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SUMMARY

Adrenal steroid hormones with glucocorticoid activity increase the uptake of Zn*+ in
certain mammalian cell cultures. Whereas in the absence of added hormones the Zn++
content of HeLa S; cells is approximately 8- to 20-fold greater than that of an equivalent
volume of medium, after growth in the presence of prednisolone the cellular Zn*+ content
doubles or triples. Kinetic studies suggest that cells must grow 8-12 hr in the presence of
prednisolone before an increased Znt+ uptake becomes apparent. Accumulation of Zn*++
is markedly depressed at low temperatures and in the presence of sulfhydryl-blocking
agents. Inhibitors of either glycolysis or oxidative metabolism have little effect on Zn*+
uptake. However, if both glycolysis and oxidative metabolism are inhibited, Zn*+ accumula-
tion is decreased. ®*Znt*+ taken up by mammalian cells is readily exchangeable and is nearly
all soluble in trichloracetic acid. Hormonal effects on Zn*+ uptake are selective in that
(a) only those steroid hormones with potent glucocorticoid effects stimulate Zn*++ uptake
while the degree of effectiveness of each hormone parallels its glucocorticoid activity; (b)
susceptibility to hormone effects on Zn*+ accumulation was confined to certain established
“epithelium-like”’ cell lines; and (c) the uptake of several other cations, for example, ¥Ca++
and ¥Rb++, was not significantly enhanced by the steroid hormone, and a number of
monovalent and divalent cations did not compete with #Zn++. Certain effects of hydro-
cortisone on cells may be explained by an increase in the Znt+ content of cells.

INTRODUCTION

Regulation of cellular activities in higher
animals is in part controlled by hormones.
The mechanisms responsible for the effects
of various hormones on cells are complex
and poorly understood. Moreover, it
appears that hormones may have a num-
ber of different effects, for example, stim-
ulation of a rapidly synthesized nuclear
RNA, followed by increased synthesis of
certain enzymes or other proteins (1-9),
translational effects on protein synthesis
(10, 11), and effects on the transport of
various substances into and out of cells
or cell organelles (12, 13). During an
investigation of the mechanisms responsi-
ble for the induction of increased alkaline
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phosphatase activity by hydrocortisone
or its synthetic derivative prednisolone in
tissue culture (10, 14, 15), it was found
that adrenal glucocorticoid hormones in-
crease the uptake of Zn* by certain
mammalian cell cultures.

MATERIALS AND METHODS

The methods used in this laboratory for
monolayer cultures have been described
(10, 14, 15). Tissue culture medium and
reagents were purchased from Grand
Island Biological Co., and the hormone
preparations were obtained from Mann
Research Laboratories. The cell lines
studied and their origin are listed in Table
2. For these studies all cell lines were
grown at 35° in Waymouth’s medium
containing 10% calf serum and antibiotics
(50 units of penicillin, 50 ug of strepto-
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mycin, and 30 ug of kanamycin per milli-
liter). The nonradioactive Zn** content of
“complete” Waymouth’s medium is approx-
imately 12 ug/ml.? Radioactive isotopes
with a purity greater than 99% were pur-
chased from New England Nuclear Cor-
poration. The specific activities of various
radionuclides used were: ®Zn* prepara-
tions varied from 2.16 to 321 mC/mg;
4Ca+, 10.3 mC/mg; and ®*Rb*, 8.7 mC/
mg. One-tenth of a millicurie of each of the
radionuclides was diluted with 2.2 ml of
distilled water. Two methods were used
to study the uptake of the isotopes: (a)
cells were grown for several days in medium
containing the radioactive isotope at a
final concentration of 0.46 .C/ml; (b) cul-
tures were exposed to pulse-labeling for 3
hr with radionuclides at a final concentra-
tion of 2.3 uC/ml. After labeling, the cells
were immediately harvested by decanting
the medium and washing the monolayer
five times with ice-cold 0.9% saline. The
last two washes had less than 50 cpm
above background. The cells were lysed
with 0.5% deoxycholate dissolved in 0.45%
saline.

The *Zn* content of the deoxycholate
cell lysate was assayed in a well-type
Packard automatic gamma detector with
a thallium-activated sodium iodide crystal.
Approximately 10% of the ®Zn* peak
gamma emission at 1.119 m.e.v. was counted.
In all experiments the uptake of the radio-
active isotope was compared in replicate
cultures grown in the presence and absence
of hormones. The same batch of radio-
active nuclide was used in an experiment,
and recently prepared lots of **Zn** were
purchased every 2 weeks. The results are
expressed as radioactivity per milligram
of cell protein. Approximately 160,000
HeLa S; (Spinner line) cells contain 0.1
mg of cell protein; when these cells are
grown in medium with added prednisolone,
cell size is only slightly increased, about
140,000 cells containing 0.1 mg of protein.

