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Abstract. Depletion of zinc inhibits growth in animals and proliferation of cultured
cells. Additionally, zinc can serve as an antioxidant protecting many compounds,
including proteins, from oxidation. Regulation of cell division also involves insulin-
like growth factor type | (IGF-1) and its receptor, especially during late G, phase,
allowing progression of the cell to S phase with subsequent DNA synthesis. We
examined the effects of zinc depletion from the culture media of Swiss 3T3 cells on the
cell cycle and IGF-I receptor expression. Cells were exposed to reduced fetal bovine
serum concentrations to induce growth arrest, then returned to normal fetal bovine
serum concentrations with the divalent cation chelator diethylenetriamine pentaacetic
acid. Reducing the fetal bovine serum concentration did not induce quiescence in the
cells as previously suggested. Zinc depletion reduced the proliferative fraction (S and
G,/M phases) of the cell cycle. The addition of glutathione to the zinc-depleted media
partially returned the proliferative fraction to the control level. Fetal bovine serum
deprivation reduced IGF-I receptor expression whereas the absence of zinc had little
effect on receptor expression. We conclude that depletion of zinc from culture media
inhibits 3T3 cell proliferation independent of insulin-like growth factor-l receptor ex-
pression, and part of this inhibition is due to the antioxidant capacity of this divalent

cation.

[P.S.E.B.M. 1998, Vol 219]

inc is an essential micronutrient required for cell di-
vision. In the 3T3 cell line, zinc is required for main-
tenance of a protein necessary for progression to S
phase (1). Thymidine kinase activity is reduced in the ab-
sence of zinc (2). Additionally, zinc is essential for the
proper function of a long tRNA synthetase required for cell
growth (3). Zinc is also required for maintenance of cell
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membrane integrity, protecting the plasma membrane of
mammalian cells (4). Endothelial cells cultured in media
containing 1% fetal bovine serum (FBS) with low zinc con-
centrations showed a reduced membrane barrier function
that was completely restored when zinc concentrations were
increased by supplementation (5).

Insulin-like growth factor type I (IGF-I) is also essen-
tial for progression of cell division from late G, through S
phase. The requirement of this growth factor has been dem-
onstrated in competent cells (i.e., cells in G, that have been
primed by the addition of serum rich in other growth factors
such as platelet-derived growth factor (6) and epidermal
growth factor (7)). In exponentially growing 3T3 cells,
IGF-1 was required to initiate DNA synthesis, acting post-
transcriptionally late in G, (8). Insulin-like growth factor
acts via its membrane receptor, which phosphorylates tyro-
sine residues of several intracellular proteins including in-
sulin receptor substrate-1 and c-Crk (9). Expression of the
IGF-I receptor (IGF-IR) is key to eliciting a mitogenic re-



sponse. A cell line derived from BALB/c 3T3 cells has been
developed that overexpresses IGF-IR (10). Compared to the
parent cell line, IGF-IR overexpression in the daughter cell
line required a significantly shorter time of exposure to
serum-containing medium. In a mouse skeletal myoblast
line transfected with the human IGF-IR gene and expressing
high levels of the protein, supplementation of medium with
IGF-I prevented differentiation but stimulated proliferation
(11). Disruption of the IGF-IR gene in a fibroblast cell line
led to growth arrest in media supplemented with growth
factors whereas wild type cells grew normally (12).

The interaction between zinc and IGF-I in cell prolif-
eration has been demonstrated in the osteoblastic cell line
MC3T3-E1 (13). Addition of IGF-I to the media increased
DNA synthesis, and this increase was significantly en-
hanced by the addition of zinc sulfate (13). Supplementing
the media with zinc sulfate or B-analyl-L-histidinato zinc
also induced an increase in IGF-I secretion by this same
osteoblast cell line (14). Activation of protein kinase C with
12-O-tetradecanoylphorbol-13-acetate inhibited secretion of
IGF-I into the media while increasing IGF-IR expression
(15). When dibutyryl cAMP was used, IGF-I secretion was
elevated with no effect on IGF-IR. These observations sug-
gest that when IGF-I levels are reduced, receptor levels on
the cell increase to compensate, and when IGF-I levels are
normal or even increased, no change in membrane receptor
level occurs.

