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The calcium ionophore, A23187, can induce rat hepatic metallothioncin (MT) when admblistcred in vivo (5.8-fold, S.OpM, I I h) and rat hcpatocytc 
MT when administerrod in vitro (10.70-fold. 1.0 yM, 24 h). Sevcral rat hepatoma cell lines (ZM, 4.55.fold: JM2, 12,29-fold: EC3, 14.12.fold; HTC, 
7.99.fold) and a normal rat liver cell line (Clone 9,39.67-fold) were tested for their inducibility of MT mRNA by Cd** (IOyM, 8 h). Quantitatively, 
JM2 and 2M made the moat MT mRNA, while HTC made the least. A23187 (0. I-7.0 PM) was studied as an inducer of MT mRNA in these cell 
lines (except for HTC) and in HeLa. A variety of responses and tolerances were seen with inductions ranging up to 32.1 l-fold. Quantitatively, the 
best responding cell lines were EC3 and 2M. A combination induction experiment. using TPA, a protein kinase C activator, and A23187 in EC3 
cells revealed an additiveeffect ofthe two inducers on MT mRNA levels: TPA (IO nM), 11.71.fold; A23187 (3,OkM), 6.71.fold; and TPA + A23 187, 
20.00.fold. These studies have implicated perturbations in cytosolic calcium ion concentrations, caused by the ionophore A23187, as being involved 

in Ihe complicated signaling systems which can lead to induction of MT mRNA and protein. 

I. INTRODUCTIGN 

Induction of met.allothionein (MT) protein and 
mRNA by a variety of agents has been a fruitful system 
in which to study hormone-second messenger cascades 
and transcription factor-promoter element interactions 
[l]. MT’s are eucaryotic proteins involved in normal 
zinc ion homeostasis. They are induced in response to 
generalized stresses on an animal (including acute phase 
response agents), as well as by specific hormones and 
other agents (glucocorticoids, metals, catecholamines, 
glucagon, interleukin-6, angiotensin-II, dibutyryl 
CAMP and phorbol esters) [l-4]. The involvement of 
protein kinase A and protein kinase C in the stimulation 
of synthesis of MT mRNA is well established. These 
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kinases, glucocorticoids, and metals communicate with 
transcription factors which interact with elements in the 
MT promoters [5]. 

The role of calcium ions in the induction of MT 
mRNA synthesis has not been studied extensively. 
Hormones which lead to activation of protein kinase C 
via release of diacylglycerol also result in the elevation 
of cytosolic calcium ion concentrations via release by 
inositol triphosphate from endoplasmic reticulum 
stores [6]. Subsequent activation of calmodulin and cal- 
modulin-dependent protein kinase may lead to com- 
munication with MT-promoter elements. But, calcium 
can affect the activity of other cellular targets besides 
this kinase. Protein kinase C [7], CAMP response ele- 
ment-binding protein [8], and heat-shock transcription 
factor [9] are all reported to require calcium for func- 
tional activity. 

In this report we have studied the effects of the cal- 
CiuJil ionophore, A23187, on the induction of MT pro- 
tein and mRNA in rat liver, in primary cultures of rat 
hepatocytes, and in several cell lines in culture. Imbra 
and Karin [lo], as part of another study, have reported 
a moderate induction of MT mRNA by A23 187 (7 yM, 
8 h) in Hep G2 cells, but they saw no induction in HeLa 
cells under the same culture conditions. Buscher, et al. 
[l I] reported that A23187 could inhibit c-fos gene acti- 
vation caused by UV exposure in 3T3 cells and normal 
human skin fibrobiasts, but it did not prevent phorbol 
ester (TPA) induction of c-fos mRNA. Bohm et al. [12] 
reported that A23187 could induce MT-l and MT-2 
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mRNA in SENCAR mouse epidermis, when it was 
applied topically. 

?. MATERIALS AND METHODS 

Male, Sprague-Dawley rats (200-300 g) were obtained from Sasco, 
Inc., Omaha, NE. They were housed in groups of four for at least one 
week before use in experiments. They received Purina lab chow and 
tap waler ad libitum. 

