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Embryonic cells from transgenic mice with targeted
disruption of metallothionein I and II genes expressed
no detectable metallothionein either constitutively or
after treatment with cadmium, in contrast to cultured
cells that were wild type or heterozygous for the loss of
the metallothionein genes. Metallothionein null cells
were most sensitive to the cytotoxic effects of cadmium,
the membrane permeant oxidant tert-butylhydroperox­
ide, and the redox cycling toxin paraquat. No marked
differences were seen among the wild type, heterozy­
gous, or metallothionein null cells in glutathione
levels or in the activity of CuZn-superoxide dismutase,
glutathione peroxidase, or catalase. Nevertheless,
metallothionein null cells were more sensitive to tert­
butylhydroperoxide-induced oxidation as ascertained
by confocal microscopic imaging of dichlorofluoroscein
fluorescence. These results indicate basal metallothion­
ein levels can function to regulate intracellular redox
status in mammalian cells.

Metallothioneins (MT)l are ubiquitous low molecular weight
proteins characterized by their unusually high affinity for met­
als and rich cysteine content. First identified as cadmium­
binding proteins (Hamer, 1986), MT are now known to form
high affinity complexes with an assortment of trace metals
including mercury, platinum, and silver, as well as biologically
essential metals like zinc and copper (Hamer, 1986). In many
cells MT represents the single most abundant protein thiol
source and the major zinc-binding protein.

Basal MT levels can be increased by metals. Treatment of
animals or cells with zinc, copper, or cadmium markedly in­
crease MT protein by activation of transcription factors that
recognize metal-responsive elements located in the 5' untrans­
lated region of the MT gene. Although there is general agree­
ment that MT can protect organisms against heavy metal tox­
icity, it is unlikely that this is the only or even the primary
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function of MT because these ions are not generally present
either endogenously or environmentally in high levels and ba­
sal levels of MT are found in most cells. Moreover, gratuitous
metal and nonmetal inducers, such as cytokines and drugs,
have been identified, which do not bind directly to MT. Thus,
MT have been postulated to participate in zinc and copper
homeostasis, to regulate the synthesis and activity of zinc
metalloproteins, most notably zinc-dependent transcription
factors, to protect cells against electrophilic anticancer drugs
and mutagens, and to guard against reactive oxygen interme­
diates (Karin, 1985; Basu and Lazo, 1990).

To test these hypotheses, two general approaches have been
used: pharmacologic and genetic. When animals or cells have
been treated with pharmacologic or toxicologic inducers ofMT,
somewhat conflicting conclusions have emerged, perhaps be­
cause the agents used have multiple targets (Hamer, 1986;
Karin, 1985; Basu and Lazo, 1990). Gene transfer methods also
have failed to produce a consensus regarding MT functionality,
possibly because of complex and poorly understood MT dose
effects or because of additional cellular factors necessary to
complement MT.

The widespread phylogenie and cellular expression of MT
and its extensive putative functions led most investigators
to conclude MT is essential for development. Thus, the
recent successful production of MT null mice was surprising
(Michalska and Choo, 1993; Masters et al., 1994). In initial
studies, these mice reproduced normally and displayed few
overt abnormalities other than increased sensitivity to cad­
mium toxicity. We now report on the phenotypic characteristics
of embryonic cells isolated from these mice.

EXPERIMENTAL PROCEDURES

Cell Culture and Chemicals-Primary mouse embryonic cells (MEC)
were prepared according to the method of Todaro and Green (1963) as
modified by Harvey et al. (1993). Heterozygous mice (MT I and II +/-;
Michalska and Choo, 1993) of 129 Ola and C57BlI6 mixed genetic
background were mated and fetuses isolated from 14.5-day pregnant
females. Individual embryos were homogenized by passing through a
I-em" syringe and 19-9auge needle and the cell suspension plated on
gelatinized 10-cmPetri dishes. Cells were grown in Dulbecco'smodified
Eagle's medium supplemented with 15%fetal bovine serum, penicillin
(100 /Lg!ml), and streptomycin (100 /Lg!ml). Cell were genotyped by
polymerase chain reaction as described by Michalska and Choo (1993).
Because MT -/- cells appeared to proliferate better in 20% serum,
after passage 4 and for all studies in this report, we have cultured all
cells in the above mentioned medium and 20%fetal bovine serum. Cells
were grown at 37°C in 5% CO2, passaged every 3 days and routinely
found free of mycoplasma. Unless noted otherwise, all chemicals were
obtained from Sigma.