The ¢Ca* or °**Rb* content of cell
lysates was assayed by counting a 0.2-ml
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aliquot of the deoxycholate cell lysate dis-
solved in 15 ml of dioxane scintillation
solution (10, 16) in a Packard Tri-Carb
scintillation counter. Protein determina-
tions were carried out by the method of
Lowry et al. (17) on an aliquot of deoxy-
cholate cell lysate.

RESULTS

The specificity of steroid hormones in
stimulating Zn* accumulation in HeLa 8,
cells is shown in Table 1. The relative
effectiveness of various steroid hormone
preparations, in general, correlates with
their glucocorticoid activity. At the con-
centrations tested, hydrocortisone and its
synthetic analogue prednisolone are the
most potent inducers of increased Zn* up-
take. Aldosterone and corticosterone also
appear to facilitate slightly the uptake of
Zn*. These steroids have, in common, a
118-hydroxyl group and 17B-sidechain
which contains a 20-ketone and 21-hy-
droxyl group. Molecules with a methyl
group in position 21 (118-hydroxyproges-
terone) appear to have slight and somewhat
variable effects on enhancing the Zn** con-
tent of cells. Cortisone, which has a car-
bonyl group in the 11-position, was inef-
fective in stimulating ®Zn** uptake. The
minimal and inconstant increases in Zn*
accumulation observed with the other ste-
roid hormone preparations appear to be
within the range of experimental variations
for untreated cultures.

The effects of adrenal glucocorticoid
hormones on stimulating Zn** uptake in
mammalian cell cultures were selective in
that only certain heteroploid epithelium-
like cell lines, such as HeLa cells, Kb cells,
and D-98 cells, were affected (Table 2).
Two other epithelium-like established cell
lines, Chang liver and Chang conjunctiva
cells, showed a small increase in Zn** con-
tent when grown in medium containing
prednisolone. Other cell lines—for example,
human skin fibroblast strains, BS-C-1
green monkey kidney cells, a minimal
deviation hepatoma cell line H411E, and
mouse embryo fibroblasts 3T3—showed
little or no enhancement of Zn* accumula-
tion when cultured in medium with added
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TasBLE 1
Effects of steroids on ®Zn*+ uptake in HeLa S; cell cultures
HeLa S; cells were grown for 72 hr in Waymouth’s medium containing 10% calf serum, 0.46 xC/ml
®Zn**, and 2.5 ug/ml of each of the steroids tested. Stock solutions of the hormones were prepared by
dissolving them in 0.05 ml of ethanol and adding water to make 10 ml of solution. Control cultures con-
tained an equal volume of the alcohol-water diluent.

Number of Average
Steroid, 2.5 ug/ml experiments #Zn** uptakes Range

No added steroid — 1.0 —

Cholesterol 2 0.92 0.84-1.00
Pregnenolone 2 1.05 0.96-1.14
Progesterone 2 0.89 0.75-1.03
118-Hydroxyprogesterone 4 1.25 1.10-1.37
17s8-Hydroxyprogesterone 2 0.85 0.750-.95
Deoxycorticosterone 4 1.12 0.94-1.21
Aldosterone 4 1.40 1.21-1.75
Corticosterone 6 1.35 1.15-1.68
Hydrocortisone 3 2.62 2.15-3.04
Prednisolone 5 3.12 2.80-3.90
Cortisone 2 0.94 0.91-0.97
Diethylstilbestrol 3 0.87 0.74-1.03
178-Estradiol 3 1.10 0.96-1.18
Testosterone 4 1.12 1.02-1.18

e 8Zn** uptake in each experiment was calculated by dividing the average counts per minute of %¥Zn*+
per milligram of cell protein in four replicate steroid-treated cultures by the average counts per minute of
%Zn** per milligram of cell protein in four replicate cultures growa in medium without added steroids. The
averages and ranges are shown.