Primary cultures of rat hcpatocylcs were obtained, using a mixture 
of published melhods [l3-151. They were cultured in Waymouih’s 
medium without serum or with 10% fetal bovine serum (Gibco). Rat 
hepatoma cell lines.(2M, HTC, JM2 and EC3) were gifts from Ron 
Lindahl of this Department [16], Clone 9 is an epithelial culture from 
normal adult rat liver [l6], and it was also obtuined from Lindahl. 
HeLa cells were purchased from American Type Culture Collection, 
Rockville, MD. All of these cells were maintained in DMUV.12 
medium (Sigma) with 5% newborn calf serum, streptomycin sulfate 
(75 U/ml), penicillin-G (I00 U/ml), and 5% CO, at 37°C. Cell cultures 
were trypsinized weekly with 1 x slandard trypsin solution (Simntaj. 
Medium was changed every two days. Cells were used for experiments 
at 80-9046 confluence. 

has been described previously [17]. The Supeffinc Sephadex G-7Y 
[l@Cd]MT assay is a metal displacement assay used with small 
samples. An aliquol of hepatocyte supernatant (200 ~1) was mixed 
with dithiothreitol to make the solution 1 mM and with 50 fig of 
Phenol red as a marker. The sample was doped with ‘@?d (12,&i&g 
Cd), giving I .5 x as much cadmium as there was zinc in the sample. 
The mixtures were applied to Sephadex G-75 Superfine columns (0.8 
x 29 cm), and the columns were developed with 0.01 M Tris-HCI. pH 
8.6.0.1 M NaCI. 1 mM NaN,. Fractions were collected and counted. 
Three peaks were obtained with the middle one being the MT peak. 
This method was validated for meul displacemcnl and MT recovery 
using authentic rat hepatic MT-I and MT-II. 

2.4. Meraikhiottein rnRNA assay 
Total RNA was isolated by standard methods [18-201 from cuhured 

cells. Northern gels were run as previously described, using glyoxal 
denaluralion [21]. Si of RNA was determined using a 0.16-l .77 kb 
RNA ladder from BRL. Numerioal results were obtained by scanning 
the developed X-ray film (XARS, Kodak) with a Bio-Rad video den- 
sitometer after autoradiography with an intensifying screen. 

2.2. Crtertticuls 
All chemicals were reagent grade qualily or better. Thg wcx 

usually obtained from Sigma, St. Louis, MO. Radioactive chemicals 
were obtained from New England Nuclear, Boston, MA. Electropho- 
resis reagents weroobtained from Bio-Rad, Richmond, CA. Molecu- 
lar biology reagents were obtuined from BRL. Gaithersburg, MD. 

Two probes were used for hybridization: a 21.mer. complementary 
to the first seven codons of MT-I and MT-II [22], and a plasmid, 
containing the a-tubulin cDNA. Dr. Mark Martzen. U. of Roehcstcr, 
supplied the oligomer, and Dr. Robert Chiu, UCLA, supplied the 
tubulin plasmid. The 21.mcr was end labeled, using bacteriophage T4 
polynucleotidc kinasc and [y-‘?P]ATP (spec.act. 3000 Ci/mmol) [23]. 
The tubulin probe was labeled by nick translation [24], using DNAase 
I, DNA polymerasc 1, and [a-“P]dCTP (spcc.act. 3OOCl Ciimmol). 

3. RESULTS 

2.3. Meraflorhiorteih proreitt assuys 3.1. A23187 induction of XT prwin 
The Scphadex G75/Atomic Absorption Spectroscopy (AAS) assay Our initial experiment with the calcium ionophore, 

Zn In MT 
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Fig. 1. A23187 dose-response for MT induction in rat liver. A23187 was administered at the indicated dosages i.p. at time I). Animals were killed 
at 11 h, and MT &g Zn/g liver) wa.; determined by the Sephadex G-75fAAIj method. The data are presenifd as the mean + S.E. for al least four 
animals in a group. Statistically significantI> different from controls (vehicle only) at “PcO.001: bp<O.Ol: ‘PcO.02. usin f-test. LD,. lethal do= 

that kills 50% of the P.nimals by 24 h, as sported by the manufacturer. No animal in these ;groups died durin8 ihe 1 I h treatment period. 
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Fig. 2. A23187 time course for MT induction in rat liver. A23187 was administered i-p. at 2.5 pmoi/kg b.w., and animals were sacrificed at the 
indicated times, MT @g Zn/g liver) was determined by the Scphadex G-75/AAS method. The data are presented as the mean 2 SE. for at lensr 

four animals in a group. Statistically significantly different from controls (0 h) at ‘P~O.001, using I-test. 

