

activator of transcription 3 (STAT3)
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Fig. 1. Synergistic Response of IL-6RE and GRE in the Mouse MT-I Promoter to IL-6 and Glucocorticoid

A: Putative type 2 IL-6RE, GRE, or the region containing both elements of the mouse mMT-I promoter were cloned into a SV40 promoter-containing reporter
plasmid. Ttransfected cells were stimulated with IL-6 (500 U/ml) and/or corticosterone (1 um). B: A nonsense 16 bp fragment was inserted between —247 and —
246 in the mMT-I promoter. Transfected cells were stimulated with IL-6 and/or corticosterone.
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Fig. 2. LPS/D-galactosamine-induced Lethality in Mice
Control (closed circle) and MT-null mice (open circle) were received
for LPS (100 ug/kg) plus GalN (700 mg/kg) .
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Fig. 3. Stimulation of ¥B Motif in hCMV-MIE Promoter by Zinc and MT
Three kB motifs from the CMV MIE promoter (3txB) were cloned in the front of the luciferase reporter plasmid containing 117 bp of the 5" flanking region of
the CMV MIE gene. 1929 cells (A) and MT-overexpressed L929 cells (B) were transfected with reporter plasmid.

HEZEHIILIC MT BRIV & —%28 AL TMT 2 3 Table 1. NF-xB-regulated Genes
GRS &, MIEP IEHEAT AT 5 2 & 20 S
5 L7z (Fig. 3(B)).2 NF-xB %, Tablel T Granulocyte/macrophage colony-stimulating
RTEDIC, B bAA Ml RD 2T factor Interferon-5
15 EBS < OBETRREMETL T B2 MT 25 erteutdn (L)1
I35 NF-«xB XELEETFORB ZHEH L TWa D Macrophage colony-stimulating factor (M-CSF)
MMIEFICEIBRE D, Db NIE macrophage colony- Macrophage inflammatory protein
stimulating factor (M-CSF) %311z 5@3‘7&)%%\&@ Monocyte cheTnoattractant protein

- . . Tumor necrosis factor (TNF)-o
MT OBEIZDWTHE Z1To /2. £7, ##icX Cell adhesion molecules
% M-CSF mRNA %3 % B 4 8 K O MT R 8 # e Intercellular cell adhesion molecule-1
R THR L 72, BPAETUHIIIC 35 TR R AE Vascular cell adhesion molecule-1

i75 M-CSF mRNA DOHEMMAHEZR I NN, MT R
B T1Z, M-CSF mRNA £i131FEAEL(L LT



No. 4

689

Mo 7z (Fig. 4(A)). F7=, MT iEREFEH L929
T, M-CSF FEHN EFHL TWwadZ &% Northern
blot K& U M-CSF & PE I Ic & D iR L 7= (Fig. 4
(B)). &5IZ, NF«kBi{EtEz7 IV 7 v 7 vtA
WEDHAREZEZA, MT BEIFRBEMILT kB £
F—THEGN> RO RS N=. TN
K;iN NF-«B &30 K B el REME%2E& A, s+
@ NF-xkBH71=wv b, p50 &% Western blot |Z
KOFNR, UL LS, miliaiE TN pso
EICEBRZIEDSNLN . ZORRIT, BN
%17 L 7= NF-kB @ kB £ F — 7 N D5 & 16 VE A3
MTIZED LR LD THLIEEZRTHDTH
5. LEDOKHEREXD, bhbnid Fig. 5 DEFT IV
EEZT. RS D ORI IKK 12605 &, 1IkB
7% NF-xB 70 & fi@#ifi L NF-xB 2’173 %. D&
EH PSSR MT NFE(ET % £ # K < Zn /Y NF-
kB N &EJE I NF-kB 78 kB £EF — 7 NDOHE 5 HE

159 %, 2004 4, Hirano 5 DS )L — 713,

YT 5742 2 ZEIROHFEAEICB TS LR
R OMITICER D, HIMTUA#IEIR Zrt- and Irt-
like proteins (Zip) @ 1 D, LIV1 (Zip6) 7#ish~
1 > — R B KT Snail OEMEZ HIHT 5 &M
LT3, 2 MT i ik (R Vi 5/ 1 O1E M %
BRid 2 ETHRIETFRBRZGIEL, MAaLEz

A
control MT-null
Tme(h) 0 1 2 6 0126
M-CSF S - .

ves e [

Fig. 4. Zinc and MT Stimulate M-CSF Expression
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A: Murine lung fibroblasts from control and MT-null mice were incubated with 50 um zinc. B: M-CSF activity in conditioned medium from culture of control

cells and MT-overexpressing cells were bioassayed.
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Fig. 5. A Model Explaining the Stimulating Effect of MT on NF-xB-mediated Signaling
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Fig. 6. Expression of Cytokine mRNA in Peritoneal Macro-
phages from Control and MT-null Mice
Macrophages were incubated with 100 ng/ml LPS.
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Fig. 7. NF-xB-DNA Binding in Peritoneal Macrophages from Control and MT-null Mice
Macrophages were incubated with 1 ug/ml LPS for 20 min. A: DNA binding activity of NF-xB in nuclear extracts from control and MT-null macrophages. B:

Competitive assays with unlabeled NF-xB probe and its mutant.

Coculture
(min)
- Y—
[ p<0.05——|
control 120 '
! p<0.05

MT-null 120 [ h—

0 5 10 15 20
CFU x 105 / well
Fig. 8. Antibacterial Activity in Macrophages from Control
and MT-null Mice

After incubation of macrophages and Staphylococcus aureus, the num-
ber of CFU were determined.
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Fig. 9. L-Arginine Metabolism in LPS-stimulated Macrophages from Control and MT-null Mice
LPS-treated cells from control (hatched column) and MT-null (open column) were incubated for 6 h with [14C]-L-arginine (urea and citrulline formation) or
cold arginine (nitrite determination) . Urea and citrulline formed from ['4C]-L-arginine, and nitrite from L-arginine were determined.
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Fig. 10. MT-dependent Tolerance of STAT3 Transgenic Mice to Ischemia/Reperfusion Injury
A: Ischemia/reperfusion injury in STAT?3 transgenic mice, B: Canceling effect of MT-null mutation on the protective activity of STAT3. *»<{0.005.
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