TaBLE 2
Effects of prednisolone on the ®Zn*+ content and alkaline phosphatase activity of various mammalian cell cultures
Alkaline
#Zn** uptake phosphatase
induction
Cell culturee Origin of cell No additions Prednisolone ratio®
HeLa S, Spinner line adapted Carcinoma of human cervix 3.1+0.4 8.6 +0.6 8.3
to monolayer culture

HeLa Ch-CL321 Carcinoma of human cervix 6.7+1.0 14.2 +1.7 2.1
Kb cell line Carcinoma of mouth 2.13£0.3 5.65 +0.7 2.3
D-98 Human bone marrow 2.36 £0.4 7.70 £ 0.8 2.2
Chang liver cell Fetal human liver 1.67 £0.6 2.44+0.5 1.2
Chang conjunctival cell Fetal human conjunctiva 2.80 £0.2 3.8 £0.6 1.5
Hepatoma H411E Minimal deviation of

hepatoma cell from rat 1.17 £ 0.1 1.36 £ 0.3 0.8
BS-C-1 African green monkey

kidney 6.7+1.2 7.3+1.6 0.9
Human skin fibroblast Foreskin culture, human

infant 5.7+0.8 53104 1.0
3T3 fibroblast Swiss mouse embryo 2.2+0.3 1.0+0.2 0.8

a All cultures were grown in Waymouth’s medium containing 0.46 xC/ml #Zn*+ for 96 hr. The averages
and ranges of at least four replicate cultures are expressed as counts per minute X 10~? per milligram of
cell protein.

b Xlkaline phosphatase induction ratio is the ratio of specific activity of the enzyme prepared from cultures
grown in medium with added prednisolone to the specific activity of replicate cultures grown in medium
without added hormone.
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prednisolone. Table 2 also shows the induc-
tion ratio for alkaline phosphatase in the
various cell lines studied. All the epitheli-
um-like lines except for the HeLa S,
(Spinner line) had high constitutive levels
of alkaline phosphatase. In those lines in
which the engyme activity increased upon
growth in medium with prednisolone the
Zn* accumulation by the cells was also
enhanced, although there was no propor-
tionality between the extent of alkaline
phosphatase induction and the increase
in Zn* uptake. Moreover, markedly
increasing the Zn** content of cells by
growing them for 3-5 days in medium
containing high concentrations of Zn* (0.1
myM) but without added prednisolone did
not enhance the alkaline phosphatase
activity of the cells.

Prednisolone also showed specificity
with respect to the type of cation affected.
The uptake of ®Zn* was markedly stimu-
lated whereas the uptake of certain other
cations, such as *Ca* and %¢Rb*, exhib-
ited a variable and small increase (Table
3). Addition of increasing concentrations
of nonradioactive Zn* proportionately
reduce the ®Zn* accumulation, thus
showing that the radioactivity taken up
by the cells is ®Zn** rather than a radio-
active contaminant of our ®Zn** prepara-
tions. The hormonally induced stimulation
of ®Zn* accumulation was observed either

CELL CULTURES 513
when HeLa cells were grown for several
days in medium containing radioactive
Zn** and a glucocorticoid hormone or when
cells grown for several days in nonradio-
active medium with added prednisolone
were pulse-labeled for 3 hr with ¢Zn*.

When prednisolone is added to growing
cultures of HeLa S; cells, the stimulation
of ¢*Zn* uptake is not observed until about
8-12 hr after the hormone has been added
(Fig. 1). These kinetic findings indicate
that the hormone does not simply act as a
carrier molecule. This conclusion is also
supported by the finding that HeLa S,
cells grown for 48 hr in Waymouth’s
medium containing prednisolone show the
same °Zn* uptake when they are pulse-
labeled for 3 hr in medium with or with-
out added prednisolone.

Figure 2 shows the kinetics of °*Zn**
uptake in replicate cultures grown for 72
hr in medium with and without added
prednisolone. The rate of ¢Zn* uptake is
approximately 2-3 times faster in cells
grown in medium containing the hormone
than in replicate cultures grown without
added hormone, and in both instances is
relatively complete after 3 hr. The kinet-
ics of efflux of ¢3Zn** from cells grown for
72 hr in radioactive medium with and with-
out added prednisolone is shown in Fig. 3;
the data are consistent with Zn* in cells
being readily exchangeable. Similar kinet-

TaBLE 3
Comparison of the effects of prednisolone on $Znt+*, ¥Ca*+, and ¥Rb++ accumulation by
HeLa 8; cells grown in Waymouth’s mediums

Cation uptake after 72-hr growth with

isotope, 0.46 uC/ml®

Cation uptake after 3-hr pulse with
isotope, 2.3 uC/mle

Prednisolone, Prednisolone,
Cation Control 1.5 ug/ml Control 1.5 ug/ml
®Zn++ 3.1 £0.6 9.6 +1.4 3.8+ 0.4 11.6 £0.3
#Catt 5.00 £0.7 5.36 £ 0.8 1541+ 1.2 170 £ 1.0
®Rb++ 23.7 +2.4 25.5 +3.1 70.0 £ 15.2 75.8 £ 8.3

o The averages and ranges of three replicate cultures are expressed as counts per minute X 10~? per

milligram of cell protein.

b Replicate cultures were grown for 72 hr in Waymouth’s medium containing 0.46 xC/ml of radioactive

nuclide.