A23187, involved in vivo treatment of rats with the 
compound and subsequent determination of ZnMT lev- 
els in liver. A dose-response (I 1 11) is shown in Fig. 1 
and a time course is shown in Fig. 2. Statistically signif- 
icant increases in hepatic MT are seen at all dose levels 
and time points with maximal inductions of 5%fold in 
the dose-response and 3.7-fold in the time course ex- 
periments. These results indicate that A23187 has an 
inductive effect on hepatic ZnMT protein levels in vivo, 
but whether or not this is a direct effect on liver required 
further studies with isolated hepatocytes. The results of 
such a study are presented in Table J. Strong induction 
of ZnMT protein is seen at 0.1 and 1 .O yM ionophore, 
indicating a direct effect of A23187 on hepatocyte MT 
synthesis. At 3.0 PM A23187 the induction decreases 
probably due to toxicity, as significant cell death was 
observed when assessed with the trypan biue exclusion 
test. 

3.2. A23187 induction of MT nRNA 
In order to confirm that A23187 alteration of cyto- 

solic calcium levels was responsible for the induction of 
MT, we turned our attention to studies of the induction 
of MT mRNA in cultured cells. Fig. 3 presents the 
resuits of Northern gel analyses of MT mi0ik ievels in 
five cell lines in culture kc cadmium ion treatment (10 
PM, 8 h). Cadmium is a classic inducer of MT. HTC, 
2M, EC3, and JM2 are rat hepatoma cell lines. Clone 
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9 is an established cell line from normal, adult rat liver. 
Among these lines Clone 9 showed the highest fold 
induction by Cd?+ of MT mRNA. 2M had the highest 
level of MT mRNA, followed by EC3. We are currently 
using these two cell lines extensively in further studies 
because of the quantitatively higher levels of MT 
mRNA. HTC showed a 7.99-fold induction in response 
to Cdl’, but the basal and induced levels of MT mRNA 
were extremely low. It was not studied further. 

The effects of A23187 on MT mRNA levels were 

Cd - L-2 L-24 L-2 d Lf 
Clone 9 EC3 Jr42 2M H7C 

Fig. 3. Northern gel analysis of MT mRNA and a-tubu!in mRNA in 
five cell lines following cadmium induction. Each cell line was grown 
in culture in triplicate to 80-9048 confluence. Controls (-) received no 
addition. Cadmium (+) received lb PM CdCll. Total RNA was 
harvested by pooling the three plates from each cell line after 8 h 
exposure & cadmium. Northern gels were run with 10 ,ug total RNA 
and were probed sequentially for MT mRNA with a ?I.mer and for 
&tubulin with n c”uNA. Autoradiographs of the gel:. are presented. 
MT mRNA is 0.55-0).59 kb, and a-tubulin mRNA is 1.73-1.77 kb in 
size. The inductions seen for each group after hdjusti,lg for a-tubulin 
mRNA variation were: clone 9, 39.67.fold; EC3, 14..lZfold; JM2, 

12.29.fold; 2M, 4.55.fold; and HTC, 7.99mfoId. 
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Fig. 4. Northern gel analysis of MT mRNA and &-tubulin mRNA in 
five cell lines aher exposure to increasing amounts of A23187. Experi- 
ments were conducted as described in Fig. 3 with the indicated 
amounts of A23 187 (0. I-7.0 AM) with 6 h cxposurc. Maximal induc- 
tions seen were: Clone 9,7.59-fold (7.0 kM); 2M, 4.49.fold (7.0 PM); 
JM?, 2,09-fold (3.0 PM); EC3, 5.31.fold (3.0 yM): and H&a. 2.32. 

fold (3.0 PM). 

examined in the remaining four cell lines and in the 
human cell line, HeLa. The resalts are presented in Fig. 
4. A variety of responses were seen. Clone 9 cells 
responded only at high levels of ionophore (7 PM). JM2 
cells gave modest inductions at 0.5-3.OpM, but they did 
not tolerate higher dosages. 2M cells responded modest- 
ly at 7 PM ionophore. In a separate time co’ucse exper- 
iment at 7.0 PM ionophore 2M cells showed a more 
dramatic response (2 h, 5.97-fold; 4 h, 25.57.fold; 6 h, 
27.01-fold; 8 h, 27.07-fold; 10 h, 32.1 l-fold). EC3 cells 
responded well at all doses of ionophore that were tried. 
HeLa cells responded at 3.0 and 7.0 ,u’M ionophore but 
only with modest inductions. 