MT and Antioxidant Determinations-Celllysates were prepared by
repetitive freezing and thawing in Tris buffer (10 mn) containing CdCl2
(10 /LM). After ultrasonic disruption, the supernatant fraction was an­
alyzed for protein content using a modifiedBradford technique and MT
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FIG. 1. MT levels in MEC. MT was measured by radiolabeled cad­
mium binding in heat-stable low molecular protein extracts from MEC.
The mean results of three or more determinations are shown. Bars
equal S.E. Hatched symbols are MT +/-, and black symbols are MT
+/+. n.d. = not detectable.

a nuclear distribution in the wild type cells (data not shown).
The morphology of the three MEC were similar when the

cells were cultured with 20% fetal bovine serum in complete
medium (Fig. 2). A 24-h exposure to 30 JLM cadmium was
associated with considerable cytotoxicity in MT -/- but not
MT +/+ cells; MT +/- cells had an intermediate response to
cadmium (Fig. 2). Deletion of MT I and MT II genes did not
significantly alter levels of the major nonprotein thiol GSH nor
the activity of the antioxidant enzymes CuZn-superoxide dis­
mutase, glutathione peroxidase, or catalase in total cell homo­
genates (Table I). To exclude potential interference in glutathi­
one peroxidase assay from endogenous MT in wild type and
heterozygous cells, we also examined high molecular mass
homogenates (> 10 kDa) and found no significant differences in
the glutathione peroxidase activities (data not shown).

Cellular Sensitivity to Cadmium, tert-Butylhydroperoxide,
and Paraquat-Wild type MEC were less sensitive to the
growth inhibitory effects of a 1-h cadmium exposure than ei­
ther heterozygous or MT null cells (Fig. 3A). The cadmium
concentrations required for 50% growth inhibition in MT +/+,
+/-, and -/- cells were 250,150, and 70 JLM, respectively. Loss
of basal MT expression also increased cell sensitivity to tBH
(Fig. 3B). MT -/- cells were more sensitive to tBH compared to
MT +/+ cells at tBH concentrations> 3 JLM, and approximately
2-3-fold more tBH was required to produce an equivalent in­
hibition in cell growth in MT +/+ than -/- cells. MT +/- cells
were as resistant as wild type cells at tBH concentrations up to
30 JLM; at >30 JLM tBH the heterozygous cells were as sensitive
as the MT null cells consistent with a threshold requirement
for MT. A steep concentration response to the dioxygen­
dependent redox cycling herbicide paraquat was noted with all
three cell types (Fig. 3C). Nevertheless, the MT -/- cells were
also significantly more sensitive to paraquat than MT +/+ cells
at all concentrations> 100 JLM (p < 0.05) and approximately
2-fold less paraquat was required to produce 50% growth inhi­
bition. As with tBH the partial loss of basal MT expression in
the heterozygous cells resulted in increased sensitivity to para­
quat compared to the wild type cells, although no threshold was
apparent.

The sensitivity of null cells to tBH was examined further
using the oxidant-responsive fluorescent probe DCFHDA. Cells
were preloaded with 10 JLM DCFHDA for 15 min and then
treated briefly with 500 JLM tBH. The conversion of DCFH to
DCF was monitored by the appearance of a fluorescent signal
in live cells using confocal microscopy and provided relative

30JlM3JlM
[Cd]

o -/­
~ +/­
• +/+

Basal

n.d.o...L.-:== --"'-£..£

'22.5
Q)-~ 2
c.

E1.5

~ 1-
I-
== 0.5

was measured by a modification of our 109Cdbinding assay (Schwarz et
al., 1994). Values less than twice background (approximately 5 ng/mg
protein) were considered undetectable. Total glutathione (GSH) content
in sonicated cell homogenates was determined by the GSH reductase
5,5'-dithiobis(2-nitrobenzoic acid) assay of Tietze (1967). Catalase and
CuZn-superoxide activities were measured by the method of Wheeler et
al. (1990). Enzymatic glutathione peroxidase activity in both sonicated
cell homogenates and high molecular mass protein fractions (>10,000
Da) produced by centrifugation through a Microcon 10 filter (Amicon,
Inc., Beverly, MA) was measured by the standard indirect method
based on NADPH oxidation tert-butylhydroperoxide (tBH) in the pres­
ence of glutathione and glutathione reductase (Giinzler and Flohe,
1985). For MT immunolocalization, MEC growing on eight-well cham­
ber microscopic slides were examined by confocal microscopy with a
previously described MT antiserum (M2) directly linked to the fluores­
cent probe FluoroLink Ab Cy3 (Biological Detection Systems,
Pittsburgh, PA) (Kuo et al., 1994).