¢ Replicate cultures were grown in Waymouth’s medium with or without prednisolone (1.5 ug/ml) for
72 hr. The cultures were then pulse-labeled for 3 hr with radioactive nuclide at a final concentration of

2.3 uC/ml.
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F1a. 1. Effect of duration of growth in medium containing prednisolone on ®Zn** uptake by HeLa S, cells

during a 3-hr pulse

O, Control: cultures grown in medium without added hormone. @, Prednisolone-treated: cultures grown
in medium with 1.5 ug/ml of prednisolone. Prednisolone was added to prednisolone-containing cultures at
time 0. At various times thereafter, 2.3 uC of %Zn** was added per milliliter to three replicate control and
three prednisolone-treated cultures. The cultures were pulse-labeled for 3 hr and then harvested as described

in MATERIALS AND METHODS.

ics was observed when labeled cells were
incubated in medium without added non-
radioactive Zn**, showing that the exchange
is not dependent on increased levels of Zn*
in the medium. ¢Zn* taken up by mam-
malian cultures is nearly all soluble in 10%
trichloracetic acid; less than 1% of the

counts remain associated with trichloracetic
acid-insoluble material. Most of the ®Zn*
in cell lysates can also be removed by
dialysis.

The concentration of Zn** in HeLa S,
cells is much higher than the ¢Zn* content
of a volume of medium equal to the total
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Fi1a. 2. Comparison of $Zn*+ uptake in HeLa S, cell cultures grown for 72 hr in medium with and without

added prednisolone

O, Control: cultures grown for 72 hr in medium without added hormone. @, Prednisolone-treated:
cultures grown for 72 hr in medium with 1.5 ug/ml of prednisolone. %Zn*+, 2.3 4C/ml, was added to all
cultures at time 0, and four replicate cultures of each were harvested at various times thereafter.
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Fi6. 3. Efflux of ®Zn** from HeLa S; cells grown for 72 hr in medium with $Zn**, 0.46 uC (2.0 um)

O, Control: HeLa 8, cells grown for 72 hr in medium without added hormone. @, Prednisolone-treated:
‘HeLa 8; cells grown for 72 hr in medium with 1.5 ug/ml of prednisolone. At time 0, the radioactive medium
was decanted, the cells were washed with Puck’s buffer, and nonradioactive medium supplemented with
12 uM ZnCl; was added. The medium added to the “prednisolone-treated” cultures also contained 1.5 ug/ml
of prednisolone. Three replicate control and three prednisolone-treated cultures were harvested at each time
interval.

cell volume (distribution ratio). As seen and about 40 for cells grown in medium
in Table 4, the distribution ratio (cells to with added prednisolone.

medium) is about 15 with respect to the The ¢Zn* content of HeLa S; cells
cells grown in the absence of prednisolone depends on a number of factors, for
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F1a. 4. Effect of increasing concentrations of ®Zn** on the accumulation of radioactivity by HeLa S, cultures
pregrown for 78 hr in medium with and without added prednisolone

O, Control: cultures grown for 72 hr in medium without added hormone. @, Prednisolone-treated:
cultures grown for 72 hr in medium with 1.5 ug/ml of prednisolone. Each concentration of ®Zn** was added
to three replicate control and three prednisolone-treated cultures, and the cells were harvested 3 hr later.
The nonradioactive Zn*+ content of medium was 18 uM.
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TaBLE 4
Distribution ratio of $Zn*+ between cells and medium in HeLa S; cells grown in Waymouth’s medium

HeLa S; cells grown
in Waymouth’s Radioactivity in equal

medium containing Cell volumes Radioactivity in cells volume of medium
0.46 uC ®Zn*+ for 72 hr (ml) (cpm X 1073) (cpm X 107%)
No addition (control)

A 0.019 5.71 0.39

B 0.016 5.82 0.31

C 0.014 5.83 0.36
Prednisolone, 1.5 ug/ml

A 0.014 12.92 0.24

B 0.017 12.98 0.28

C 0.019 14.61 0.30

a Cell volumes were measured in a Lawrence tube after centrifuging the cell suspension at 1000 rpm in a

PRA4 refrigerated International centrifuge for 20 min.