Inducers of MT which operate via the phosphoico- 
sitidc cascade result in activation of both protein kinase 
C by diacylglycerol and cahnoduln-dependent protein 
kinase by the calcium ion released from the endoplasmic 

Fig. 5. Northern gel analysis of MT mRNA and a-tubulin mRNA in 
EC3 cells after exposure to phorbol esters and A23187. Expcrirncnta 
were conducted as descrihcd in Fig. 3 for G h with the indicated 
additions (control. none; 4a-TPA, 10 nM; 4@-phorbol, 10 nM; TPA, 
IO nM; A23 l87,3 PM; TPA, IO nM + A23187.3 PM: and DMSD, 
73.5 ~1). DMSO is the vehicle used to dissolve these agents. Inductions 
seen were: 40.TPA. 0.25.fbld: @-phorbol, 2.77.fold; TPA. 1 I .71-fold; 
A23 I87,6.71 -fold; TPA + A23187.20.00-fold and DMSO, I .70-fold. 

reticulum by lPJ. TPA (tetradecanoyl phorbol acetate) 
is a direct activator of protein kinase C, and A23187 can 
alter cytosolic calcium levels. Fig. 5 shows the results of 
inducing MT mRNA in EC3 cells with TPA alone 
(11.71-fold), A23 187 alone (6.71-fold) and the two in- 
ducers together (20.00-fold). The two inducers tog,ether 
gave an additive effect on the level of MT mRNA 
attained. This implies that activation of .both protein 
kinase C and calmodulin dependent”@&in kinase 
leads to L signal which can interact with responsive 
elements in the MT gene’s promoter to stimulate syn- 
thesis of MT mRNA. 

4. DISCUSSION 

Our studies have implicated perturbations in cyto- 
solic calcium ion concentrations, caused by the io- 

Table I 

A23187 induction of MT in hcpatocytics* 

A23187’ MT: Fold induction 

0 26.7 + 4.0 I.10 
DMSO 24.3 + 2.1 I.00 
O.! 71.4 + 2.0’ 2.94 
i .O 260.0 zt 35.W 10.70 
3.0 78.5 P 20.? 3.23 

- 

*Hcputocyks were cultured for 24 h prior to treatment 
tCclls were incubated with the indicated concentrations of A23187 

@M) for 20 h. Data is presented as the mean f S.E. for three plates 
(3 cm) processed individually. DMSO is equivalent to the amount 
prcxnt in the added A23187 (3.0pM). 

* M’l’ (pnlol Cd/mg protein) was assayed using ihc G-75 Supctind 
“‘%d mebhod. The [@+I in the medin is 0.82 mM, Statistically 
significantly different from DMSO (50 ~1) control al ‘P~O.001; 
dP40.05. using t-test. 
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nophore A23187, as being involved in the complicated 
signaling systems which can lead to the induction of MT 
mRNA and protein. A23187 is a carboxylic antibiotic 
which is isolated from broths of Streptomyces char- 
trcusensis. It was identified as a divalent cation io- 
nophore by Reed and Lardy [25,16], Their laboratory 
characterized the affinity of this ionophore for divalent 
cations as Mn?” XP Ca?+ = Mg?’ =B Sr”’ > Bal’ [27]. 
The stoichiometry of binding is 2:l for ionophoreldi- 
valent cation. Ion size [28] seems to be important in 
ionophore binding with smaller ions (Mn, Ca, Mg) 
binding better than larger ions (Sr, Ba). In biological 
systems, such as the ones we have studied? A23187 is 
considered to be a Ca?’ specific iotl.ophore, probably 
because of the large gradients that are maintained be- 
tween extracellular and cytoplasmic spaces and between 
intracellular compartments (endoplasmic reticulum, mi- 
tochondria) and the cytoplasm. 

However, since we are studying the effects of the 
calcium ionophore on MT mRNA and protein induc- 
tion, it should be recognized that zinc ions have a sufli- 
ciently small ionic radius (comparable to Mn”) that 
they might readily be transported across the plasma 
membrane by A23187, leading to a zinc induction of 
MT. In cell culture this is probably not so important, 
as the zinc concentration in media is usually about 10 
,uM or less, while calcium concentration is near mM. In 
vivo plasma zinc concentrations are in the range of 
200400 ,uM, so zinc transport by A23187 into liver in 
vivo might become more significant in the mechanism 
of A23187 induction of MT. Total [Zn] in the liver 
increases in response to in vivo A23 187 administration, 
and 90-100% of this is associated with increased levels 
of hCT (d.;ta not shown). 