In the current study we examined the role of zinc in cell
cycle progression and IGF-I receptor expression using the
Swiss 3T3 cell line. The cells were grown in medium con-
taining low concentrations of FBS to induce growth arrest
(16) then returned to FBS-adequate media containing the
membrane-impermeable divalent cation chelator diethy-
lenetriaminepentaacetic acid (DTPA; 4, 16, 17) or DTPA
and zinc sulfate. Cell proliferation and IGF-I receptor ex-
pression were measured using flow cytometric techniques.

Materials and Methods

Materials. Antibody to IGF-I receptor was obtained
from Upstate Biotechnology, Inc. (Lake Placid, NY). Bio-
tinylated anti-IgG came from Pierce (Rockford, IL). Extra-
vidin phycoerythrin, FBS, DTPA, and dimethyl sulfoxide
(DMSO) was from Sigma Chemical Co. (St. Louis, MO).
All other chemicals were of the highest quality obtained
from Sigma or Fisher Scientific (St. Louis, MO).

Cell Culture. 3T3-Swiss albino murine fibroblast
cells (ATCC, Rockville, MD) were maintained in Dulbec-
co’s Modified Eagles Medium (DMEM) supplemented with
10% FBS and 2 mM L-glutamine. Cells were kept at 37°C
in a humidified atmosphere with 5% CO, and passaged
weekly.

Experimental Protocol. Experiment 1. This ex-
periment was designed to examine the effect of zinc depri-
vation on the proliferative fraction of 3T3 cells, and to
determine the interaction, if any, between zinc deprivation
and pretreatment. Cells were plated at 1 x 10° cells/m] onto

35-mm plastic dishes in 2 ml DMEM supplemented with
10% FBS. Cells were allowed to grow for 3 days; then
medium was replaced with DMEM supplemented with 0%,
0.5%, or 2% FBS and grown for an additional 2 days. The
3 days in 10% FBS medium followed by 2 days in 2% FBS
medium was used to induce quiescence following the work
of Chesters et al. (16). Following 2 days in the low FBS
media, cells were washed with PBS and returned to 10%
FBS medium (no DTPA), 10% FBS medium with 600 pM
DTPA (DTPA), or 10% FBS medium with 600 pM DTPA
and 400 wM zinc sulfate (DTPA + Zn) for 24 hr. Cells were
then examined for proliferative fraction. Concentrations for
DTPA and DTPA + Zn were established by Chesters et al.
(16). Cell monolayers were subconfluent following the 3 +
2 day protocol, and cell number per dish increased follow-
ing return to 10% FBS medium or medium containing
DTPA + Zn (data not shown). Zinc content of a sample of
FBS was 3.50 ppm, the content of 10% FBS medium was
0.33 ppm, of 2% FBS medium was 0.07 ppm, and of me-
dium alone was 0.003 ppm (18).

Experiment 2. This experiment was designed to de-
termine the effect of pretreatment and zinc deprivation on
IGF-I receptor expression. Cells were cultured as in Experi-
ment 1, and the fraction of cells that stained positively for
receptor was determined immediately after pretreatment and
24 hr after the experimental treatments.

Experiment 3. The effect of adding glutathione
(GSH) during the 24-hr period of stimulation with 10% FBS
in the presence of DTPA was measured in cells pretreated
with 2% FBS as in Experiment 1. During the 24-hr treat-
ment period, medium was supplemented with the experi-
mental treatments with or without 400 wM GSH. The pro-
liferative fraction was then examined.