example, the °Zn* concentration in the
culture medium, the duration of growth
in the presence of the label, and the
density of the cell monolayer per volume
of medium. Figure 4 shows the effect of

TABLE 5
Effect of increasing the number of HeLa S; cells
per culture on the uptake of ®Zn**

Cell protein
HeLa S; cell per culture

cultures® (mg) #Znt+ uptake®
Control 0.24 £ 0.08 5.50 £ 0.8
Prednisolone,

1.5 ug/ml 0.25 £ 0.07 10.80 £ 1.1
Control 0.48 £ 0.09 3.60 £0.6
Prednisolone,

1.5 pg/ml 0.51 £0.12 7.50 £0.4
Control 0.95 +0.10 2.40 £0.5
Prednisolone,

1.5 ug/ml 0.96 +£0.07 5.10 £ 0.3
Control 1.04 £ 0.16 2.10 £0.7
Prednisolone,

1.5 ug/ml 1.10 £ 0.20 4.30 £1.1

e For each experiment, three replicate HeLa 8,
cultures were grown for 72 hr in 2-0s glass bottles
with Waymouth’s medium with or without added
prednisolone (1.5 pg/ml). After 72 hr of growth,
the medium was replaced with fresh medium con-
taining 2.3 uC/ml of #Znt**; the cultures were in-
cubated at 37° for 3 hr before harvesting.

®The averages and ranges of three replicate
cultures are expressed as counts per minute X 10~2
per milligram of cell protein.

Mol. Pharmacol. 4, 510-521 (1968)

increasing the concentration of ¢Zn** in
the medium on the radioactivity per milli-
gram of cell protein in replicate cultures
grown in medium with and without added
prednisolone. The stimulation by the hor-

TABLE 6
Effects of temperature on the uptake of ®Zn*+ by
HeLa S; cells during a 3-hr pulse label

Addition to
Waymouth’s Tem-
mediume® perature %Zn*+ uptake®

No added hormone 35° 82+1.3
Prednisolone 42° 19.1 £ 2.6
Prednisolone 40° 19.6 £3.1
Prednisolone 35° 16.3 £ 1.8
Prednisolone 24° 6.8+1.8
Prednisolone 18° 3.41£0.8
Prednisolone 7° 1.4+0.6
Prednisolone 0° 0.4+0.2

e Cultures were grown at 35° for 72 hr in Way-
mouth’s medium containing 1.5 ug/ml of pred-
nisolone except for the cultures designated ‘no
added hormone,” which were grown in Waymouth’s
medium without added hormone. The effects of
temperature were studied by incubating the cultures
at the indicated temperature for 30 min before
adding $Zn** to a final concentration of 2.3 xC/ml.
After addition of %Zn*+, cultures were maintained
at the temperature shown during the 3-hr pulse.

b The averages and ranges of three to six replicate
cultures are expressed as counts per minute X 10~3
per milligram of cell protein. During the course of
the experiment, there were no apparent cytological
changes observed in the cell monolayer.
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mone of ®Zn* accumulation is approxi-
mately proportional at all ¢Zn* levels
tested. However, the increase in ®Zn*
uptake with increasing concentration of
¢Zn* in the medium reaches a plateau at
high zinc concentrations, a phenomenon
suggesting saturation of uptake. Table 5
shows the effect of increasing the number of
cells per volume of medium on the uptake
of ¢*Zn**. As the cell population density in
the culture medium increases, the °Zn*
content per milligram of cell protein
decreases. However, the prednisolone-
induced enhancement of ¢Zn** accumula-
tion remains approximately proportional at
each population density.

Temperature profoundly influences the
accumulation of ¢Zn* by HeLa cell cul-
tures. Increasing the temperature of cul-

517

tures 35° to 40° or 42° during a 3-hr pulse-
label with €%Zn** slightly increases the
esZn* uptake of HeLa S; cells (Table 6).
However, decreasing the temperature from
35° to 24° or 18° significantly decreases
65Zn+ accumulation, and at temperatures
of 7° or 0° there is a marked diminution
in the radioactive Zn* content of cells
following a 3-hr pulse, as shown in Table 6.
These results suggest that simple diffusion
alone cannot explain the hormonal effects
on Zn* uptake, since cold would not be
expected to have such marked effects.
Table 7 shows the effects of sulfhydryl-
blocking agents on ®Zn** uptake in HeLa
S; cells previously grown for 72 hr in
Waymouth’s medium containing predniso-
lone. The marked inhibition caused by
these agents suggests that the entry or bind-

TaBLE 7
Effects of sulfhydryl-blocking agents and metabolic inhibitors on the
uptake of 8Zn** by HeLa S; cells during a 3-hr pulse