Cytotoxicity-Cell sensitivity to the cytotoxic effects of CdCI2 , tBH,
and paraquat was determined using our previously described microtiter
assay (Schwarz et al., 1994). Briefly, single cell suspensions were ob­
tained after treatment of adherent cultures with 0.1% trypsin, 0.4 mM

EDTA in Puck's Saline A for 3 min. Cells were resuspended in medium
with fetal bovine serum and plated at 2,000 cells/well in 96-well plates.
After a 24-h incubation at 37°C, cells were exposed for 1 h to CdCl 2

(0-1 mx), tBH (0-3 mx), or paraquat (0-2 rna) in serum-free
Dulbecco's modified Eagle's medium. The cadmium- or oxidant-contain­
ing medium was then removed, the cells washed twice with serum­
containing medium, and fresh cadmium/oxidant-free, serum-containing
medium added. After incubation in humidified 37°C incubator (5%
CO2 ) for 4-6 days, the viability of subconfluent cells (4-6 replicates/
concentration) was quantified using reduction of 3-[4,5-dimethylthia­
zol-2-yl]-2,5-diphenyl tetrazolium bromide and a multiplate reader
(Titertek Multiscan Plus) at 540 nm (Schwarz et al., 1994). The results
from two to four separate experiments with 8-16 determinations were
used to estimate cellular sensitivity to CdCI2 , tBH, or paraquat. For
some morphological studies, cells were exposed to CdCl 2 for 24 h.

Determination of Intracellular Oxidants-The fluorescent probe di­
chlorodihydrofluorescein diacetate (DCFHDA; Molecular Probes,
Eugene, OR) was used with confocal microscopy to monitor net intra­
cellular generation of reactive oxygen species in the absence or presence
oftBH (Schwarz et al., 1994). MEC, growing on 31-mm glass coverslips,
were rinsed in HEPES-bufIered salt solution (HBSS) and loaded with
10 foLM DCFHDA dye in HBSS supplemented with 5 mg/ml bovine serum
albumin for 15 min at 37°C. Cells were rinsed with HBSS and mounted
in a recording chamber. Recordings were made at room temperature
using a Meridian Instruments ACAS 570c Imaging System in the
confocal mode. Cells were illuminated with an argon laser (488 nm; 200
milliwatts). The laser was set at 200 milliwatts and illuminating light
attenuated by passage through an acousto-optical modulator that elim­
inated 95% of the signal and by passage through a 7% neutral density
filter. Intracellular antioxidant activity was assessed by monitoring
fluorescence due to oxidation of dichlorofluoroscin (DCFH) to dichlo­
rofluoroscein (DCF). Images were obtained from a minimum of 15
individual cells. After mounting the glass coverslips and adding HBSS,
two determinations were made to assess basal autoxidation. Following
aspiration of the HBSS recording chamber solution, a fresh solution of
HBSS and 500 foLM tBH was added. This concentration has been found
previously to produce a detectable response in mammalian cells
(Schwarz et al., 1994). Eight additional images were then obtained, 1
min apart. Fluorescence intensity based on average pixel intensity in
delimited cellular areas was measured as described previously with the
Meridian Instruments ACAS software (Schwarz et al., 1994).

Statistics-Data were analyzed by Student's t test or by ANOVA with
Bonferroni correction for multiple comparisons.