Proliferative Fraction. Following treatment proto-
col, cells were harvested from 35-mm plates following two
PBS washes by adding 500 w1 0.05% trypsin/1 mM EDTA
in PBS for 10 min at 37°C, humidified. Once cells were
detached, 1 ml of DMEM with 10% FBS and 10% DMSO
was added; then cells were transferred to microfuge tubes
and frozen at —20°C. Prior to flow cytometry, cells were
rapidly thawed, mixed, transferred to 12 x 75-mm polysty-
rene tubes, and centrifuged at 2500 rpm for 5 min. Super-
natant was discarded, and cell pellet was resuspended in 250
w1 0.04 M phosphate buffer containing 0.1% Triton X-100,
0.2 M sucrose and 0.1 M EDTA followed by 250 w1 0.07 M
phosphate buffer containing 0.1 M sodium chloride and 20
wg/ml acridine orange. Cells were evaluated using a Coulter
EPICS 753 flow cytometer (Coulter Corp., Hialeah, FL)
gating on forward angle light scatter and measuring DNA
fluorescence at 520 nm and RNA fluorescence at 650 nm.
Dual parameter contour plots were evaluated using the
Quadstat program-Cytologic software (Coulter Corp.). The
proliferative fraction represented those cells falling in the S
and G,/M fractions and was established by setting one
quadrant to encompass the G, fraction of the cells that did
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not receive DTPA treatment. Cells falling outside of this
quadrant were considered in the S and G,/M phases.

IGF-1 Receptor Expression. Following treatment
protocol, cells were harvested from 35-mm plates by wash-
ing two times with PBS. Cells were then scraped into 0.5 ml
PBS and transferred to 12 x 75-mm polystyrene tubes. Cells
were fixed with 0.5 ml paraformaldehyde/acetic acid (2%/
1%, v/v) in PBS for 15 min at 4°C followed by two PBS
washes with centrifugation at 2500 rpm. Cells were then
resuspended in 200 pl anti-human IGF-I receptor antibody
at a concentration of 2 pg/ml in PBS with 0.5% BSA over-
night at 4°C. Cells were again washed twice with PBS and
resuspended in 200 wl biotinylated rabbit anti-chicken IgG
diluted 1:500 (2.4 pwg/ml) in PBS for 1 hr at room tempera-
ture, then washed twice with PBS and resuspended in 200
.l extravidin phycoerythrin diluted 1:100 in PBS for 1 hr at
room temperature. Cells were washed and resuspended in
200 pl PBS for flow cytometry. Cells were evaluated using
a Coulter EPICS 753 gating on forward angle light scatter
and measuring log green fluorescence at 520 nm. The per-
centage of cells staining positive was determined by analy-
sis of single parameter fluorescent histograms compared to
a negative control using Cytologic software.

Statistical Analysis. Statistical analysis was per-
formed on each experiment using commercially available
software (SAS v6.12, SAS Institute, Inc., Cary, NC) and
two-way ANOVA with mean differences ascertained by
calculating a least significant difference. Treatment and pre-
treatment were the variables for Experiments 1 and 2. Treat-
ment and GSH were the variables for Experiment 3. When
significant differences were present, mean significant dif-
ferences were ascertained using Fishers Least Significant
Difference. Each experiment was examined for effect with
a significance level of P < .05.

Results

The results of Experiment 1 are shown in Figure 1.
Within each pretreatment, chelation of zinc by DTPA mark-
edly reduced the proliferative fraction (i.e., those cells con-
sidered to be in the S + G,/M phases) when compared to the
control, which received no DTPA. Adding zinc with the
DTPA restored the proliferative fraction to the control (no
DTPA) level in all cases. Cells treated with DTPA after
pretreatment with 0% FBS demonstrated a smaller prolif-
erative fraction compared to those pretreated with 0.5% and
2% FBS (ANOVA, P < .01). The proliferative fraction was
significantly lower in all cells pretreated with 0% FBS com-
pared to those pretreated with 0.5% or 2% FBS (ANOVA,
P < .05). Additionally, there was a significant pretreatment
and treatment interaction (ANOVA, P < .04).