Our tendency is to conclude that increased calcium 
levels in the cytosol are modulating induction of MT 
mRNA synthesis because of the results of the in vitro 
studies. In order to prove a direct involvement of 
calcium we are planning further studies in which we will 
use calcium chelators, calcium channel blockers, and 
calmodulin antagonists to dissect the specific role of 
calcium in MT mRNA induction. 

Acknowlea’gemetrts: Supported in part by grants from the Dakota 
Acric of the Fraternal Order of Eagles and from the National Institute 
of Diabetes and DisPstive and Kidney Diseases (lR15 DK41459), 
NIH. Portions of thi?. work are taken from doctoral dissertalions 
(SHG and XX) submit ted to the Graduate School, University of South 
Dakota in partial fulf’llmcnt of requirements for the Ph.D. degree. 

[3] Cousins, R,J. (1985) Physiol, Rev, 65,233-308. 
Schroeder, J.J, and Cousins, R.J. (1990) Proc. Natl. Acad. Sci. 
USA 87. 3137-3141. 

:; 

PI 

191 

1101 
1111 

V21 

1131 

1141 

1151 

Karin, J., Imagawa. M., Bodner, M,. Chiu, R., Lefevre, C., 
Umbra, R., Dana, S, and Hcrrlich, P. (1988) in: Steroid Hormone 
Action, UCLA Symposia on Molecular and Cellular Biology 
(Ringold, G.H., Ed.), Vol. 75, Liss, New York, pp. 177-184. 
Nishizuka, Y. (198G) Science 233, 305-312. 
Azhar, S., Butte, J. and Rcaven. E. (1987) Biochemistry 26,7047- 
7057. 
Sheng, M., Thompson, M.A. and Greenberg, M.E. (1991) 
Science 252, 1427-1430. 
Price, B.D. and Calderwood, S.K. (1991) Mol. Cell. Biol. 11, 
3365-3368. 
Imbra, R.J. and Karin, M, (1987) Mol. Cell. Biol. 7, 1358-1363, 
Buscher. M.. Rahmsdorf. H.J.. Litfin. 1.. Karin. M. and Herrlish. 
P. (198;) O&ogene 3, 3&-3li. ’ . 
Bohm, S., Berghard. A., Pereswetoff-Morath, C. and Tohgard, 
R, (1990) Cancer Res, 50, 1626-1633. 
Brown, RC. aad Bidlack, W.R. (1988) J. Toxicol. Environ. Hlth. 
24. 129-l 39. 
McGowan, J.A,and Bather. L.R. (1985) J. Tissue Cult. Methods 
9, 49-52. 
&glen, P.0, (Iij76) Methods Cell Biol. 13, 28-83. __~ 

REFERENCES 

[l] Kagi, J,H.R. and Kojima, Y. (1987) Mctallothionein II, Birk- 
hauser Vcrlag, Basel. 

[2] Brady, F.O. and Helvig, B. (1984) Am. J. Physiol. 247, E3l8- 
E322. 

[I61 Lin, K.H,. Leach, M.. Winters, A, and Lindahl, R. (1986) In 
Vitro Cell. Dev. Biol. 22. 263-272. 

[I71 Brady, F.O. and Webb. M. (1981) J. Biol. Chem. 256,3931-3935. 
[Ia] Davis, LG., Dibncr, M.D. and Battey, J.F. (Eds.) (1986) Basic 

Methods in Molecular Biology, Elsevier, New York, pp, 136-138. 
[19] Montminy, M.R. and Bilezikjian, L.M. (1987) Nature 328, l75- 

178. 
[20] Sambrook, .I., Fritsch. E.F. and Maniatis, T, (1989) Molecular 

Clonin% Cold Spring Harbor Laboratory Press, New York, pp. 
7.19-7.%. - - 

_ 

See reference 19, pp. 7.37-7.52. 
Cousins, R.J., Dinn. M-A., Leinart, AS., Yedinak, K.C. and 
DiSilvestro, R.A. (1986) J. Physiol. 251, E688-E694. 
See reference 19, pp. 1 I .31-l I .32. 
See reference 19, pp, 10.6-10.12. 
Pressman, B.C. (1976) Annu. Rev. Biochem. 45, 501-530. 
Reed, P.W. and Lardy, H. (1972) J. Biol. Chem. 247,69706977. 
?fciffer, D.H., Reed, P,W. and Lardy, H,A. (1974) Biochemistry 
13,4007-4014. 
Cotton, F.A. and Wilk!.nson, G. (1988) Wiley. New York, pp. 
1385-1388. 

196 


