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Abstract

Features of tumor and host zinc metabolism are described. Emphasis is placed on
tumor-host interactions. Using the model of the Ehrlich ascites tumor in mice, one
clear site of modulation of cellular zinc by the amount of nutrient zinc available in the
host is a zinc-binding protein with the properties of metallothionein. The selective de-
pletion of zinc from this protein is correlated with the loss of cell proliferation by tu-
mors injected into zinc-deficient animals. The properties of isolated metallothionein
are consistent with a role for it as a reactive pool of intracellular zinc which can be
donated to apozinc proteins and other structures. The presence of the Ehrlich tumor in
mice also perturbs their distribution of zinc: zinc leaves the plasma and is accumulated
by liver in the form of newly synthesized zinc metallothionein. During host zinc defi-
ciency, this redistribution is not observed. This may be caused not only by a lack of
mobile plasma zinc, but also by an inhibition of the initiation of this host response at
the site of the tumor in the peritoneum.

index Entries: Zinc, metabolism in tumors and hosts; tumor, zinc metabolism in;
metallothionein, in tumor--host Zn metabolism; inflammation, and tumor—host zinc
metabolism; cell proliferation, and zinc metabolism; metabolism, tumor-host zinc.

1. Introduction

It is well-recognized that the nutritional state of an organism has a marked effect
upon the onset and course of many diseases including cancer. Besides the influ-
ences of major components of the diet, it is now clear that trace elements are im-
portant determinants of carcinogenesis and the progression of cancer (/). Just as

TAbbreviations: Metallothionein, Mt; Zinc-normal, Zn(+); Zinc-deficient, Zn{—);
ethylenediamine tetraacetate, EDTA.
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the nutritional status of the host can affect the behavior of tumor cells, so too, the
presence of a neoplasm can have a major impact on host nutrition and nutrient me-
tabolism. It is the intent of this paper to review and explore aspects of this recipro-
cal tumor-host relationship as seen in the examination of tumor cell and host zinc
metabolism.

2. Background

The importance of zinc for the growing animal was observed by Elvehjem and
coworkers in 1934 (2). However, only in the past two decades have experiments
shown the widespread and critical need that different proliferative tissues have for
zinc. For example, not only does zinc deficiency inhibit the general growth of
young animals, but in the growing rat it selectively prevents the growth of thymus
tissue (3). Long periods of zinc deficiency during pregnancy of the rat lead to fetal
resorption; shorter periods of depletion cause a variety of developmental
abnormalities (4). Similarly, the proliferation of transplanted tumor cells is slowed
or halted by host zinc deficiency (5-8). Figure 1 shows the comparative growth
curves for Ehrlich cells growing intraperitoneally in adult female Swiss mice that
were fed a zinc-deficient semipurified diet (<1 pg Zn/g diet) in the presence or
absence of drinking water containing 80 wg Zn/mL. Zinc-normal animals sustain
10 times as many cells after log phase growth as do zinc-deficient mice. While the
larger tumor kills the rodent in about 17 d, the zinc-depleted animal maintains the
tumor cells in a viable, steady state for at least 5 weeks without severe effects in the
host (8). Subsequent addition of 80 wg Zn/mL to the water supply induces rapid
proliferation of the quiescent tumor cell population. Thus, although host zinc defi-
ciency limits tumor growth, it is compatible with the long term survival of the
cells.

Table 1 summarizes the properties of zinc-deficient Ehrlich cells. Of particular
interest here are the facts (1) that zinc-deficient cells have 75-100% of their zinc-
normal complement of zinc, (2) that RNA synthesis is much less affected than
DNA synthesis as measured by precursor incorporation into macromolecules, and
(3) that thymidine kinase appears to be the principal site of inhibition of thymidine
incorporation into DNA.. Although the RNA and DNA polymerases that have been
examined are zinc metallonenzymes, there is no known requirement for zinc by
thymidine kinase (/3—16). From these results, it appears that cellular zinc deple-
tion is selective, that there is not a general loss of zinc from zinc-metalloproteins
and other macromolecular structures, and that the relationship between host zinc
deficiency and the cellular response is subtle. What then might be the molecular
site that links the zinc status of the host to the proliferative state of the Ehrlich cell?
This question is addressed in Sections 3.1-3.4.