RESULTS

Biochemical and Morphological Characteristics-Basal MT
levels were 0.11 :t 0.04 and 0.04 :t 0.01 JLg/mg protein in wild
type and heterozygous MEC, respectively, with the approxi­
mate 2-fold difference in MT levels in agreement with gene
dosage. MT -/- cells had no detectable basal MT (Fig. 1). Both
wild type and heterozygous cells displayed a cadmium concen­
tration-dependent increase in MT. In contrast, MT levels re­
mained below the limits of detection in MT -/- cells exposed to
cadmium (Fig. 1). Fluorescence immunolocalization studies
confirmed the absence ofMT in the MT -/- cells and revealed
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form s high affinity thiolate clusters wit h cadmium, which re­
du ces the ability of the meta l to react with othe r biomolecules
(Kagi and Sch affer , 1988); (e) cult ured cells selecte d for resist­
a nce to cadmiu m have elevated MT levels (Hamer, 1986; Basu
a nd Lazo, 1990; Kelley et al., 1988); and (d) overexpression of
MT a fte r gene transfer reduces t he sensitivity of a variety of
cells to cadmium (Basu a nd Lazo, 1990; Kelley et al. , 1988;
Kaina et al. , 1990; Koropatn ick an d Pearson, 1993). The most
compelling support, however, is derived from two independent
studies in which targeted disruption of MT I a nd MT II genes
in mice enhances their se nsitivity to cadmium (Michalska and
Choo, 1993; Masters et al. , 1994). In the curre nt report , we
demonstrate t hat embryonic cells isolated from a transgenic
mouse deficien t in MT I and MT II genes reta in enha nced
se ns iti vity to cadmium (Figs. 2 a nd 3).

In contrast to th e involvement of MT in heavy metal detox­
ification , support for a role for MT as an a ntioxidant is more
circumstantial , ambiguous, and controversial. Nonetheless,
th ere are seve ra l reason s for believin g MT could function as an
a ntioxida nt in mammalian cells . First , a va riety of physical and
che mical stresses kn own to be associated with oxidative injury
increase MT gene expression. X-irradiation (Koropatnick et al.,
1989 ), hyperoxia (Veness-Meehan et al. , 1991), and restraint
(Bauma n et al. , 1991) resul t in tissue-s pecific increases in
oxygen free radi cals and mRNA for MT expression. Xenobiot­
ics , such as paraquat (Ba uman et al., 1991 ) an d CCI4 (Hidalgo
et al. , 1988 ), an d anticancer dru gs, such as doxoru bicin , cispla­
ti n and bleomycin (Basu and Lazo, 1990; Bauman et al. 1991),
have been reported to have similar effects in vivo. Th ese stim­
u li, however , can cause an infla mmatory response character­
ized by the produ ct ion of cytokines, such as in terleukin-l, in­
terl eukin-6 , tumor necrosis factor e, a nd interferon Y, which
ca n increase MT gene expression (Hamer, 1986 ; Karin, 1985;
Schroeder and Cous ins, 1990; De et al., 1990 ). Thus it is unre­
solved if reactive oxyge n radic al s per se or secondary cytokines
a ffect MT expression in vivo. It is intrigu ing, however, that MT
expression has recently been found to be responsive to oxygen
tension in cultured tumor cells (Murphy et al. , 1994 ). Second ,
MT induction with hea vy metal s or cytokines reduces cell se n­
sit ivity to oxida nt injury cau sed by ionizing radiation (Basu
and Lazo , 1990 ), hydrogen and organic peroxides (Schwarz et
al. , 1994; Mello-Filho et al. , 1988 ), hyperoxia (Hart et al. , 1990),
CCI4 (Schroeder and Cous ins, 1990 ), and tumor necrosis factor
(Leys hon-Sorla nd et al . , 1993). Heavy metal s and cyt okin es are
promiscuous transcriptional act iva tors, however, and cadmium
or zinc pr etreatmen t ca n produce an HzOz-resistan t cell as a
resul t of activati ng non-MT thi ol antioxida nts (Chubatsu et al.,
1992). Third , overexpression of MT via direct gene t ra ns fer has
been shown to reduce the sens it ivity of lower (Tarnai et al.,
1993) a nd higher (Schwarz et al., 1994) eukaryotes to oxidative
injury. Oth er investigators, however, have fail ed to detect a l­
tered resistan ce to oxidative stress in Chinese ham ster ovary
cells that overexpress human MT lIA afte r gene tra nsfer
(Kaina et al ., 1990), suggesting th e protection offered by MT to
oxida nt injury may be complex. Fourth, underexpression of MT
wit h a ntisense oligonucleot ides restores the HzOz sensitivity of

30~M CdControl
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FIG. 2. Morph ology of wild type , h ete r o zygous and MT null
cells a fter treatment with cad m iu m. MT - /- , +/- , a nd +/+ cells
were t reated wit h vehicle or 30 ILM CdCl . for 24 h . Bar = 50 ILm.