#Zn*+ uptake
30-min incubation 3-hr incubation
HeLa S, cell cultures® with inhibitor® with inhibitor®
No additions (control) 8.2+1.3 7.1+0.6
Prednisolone, 1.5 ug/ml 16.3 £ 1.8 15.6 + 1.4
Prednisolone with N-ethylmaleimide, 1 mm 1.16 £ 0.5 ND-
Prednisolone with p-chloromercuribenzoate, 0.1 mm 58 +1.7 ND
Prednisolone with mercurous ions, 20 um 52+13 ND
Prednisolone with iodoacetate, 0.1 mu 6.1+1.9 ND
Prednisolone with a nitrogen atmosphere 17.1 £ 1.7 16.2 + 1.8
Prednisolone with sodium cyanide, § mm 13.6 + 2.6 14.8 £+ 0.8
Prednisolone with potassium aszide, 5 mm 12.7 £ 3.1 12.8 £+ 1.4
Prednisolone with 2,4-dinitrophenol, 5 mu 13.6 +1.1 14.0 £ 0.6
Prednisolone with sodium fluoride, 20 mm 12.9 £2.3 13.2 £ 0.8
Prednisolone with potassium aszide, 5 mm, and
sodium fluoride, 2 mm 9.4+1.7 8.7+0.9
Prednisolone with ouabain, 0.1 mm 12.8 £ 0.6 11.7+1.1

« Cultures were grown at 35° for 72 hr in Waymouth’s medium containing 1.5 ug/ml of prednisolone except
for the cultures designated ‘“no additions,” which were grown in Waymouth’s medium without added
hormone. The effects of sulfhydryl-blocking agents and metabolic inhibitors were studied by adding the
reagent either 30 min or 3 hr before adding %Zn*+ to a final concentration of 2.3 uC/ml. All cultures were
incubated at 35° during the 3-hr pulse.

® The averages and ranges of six replicate cultures are expressed as counts per minute X 10~ per milligram
of cell protein. During the course of the experiment (30 min or 3 hr of prior treatment with inhibitors before
addition of ®%Zn*+ and 3 hr of pulse-labeling) no apparent cytological changes were observed in the cell
monolayer except in cultures in which both potassium azide and sodium fluoride were present for 3 hr of
incubation; in some of these cultures there was some rounding of cells and a few cells detached from the
glass after a further 3 hr of radioactive labeling.

¢ ND indicates that these experiments were not done.
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ing of Zn** is probably mediated by inter-
action with sulfhydryl groups. Table 7
also shows that anaerobiosis and several
inhibitors of glycolysis and oxidative
metabolism when tested individually either
have no effect or only slightly decrease the
uptake of ¢Zn*. Prolonging for 3 hr the
time of prior incubation with these inhibi-
tors also did not appreciably further
decrease **Zn** uptake during a subsequent

TaBLE 8
Effect of various cations on the uptake of ®*Zn*+ by
HeLa 8; cells during a 3-hr pulse

%Zn uptake in the
presence of various
cation concentrations®

HeLa S, cell
" cultures® 30 uMm 60 uMm
No additions 6.4+1.3 54+1.2
Prednisolone, 1.5 ug/ml 16.7 £+2.0 14.3 +£1.3
Prednisolone with
manganous ions 16.5 £1.7 19.7 £2.1
Prednisolone with
cobaltous ions 148+1.3 15.5+1.7
Prednisolone with
cadmium ions 121+2.4 6.5+0.2
Prednisolone with
cupric ions 14.7+1.5 128 +£1.3
Prednisolone with
mercurous ions 3.0+0.8 2.4+0.3
Prednisolone with
ferrous ions 148+1.6 17.6 +0.9
Prednisolone with
rubidium ions 15.1 £ 0.8 15.2 +2.1
Prednisolone with
lithium ions 169+1.4 122 +1.8

o Cultures were grown for 72 hr in Waymouth’s
medium containing prednisolone, 1.5 ug/ml, except
for the cultures designated ‘“no additions,” which
were grown in Waymouth’s medium without added
hormone. The effects of certain cations were deter-
mined by adding either 30 uMm or 60 uM final con-
centration of these cations as the chloride salt to
the cultures 30 min before addition of ®Zn*+. The
total Znt+ content of the medium was 30 uM; this
included 2.3 uC of %Zn**. After a 3-hr incubation
at 37° in radioactive medium, the cells were har-
vested. During the course of the experiments, there
were no apparent cytological changes observed in
the cell monolayer.