Turning to host zinc metabolism in response to the presence of a tumor, a num-
ber of studies have shown that extensive metal redistribution occurs in humans af-
flicted with a variety of cancers (/7). This process is part of the general stress re-
sponse of mammalian organisms to a number of inflammatory agents and
conditions (/8). For example, in the inflammatory stress response to bacterial in-
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Fig. 1. Growth curves for Ehrlich ascites tumors growing in female Swiss mice. Mice,
10-14 weeks old, were injected with 107 cells. Animals were maintained on semipurified
diet containing <1 g Zn/g. Double distilled drinking water was supplemented with 80 g
Zn/mL (@) or 0 pg Zo/mL (O). Zn(—) animals had received Zn(—) water and diet for 2
weeks prior to day zero. Data are the average of three mice.

fection iron and zinc leave the plasma and enter the liver whereas copper bound to
ceruloplasmin moves from liver into plasma. The zinc that enters the liver from
plasma becomes bound to metallothionein. This is a small metal-binding protein,
the synthesis of which can be induced by a flux of zinc into the liver (/9). The link
between the site of inflammation and liver is a hormone-like substance, leukocyte
endogenous mediator (LEM), that is elaborated by macrophages and other host
cells involved in nonspecific inflammatory response to foreign agents (20). The
recent recognition that many secretory factors of monocyte-macrophages probably
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TABLE 1
Properties of Zinc-Deficient Ehrlich Ascites Tumors

Non-proliferating cells remain viable for > 5 weeks in Zn (—) host animal (8)
Ascites fluid Zn depressed five-fold (8)

Ascites cell Zn depressed 0-25% (8)

Thymidine incorporation into DNA inhibited primarily at thymidine kinase, secondar-
ily at DNA polymerase (9, 10)

el

dThd ——(=——2-)> dTMP ——3» dTDP ~——3= DTTP —— DNA

5. RNA synthesis not greatly inhibited

6. Ehrlich cells contain a Zn,Cu-binding protein with properties of metallothionein (/7,
12y

7. Conclusion: Zn deficiency causes specific, selective effect in cells not a generalized de-
pletion of cell zinc for various metalloproteins.

represent a single molecular entity has led to the identification of the LEM activity
with this common protein species called interleukin 1 (27). Some properties of the
inflammatory stress response of mice to Ehrlich cells are described in Sections 4. 1
and 4.2.

3. Tumor Metabolism

3.1. Tumor Cell Proliferation: A Molecular Site Sensitive to Zinc Deficiency

The cytosol of Ehrlich cells normally contain a zinc-binding protein (Fig. 2),
which has the properties listed in Table 2. In all respects its characteristics are
those of metallothionein, a protein apparently involved in zinc, copper, and cad-
mium metabolism, but one without carefully documented celiular function
(22-25). Its zinc content accounts for about 20% of the total zinc in cytosol. When
the distribution of zinc in the cytosol of zinc-deficient Ehrlich cells is measured by
Sephadex chromatography, there is no measurable change in the high molecular
weight pool from that seen in Zn(+)t cells. However, the band of Zn in
metallothionein has been lost. In the absence of zinc the apoprotein is present at
concentrations approximating that of Zn metallothionein in zinc-normal cells (26).
From this result it is concluded that the apoprotein is a constitutive component of
Ehrlich cells. It is not under the regulatory control of internal metal concentration
as is observed with liver zinc metallothionein (27). Thus, in Ehrlich cells faced
with a stringent host zinc deficiency, it is the pool of zinc in metallothionein that
responds specifically to the external zinc status.