DISCUSSION

Th e ubiqu it ous cellular and phylogen ie dist ribution of MT
implies imp ortant physiological fun ctions. Th ese putative func­
tion s remain uncl ear in spite of a wealth of st ructural a nd
molecular biological inform ation regarding MT. Non etheless , a
role for MT in deto xifyin g heavy metal s is appa re nt (Hamer,
1986; Karin , 1985), and support for a protecti ve role of MT
against react ive oxyge n species is accumula t ing (Thornalley
and Vasak, 1985; Sato and Bremner , 1993; Chubatsu and
Menegh ini , 1993; Ta ma i et al ., 1993). MT is thought to have a
detoxifying role against metal s such as cadmium because: (a)
MT transc ri ption is induced by cadmium (Ka ri n, 1985); (b) MT

qu an tita t ive in formation regarding the steady-state oxida nt
burde n. Th e basal level of DCF form ation in MT -/- cells was
not signi ficantly greater than in either heterozygous or wild
type cells . With in 1 min after tBH , additional marked intracel­
lul ar oxida tion of DCFH occu rred (Figs. 4 and 5). In MT null
cells, a lO-fold increase in fluorescence over the ini ti al fluores­
cence was sustained for at least 8 min after tBH treatme nt
(Fig. 5). A 8- an d 5-fold inc rease, in heterozygous and wild ty pe
MEC, respectively, was obse rve d du rin g the tBH treatment
(Fig. 5). At all ti mes the most intense fluorescen t signal in MT
- /- cells was locali zed centrally in an area correspondi ng to
the nu cleus determined by simultaneous phase microscopy
(Fig. 4).

T ABLE I
Superoxide dismutase, catalase. and glutathione peroxidase acti viti es and glutathione content of ME G

Eac h val ue is the mean := S.E. from three to four inde pende nt determi nations . All activities were de termined in cell homogen a tes as described
und er "Ex perime ntal Procedures ."

MTM EC Superoxide dismutase Catalase Glutathione Glutathione
peroxidase

un its I trig protein units l mg prot ein nmol /m g protein units l mg protein

- 1- 2.63 := 0.04 0.62 := 0.13 15.6 := 2.2 169 27
+1- 2.63 :!: 0.04 0.72 :!: 0.10 13.8 :!: 1.0 235 30
+1+ 2.64 :!: 0.05 0.70 :!: 0.09 16.6 :!: 2.9 178 8
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FIG. 5. Kinetics of dichlorofluorosc ein formation in MEC. Rep­
resentative results from four ind epend ent experiment s were norm al­
ized to initia l fluorescent va lues. The mean fluorescen ce values ob­
ta ined from 15-20 cells are shown with S.E. tBH was added after the
second determinati on at 60 s. Circles, MT -/- ; triangles , MT +/- ;
squares, MT +/+ .

10

FIG. 4 . Formation of d ichlorofluoroscein in MEC. Cells were
exposed to 500 J-L~ I tBH and th e intracellul ar fluorescence determ ined
480 s later micr oscopically. A, MT +/+ untreat ed; B, MT -r- un ­
treated ; C, MT +/+ treated with 500 J-L~I tBH; D, MT - /- treated with
500 fJ.M tBH. Bar = 30 J-Lm .
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FIG. 3. Sur vi val of MEC a fte r CdCI2 , tBH, or paraquat treat­
m ent. Cells were incubated with CdCl2 (panel A ), tB H (pa nel B ), or
paraquat (pa nel C) for 1 h, and cell surviva l was measu red 4-6 days
later by a colorimetr ic assay. The symbols represent the mean value s
from 8 (panels A and B ) to 16 (panel C) determinations. Bars = S.E. ,
unless sma ller than th e symbol. Open circles, -/- ; open squares, +/- ;
closed circles +/+.

Chinese ham ster lung fibroblasts wit h previous elevated nu ­
clear MT content (Chubats u and Men egh in i, 1993).

MT null mouse cell s provide a more direct and simple model
wit h which to examine the role of MT as a member of the
intracellula r antioxidant network. The ability to totall y dep lete
cells of MT I and MT II protein has not been achieve d wit h
antisense techn iques (Leibbrandt et al. 1994). Moreover , we
were un abl e to express MT protein even with a st rong stimulus
such as cadmium (Fig. I ), in contrast to eithe r th e heterozygous
or wild ty pe cells. Thus, the MT null cells presen t a useful
model to dissect the effects of heavy metal s in the absence of
MT induction. Fin ally, the MT -/- cells were similar to the
control cell s with respect to activity of sev eral important anti­
oxida nts (Table D.