b The averages and ranges of six replicate cultures
are expressed as counts per minute X 103 per
milligram of cell protein.
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3-hr pulse (Table 7). When sodium azide
and sodium fluoride were used together so
as to block both glycolysis and oxidative
metabolism, there was a moderate reduc-
tion in ®Zn* accumulation after a 30-min
incubation and a slightly greater effect
after a 3-hr incubation with these inhibitors
(Table 7). The significance of this effect
is difficult to interpret since there were
cytological alterations in some of the cul-
tures after 6 hr in the presence of both
inhibitors. Quabain, an inhibitor of a mem-
brane-bound sodium-potassium dependent
ATPase, also seemed to have little effect
on the ®*Zn* content of cells, at least for
the time course of these experiments.

Table 8 shows that a number of divalent
and monovalent cations do not appreciably
affect the uptake of ¢*Zn* when present in
the medium at the same concentration or
at twice the concentration of Zn**. The
marked inhibition observed with mercu-
rous ions is interpreted as sulfhydryl bind-
ing (see Table 8) rather than competition
for a common binding or carrier molecule.
The only cation that had an effect was
cadmium, and its effects were somewhat
variable unless present at twice the con-
centration of Zn*.

DISCUSSION

The work reported indicates that cer-
tain mammalian cells in culture concentrate
Zn*, and this uptake is stimulated in some
but not all mammalian cell lines by adrenal
glucocorticoid hormones, such as hydro-
cortisone or its analogue prednisolone. The
final concentration of ¢Zn* associated
with HeLa S; cells is about 8- to 20-fold
greater than the medium concentration
when cells are grown in medium without.
added prednisolone, and this uptake dou-
bles or triples following growth in medium
with added hormone. The stimulation of
Zn* uptake by hormones is selective in
several ways: (a) only those steroid hor-
mones with potent glucocorticoid effects
are able to stimulate Zn* uptake; (b)
only certain mammalian cell lines are
susceptible to the hormone-mediated stim-
ulation; and (c¢) the accumulation of cer-
tain other cations is not increased by the
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hormone. Kinetic studies on the rate of
esZn+ uptake in HeLa S; cells indicate
that the prednisolone effects show an 8-12-
hr delay before an increase in ®Zn** con-
tent is observed. This finding, together
with evidence that HeLa cells previously
grown in medium with added prednisolone
take up *Zn* at the same rate during a
3-hr pulse in the presence or absence of the
hormone, indicates that the hormone does
not act simply as a Zn* carrier. The rate
of *Zn* uptake in cells grown for 72 hr in
Waymouth’s medium containing hydro-
cortisone or its analogue prednisolone is
approximately 2 to 3 times faster than in
replicate cultures grown in medium without
added hormone. The ¢Zn** taken up by
cells is readily exchangeable and does not
appear to be incorporated into macro-
molecules. At high ¢Zn* levels, the ac-
cumulation of isotope by cells reaches a
plateau.

The **Zn* content of cells per milligram
of cell protein appears to depend in part on
the confluency of cultures (ratio of cells
to medium). It would appear that this
variation in Zn* accumulation is not due
to a depletion of radioative Zn* from the
medium. However, Stoker and Rubin
recently have emphasized that the micro-
environment of cells in monolayer cultures
may be quite different from the com-
position of the bulk of the medium (18).
It is also known that the metabolism of
cells in confluent cultures differs from that
in rapidly growing cultures (19, 20); such
differences in metabolism may in part ac-
count for the effects of cell population
density on Zn* accumulation. Nevertheless,
it is clear that the effect of prednisolone
on enhancing Zn* uptake is observed at all
population densities studied.

Sulfhydryl groups may play an impor-
tant role in mediating Zn* accumulation
in HeLa $S; cells, since blocking these
groups markedly reduces the ®Zn* content
of the cells. Uptake also is greatly de-
pressed by low temperatures. On the other
hand, anaerobiosis and certain metabolic
inhibitors of either glycolysis or oxidative
metabolism appear to have little effect on
Zn* uptake. When glycolysis and oxidative
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metabolism are both blocked by using
sodium fluoride and potassium azide, the
uptake of ¢Zn** is moderately decreased.
The significance of this finding is not clear
since, following 3 hr of incubation with
both inhibitors and a subsequent 3-hr
8sZn** pulse, this combination of inhibitors
caused a cytological change in some
cultures. If energy is required for Zn*
accumulation, the failure of anaerobiosis
or inhibitors of glycolysis or oxidative
metabolism to decrease uptake markedly
when used singly suggests that either
glycolysis or oxidative metabolism can
produce sufficient energy to sustain Zn*
uptake for the time course of our experi-
ments. During the course of a pulse-label-
ing experiment, ®*Zn** uptake slso was not
markedly affected by ouabain.