The labile nature of this pool of metallothionein zinc is further demonstrated in
experiments to be reported elsewhere, in which cell proliferation is reactivated in
zinc-deficient mice by the addition of 4 or 80 g Zn/mL to the drinking water (26).
At the lower concentration tumor growth is reestablished, but little or no zinc reap-
pears in metallothionein as zinc becomes incorporated into new Ehrlich cells. At
80 g Zn/mL there is a rapid shift from rest to proliferation accompanied by the
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Fig. 2. Sephadex G-75 Chromatographic profile of Ehrlich cell cytosol from zinc-
normal mice.

TABLE 2
Properties of Ehrlich Cell Zn-Binding Protein

Protein migrates on Sephadex G-75 as a 10,000 dalton protein (/1)

. Sephadex band separates into two isoproteins during DEAE-Sephadex chromatogra-

phy, which elute under the same conditions as rat liver metallothionein (/2)

Protein lacks A.gp nm absorbance, and, thus, aromatic residues (/2)

Protein SH/Zn ratio, 3.5 (26)

3. Ligand exchange reaction of Zn-binding protein with apocarbonic anhydrase has
second-order rate constant of about 10° s™!M ™! (26)

6. Protein naturally contains Zn and Cu and binds almost all Cd after exposure of cells to

this metal in vivo (1)
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presence of metallothionein partially saturated with zinc. Apparently, at low levels
of nutrient zinc the metal is preferentially bound into nonmetallothionein sites and
the steady-state concentration of ZnMt is small; only when nutrient zinc is abun-
dant does it also fill metallothionein-binding sites. Two models that are consistent
with these findings are diagrammed in Fig. 3. Model A has ZnMt as an obligatory
intermediate between extracellular zinc and final binding sites of zinc in cellular
macromolecules. In Model B, apometallothionein and other structures receive
their zinc in parallel from another pool in direct contact with extracellular zinc.
Furthermore, in both models, ZnMt can donate zinc directly to apomacro-
molecules in a chemical exchange that does not require biodegradation of the pro-
tein to release metal (23). According to either model, the internal pool of zinc that
is depleted first under zinc-deficient conditions, in which the concentration of Zng
and Zn; are drastically reduced is ZnMt. Both models require that the zinc in
metallothionein be kinetically labile for metal transfers of the sort,

ZnMt + apoligand & apoMt + Zn-Ligand (D
EXTRACELLULAR INTRACELLULAR
® apo Mt Zn-Macromolecules

ZnE Te— =" ZnI

Zn Mt apo Macromolecules

apo Mt

Zn Mt
ZnE — ZnI

apo Macromolecuies

Zn Macromolecules

Fig. 3. Models for the role of zinc metallothionein in Ehrlich cells.
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3.2. Properties of Metallothionein in Ligand Exchange Reactions (Reaction 1)

The kinetics and thermodynamics of ligand exchange reactions of zinc
metallothionein have been under investigation (/2, 23, 28). The ligands EDTA
and a substituted bis(thiosemicarbazone) react slowly to remove Zn®® from
metallothionein (Table 3). These reactions are biphasic, probably indicative of the
presence of two zinc-sulthydryl clusters in metallothionein, each reacting as single
cooperative units with the competing ligands (29). The reactions go to completion
at ligand to metallothionein~zinc ratios of 10°to 1 at pH 7.4 and 25°C. Thus, the
thermodynamic binding of zinc to metallothionein is of intermediate strength.

Zinc metallothionein does react rapidly with apocarbonic anhydrase. Thus, in
contrast to these small, synthetic ligands, the apoprotein is an excellent ligand for
reaction with ZnMt. In summary, model studies to date reveal zinc metallothionein
to be a selectively and kinetically reactive structure in metal transfer processes.
Combined with the modest thermodynamic stability of the metals in ZnMt, these
results support the hypothesis that this protein in cells contains a labile pool of zinc
that can be donated to newly synthesized apozinc structures as indicated in Fig. 3A
or B.