In a previous report (Schwarz et al. , 1994), we note d MT
overexpression after plasmid transfect ion reduced the sensitiv­
ity of NIH3T3 cells to tBH, a membran e perm ean t oxida nt

thought to kill mammalia n cells by peroxi dizing membrane
lipids (Masaki et al., 1989 ). tB H-mediated DNA damage was
not reduced in cells overexpress ing MT (Schwarz et al. , 1994).
Th is oxida nt can produce a complex variety of reactive oxygen
in term ediates wit hin cells (Royall an d Ischiropoulos, 1993;
LeBel et al. , 1992 ). In the current report, th e MT - /- cells
demonstrated an enhanced se nsitivity not only to tBH but also
the redox cycling herb icide paraqu at , which is structurally
quite dist inct from tBH. Alt hough the magnitude of th e protec­
tion against tB H an d paraquat afforded by the presence of both
functional MT alleles in the wild ty pe cells may seem small
(approximate ly 2-3-fold) compared to the MT null cells, it is
comparable to the pro tective effect against tBH when MT is
overexpressed 4-fold in NIH3 T3 cells (Schwarz et al. , 1994) or
against paraquat whe n catalase is overexpr essed 100-fold in L
cells (Speranza et al., 1993) by gene trans fer . Therefore, we
believe these changes in sensitivity could have biological
significa nce .

The lack ofMT resulted in an impaired ab ility of the MT null
cells to que nch the tBH-induced cha nge in fluorescence of the
oxidant-sensitive dye, DCFH. The relative stability of th e flu­
orescent signal after tBH addit ion illu st ra tes th e advantage of
live cell confocal microscopic methods to detect DCFH oxida-
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tion. We saw little evidence for cellular loss of oxidized DCFH
when cells were attached to coverslips in contrast to previously
described studies with detached cells (Royall and Ischiropoulos,
1993). Although DCFH is a valuable probe to identify the
generation of intracellular reactive oxygen species, the precise
species responsible for the oxidation of DCFH to DCF are not
known (LeBel et al., 1992). It appears unlikely that superoxide
anion or H202 alone directly oxidize DCFH; H202-Fe

2 +-derived
oxidants may be primarily responsible for oxidation ofDCFH at
least based on in vitro results (LeBel et al., 1992). The mecha­
nism by which MT acts as an antioxidant is unclear, although
it can scavenge phenoxyl radicals in vitro as determined by
electron spin resonance (Schwarz et al., 1994). Previous reports
indicated that partially purified MT is capable of scavenging
hydroxyl and superoxide anions in vitro (Thornalley and Va­
sak, 1985; Thomas et al., 1986; Hainaut and Milner, 1993).
Thus, the cysteine residues of MT might serve as an expend­
able target for reactive oxygen species, but such a mechanism
does not explain the failure to see protection against oxidants
after MT overexpression in some studies (Kaina et al., 1990).
Alternatively, the antioxidant properties ofMT may rely on its
metal speciation and the ability of oxygen free radicals to
release zinc from MT thiolate clusters and the antioxidant
activity of zinc on plasma membranes and on other nuclear and
cytoplasmic proteins (Thomas et al., 1986; Hainaut and Milner,
1993). It is particularly interesting that the DCF signal ap­
peared to be localized in a discrete area intracellularly, most
probably corresponding to the nucleus, and that MT co­
localized to this area in the heterozygous and wild type cells.
Clearly more attention should be directed to the functional
significance of nuclear MT.

MT is expressed constitutively at low levels in virtually all
cell types. The MT null cells provide a convenient tool to ex­
plore various roles of MT without elevating MT levels, either
pharmacologically or genetically, to levels that often exceed
normal physiological values. Our results indicated loss of MT
yielded cells that were more sensitive to tBH and paraquat.
Since other antioxidant defense mechanisms appeared not to
compensate in the MT null cells, a singularly important value
for constitutive levels of MT is apparent. The antioxidant role
of MT could suggest the MT null mice may have altered sensi­
tivity to pro-oxidant and inflammatory pathophysiologic states.
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