The mechanisms responsible for Zn* up-
take in mammalian cells are not known.
The findings described in this study do not
distinguish among the various modes of
translocation of Zn* from medium to cells.
The marked temperature dependence of
Zn* accumulation observed even at tem-
peratures of 18° and 24° and the striking
inhibition of Zn** uptake in the presence
of sulfhydryl-blocking agents suggests that
a selective temperature-sensitive Zn** car-
rier or Zn*-binding molecule containing
sulfhydryl group(s) may be involved in
the accumulation of this cation. A sulf-
hydryl-containing protein has been im-
plicated in the transport of B-galactosides
into bacterial cells (21). Prednisolone may
enhance Zn* uptake in certain mammalian
cell cultures by increasing the level or
activity of carrier molecules, or the hor-
mone may in some way alter the cell so
as to increase Zn**-binding sites selectively.
It is of interest that adrenal corticosteroid
hormones have recently been implicated in
maintaining the activity of the sodium-
and potassium-activated ATPase in rat
kidney (22). This effect of hormones is
apparently mediated by the stimulation of
ATPase synthesis (22).

The uptake or binding of Zn** appears
to be relatively specific, since a number of
cations at approximately twice the concen-
tration of Zn* do not appreciably compete
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with it for uptake. However, cadmium
appears to have a significant though
variable effect. It is of interest that cad-
mium feeding can alter the partition of
éZn* among various animal tissues (23)
and also that the teratogenic effects of
cadmium can be blocked by Zn** adminis-
tration (24).

The increased alkaline phosphatase
activity induced in certain established
epithelium-like cell cultures by gluco-
corticoid hormones has been shown to be
due to synthesis of an enzyme with an
increased catalytic efficiency rather than
to an increase in the alkaline phosphatase
content of cells (10, 16). Maximal enzyme
induction is not attained until the base
level enzyme has been replaced by alkaline
phosphatase synthesized in the presence of
the hormone. The increased catalytic
efficiency of the enzyme is accompanied by
an alteration in some of the chemical and
physical properties of the enzyme (10).
A possible explanation for these obser-
vations on alkaline phosphatase induction
is that the “induced” form of the enzyme
has an increased number of catalytic sites.
Since alkaline phosphatase is a zinc-con-
taining metalloenzyme and a portion of
the zinc ion is associated with the active
gite (25), it seems possible that the in-
creased alkaline phosphatase activity of
cells grown in medium with added pred-
nisolone might be due in part to the
greater availability of Zn* in these cells.
However, markedly increasing the Zn*
content of cells by growing them in medium
with high Zn* levels but without added
prednisolone does not increase the alkaline
phosphatase activity. This finding suggests
that increased Zn* content per se does not
“induce” the alteration in enzyme activity.
However, Zn* deficiency in calves has
been reported to decrease their serum
alkaline phosphatase activity (26).

Hormones have been previously impli-
cated in ®5Zn* uptake by prostatic tissue.
Uptake of *Zn* by the dorsolateral lobe
of the prostate is increased in hypophy-
sectomized rats by testosterone (27),
chorionic gonadotropin (27), and inter-
stitial cell stimulating hormone (28). Up-
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take is not significantly altered in this
tissue by the administration of follicle
stimulating hormone, prolactin, or growth
hormone alone. However, certain combi-
nations of these hormones do augment the
effects of interstitial cell stimulating hor-
mones on %Zn* uptake (29).

The finding that adrenal glucocorticoid
hormones selectively stimulate Zn** uptake
in cultures of certain epithelium-like mam-
malian cells may be of importance in
understanding certain effects of these hor-
mones. For example, glucocorticoid hor-
mones have been reported to “stabilize”
the outer membranes of cells (30) and the
membranes that surround certain cell
organelles (31), causing these structures
to be more resistant to cytolytic or surface-
active substances. The reasons for this
increased resistance to injury of cell mem-
branes is unknown. Perhaps the stimulation
by adrenal hormones of Zn* accumulation
in certain cells is in part responsible for
this “stabilization” of membranes. The
recent findings that the addition of heavy
metal ions, particularly Zn*, protects mem-
branes from fragmentation during sub-
cellular fractionation procedures provides
support for this speculation (32). The
concentration of Zn* within cells may
influence the availability of this cation for
the synthesis of certain Zn**-containing
proteins, and this metal may also influence
the rates of biochemical reactions (33).
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