3.3. Properties of Ehrlich Cell Cytosols in Ligand Exchange
Reactions (Reaction 1)

Isolated Ehrlich cell metallothionein reconstitutes apocarbonic anhydrase (Table
2). When various concentrations of apocarbonic anhydrase are incubated with
Ehrlich cytosol of known total zinc concentration, only 20% of the cytoplasmic
zinc is available for reconstitution (26). Sephadex G-75 chromatography shows

TABLE 3
Ligand Exchange Properties of Rat Liver Zinc-Metallothionein

k.Ke
ZoMt + L == Mt + ZnL

Apparent
stability
constant
of ZnL
Ligand Rate constants for Reaction 1 complex
EDTA,” (ref. 23) (1) =0.98 s"'M '[EDTA] + 4.4 X 1074 57! 1014
(2) 2.0 x 107*s7!
3-Ethoxy-2-oxo-butyraldehyde (1) 5 x 1073 7! 10%7
bis(N*-dimethylthiosemi- @1 x10%s! (ref. 31)
carbazone)’ (ref. 30)
Apocarbonic anhydrase: 1.5 x 10° s M™! 1012
(ref. 32)

“Reactions carried out in 0.1M KCl and 0.01M Tris at pH 7.4 and 25°C.
*Reaction goes to completion at 10°-fold excess of ligand.
‘Reaction done at pH 5.4,
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that zinc has left the metallothionein band and entered a new carbonic anhydrase
band. Both results are consistent with the hypothesis that zinc-metallothionein is
the major if not exclusive source of metabolically active, labile zinc. This view is
strengthened by results of the reaction of apocarbonic anhydrase with cytosol from
zinc-deficient cells. Here only about 4% of the supernatant zinc participates in
reconstitution.

3.4. Relationship of Metallothionein to Cell Proliferation

The experiments described in Section 3.1 establish an association between zinc
status, cell proliferation, and the binding of zinc to metallothionein. This relation-
ship is strengthened by studies, summarized in Sections 3.2 and 3.3, that describe
chemical properties of Mt consistent with its proposed role in Fig. 3. Whether or
not metallothionein is the primary site relating nutrient zinc to cell division has yet
to be determined. Nevertheless, there is a general correlation between proliferative
state and the concentration of Mt in tissues. Thus, with the exception of kidney,
mature, slowly proliferating tissues appear to contain only a very low, basal level
of metallothionein (33). In contrast, Ehrlich tumor cells, and several other tumor
lines according to preliminary data, fetal tissue, and regenerating rat liver contain
much larger amounts of zinc and/or copper metallothionein (34-36).

What then might be the link between metallothionein and cell proliferation? A
key feature of zinc-deficient Ehrlich cells is that at the level of present analysis,
with the exception of metallothionein, the per cell concentration of macro-
molecular zinc is little changed from zinc-normal levels. There is also long-term
viability of these cells. Thus, the effect of zinc deficiency is to take rapidly
proliferating cells and place them in a resting condition. In this steady state, the
cells husband their zinc content through many half lives of protein biodegradation.
One may hypothesize that the metal content of metallothionein serves as a meta-
bolic signal for the cell. In this model, zinc saturation of Mt is an indication that
proliferation may proceed in the presence of adequate nutrient zinc to constitute
new holozinc proteins and other structures in the cell; steady-state zinc depletion of
metallothionein reflects insufficient nutrient zinc to support the synthesis of new
cells. At present one may only imagine in general what the molecular basis for
such a differential effect might be. Possibly apoMt could bind to a cellular control
site for proliferation (S) to inhibit this process (Reaction 2). The binding of zinc to
the protein would shift the equilibrium to favor free *“S’” and hence proliferation:

Mt + S = MtS
(2)
Mt + Zn = ZnMt

Consistent with this general model is the finding that when Cd“™ 1s added to zinc-
deficient and normal cells, ten times as much Cd?”" is needed to get binding to Mt
in Zn(—) cells as in normal cells despite the unfavorable displacement of Zn**
from ZnMt that must accompany cadmium binding to metallothionein in zinc-
normal cells. This finding suggests that apoMt is also bound to another site in defi-
cient cells, possibly the regulatory site envisioned in Reaction 2.

2+
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4. Host Zinc Metabolism

4.1. Redistribution of Zinc in Tumor-Injected Animals

Soon after the intraperitoneal injection of Ehrlich cells into Zn(+) adult mice, the
plasma zinc level drops precipitously and remains low during the course of tumor
growth (Fig. 4). Host zinc deficiency also rapidly depresses plasma zinc concen-
tration. The two conditions do not have similar effects upon ascites fluid zinc. As
seen in Fig. 4, this pool of nutrient zinc for the tumor cells is an order of magnitude
larger in zinc-normal than in zinc-deficient animals. Thus, although plasma zinc
level is commonly taken to reflect the readily available zinc being transported
around the organism, there is still a sufficient steady-state movement of zinc about
the organism in zinc-normal animals to support a much higher ascites fluid level of
the metal.

The depression of plasma zinc in animals receiving a normal diet is
accompanied by the uptake of zinc into the liver and its binding to metallothionein
as indicated by the appearance of a band of zinc at 10,000 daltons on Sephadex
G-75 chromatograms of liver supernatant prepared after tumor injection (Fig. 5).
There is a progressive increase in metallothionein zinc over the 6-8-d log phase
growth of the tumor. A similar increase does not occur in zinc-deficient mice. The
simplest interpretation of this result is that there is not enough mobilizable zinc un-
der deficient conditions to permit accumulation of the metal in liver
metallothionein.

OTHER TISSUES

NUTRIENT POOL PLASMA /H/ LIVER
r
Lozn(+) 1.2 ug/ml METALLOTHIONEIN
Zn(+) 80 ug/ml
[ Zn(~) 96 ug/mi i Zn{+) ~0
Zn{-) <1 ugimi
l Zn{+} TUMOR 0.6 ug/mi Zn(+)TUMOR 10 ug
Zn(-) TUMOR ~0
OTHER ZINC POOLS
[ REMAIN UNCHANGED
FLUID TUMOR

Zn(+) 9 ug B8 pug
Zn(-~) 0.6 Q.6

TUMOR

Fig. 4. Steady-state compartments of zinc in mice in the presence of 8-10 d tumor.
Plasma and liver data are from ref. 37 and 38. Tumor data were calculated as follows:
Zn(+) fiuid = 0.7 pg Zn/mL X 13 ml,; Zn(~) fluid = 0.1 pg Zn/mL X (<6 mL); Zn(+)
tumor = 10° cells X 0.2 pg Zn/2.5 X 107 cells (ref. /1); Zn(—) tumor = 108
cells X 0.15 pg Zn/2.5 x 107 cells.
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Fig. 5. Sephadex G-75 profile of mouse liver cytosolic zinc. Data taken 8 d after in-
jection of Ehrlich cells into adult female Swiss mice.

4.2. Mechanism of Communication Between Tumor and Liver

The host response to the presence of tumor cells causes the shift of zinc from
plasma to liver as seen in other examples of host inflammatory response. If the
analogy is good, Ehrlich cells stimulate peritoneal macrophages to produce
leukocyte endogenous mediator or interleukin 1. This material enters the blood
stream, interacts with liver, and initiates the stress response as focused on liver.
Preliminary studies have begun to test this mechanism (37). Thus, the injection of
cell free ascites fluid from Zn(+) animals into zinc-sufficient mice causes the syn-
thesis of new liver ZnMt. Ascites fluid from zinc-deficient mice causes little
uptake of zinc into liver metallothionein. If this latter finding is confirmed, than the
lack of accumulation of zinc in liver of zinc-deficient mice may result in part from
inhibition of events in the peritoneum which trigger the host stress response.
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