Expression of IGF-IR was examined in Experiment 2,
and results are presented in Figure 2. There was no signifi-
cant difference in the proportion of cells staining positive
for IGF-IR when treated with DTPA for 24 hr compared to
the cells treated with DTPA + Zn or receiving no DTPA
when 0% or 2% FBS was the pretreatment. When 0.5% FBS
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Figure 1. Proliferative fraction of 3T3 cells treated with DTPA and
DTPA plus zinc after pretreatment with graded levels of FBS (Ex-
periment 1). Following pretreatment with 0, 0.5, or 2% FBS, the cells
were stimulated with 10% FBS unsupplemented (control), supple-
mented with 600 uM DTPA (DTPA), or supplemented with 600 pM
DTPA and 400 pM zinc sulfate (DTPA + Zn). Cells (10,000) were
evaluated and the number judged to be in S and G,M phases of the
cell cycle piotted as the proliferative fraction. Bars represent means
(n = 5-6), and the bar extensions represent SD. Within a pretreat-
ment group, bars with different letters differ statistically, P < .03.
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Figure 2. IGF-I receptor expression by 3T3 cells treated with DTPA
and DTPA plus zinc after graded levels of FBS (Experiment 2). Fol-
lowing pretreatment with 0, 0.5, or 2% FBS, the cells were stimulated
with 10% FBS unsupplemented (control), supplemented with 600 pM
DTPA (DTPA), or with 600 uM DTPA and 400 pM zinc sulfate (DTPA
+ Zn). Cells (2500-5000) were evaluated by flow cytometry, and the
percentage that stained positively for IGF-IR was plotted. Bars rep-
resent means (n = 5-6), and the bar extensions represent SD. Within
a pretreatment group, treatment bars with different letters differ sta-
tistically, P < .05. Across the pretreatment groups pretreatment only
bars with different letters differ statistically, P < .02.

was the pretreatment, the cells receiving DTPA for 24 hr
revealed a significantly smaller positive staining proportion
when compared to the cells receiving DTPA + Zn and cells
receiving no DTPA. Cells examined immediately following
the pretreatments showed that the proportion of positive
staining cells was significantly less when 0% FBS was the
pretreatment compared to the 0.5% and 2% FBS pretreat-
ments. When there was no pretreatment, there was no dif-
ference in the proportion of positive staining cells following
DTPA treatment for 24 hr (61 + 5 percent positive cells,
mean = SD) when compared to the cells receiving no DTPA
(56 = 7) or DTPA + Zn—treated cells (57 £ 4). There was a



significant interaction between pretreatment and treatment
(ANOVA, P < .001).

The results of the addition of GSH, as described in
Experiment 3, are summarized in Figure 3. Without the
addition of GSH, DTPA depressed the proliferative fraction
approximately 50%, as observed previously. There was not
a difference between the control (no DTPA) and DTPA +
Zn—treated cells. The addition of GSH significantly attenu-
ated the effect of DTPA on the proliferative fraction without
affecting the cells that did not receive DTPA or the cells
treated with DTPA + Zn.

Discussion

Serum deprivation can induce cellular quiescence in
certain cell lines as demonstrated by DeAngelis et al. (19).
Following the protocol established by Chesters et al. (16),
we pretreated 3T3 cells for 2 days in 2% FBS to induce
growth arrest in an effort to produce a synchronous popu-
lation of cells with which we could then examine the effects
of zinc depletion on both the proliferative fraction of the cell
and expression of IGF-I receptor. We observed that chela-
tion of zinc by DTPA significantly reduced the proliferative
fraction compared to untreated cells and cells treated with
DTPA + Zn. This reduction was seen regardless of the
pretreatment used. It is worth nothing that results from ear-
lier experiments performed by us, in which 2% FBS supple-
mented media was used as the pretreatment, suggested that
the cells were not quiescent. In an experiment where 3T3
cells were maintained in 2% FBS for 3 days then examined
by flow cytometry, cells were present in the proliferative
fraction (data not shown).

We observed a significant decrease in IGF-IR expres-
sion following the 0% FBS pretreatment compared to either
the 0.5% or 2% FBS pretreatment. The reduced FBS in the
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Figure 3. Effect of GSH on the proliferative fraction of 3T3 cells
treated with DTPA and DTPA plus zinc after pretreatment with 2%
FBS (Experiment 3). Following pretreatment, the cells were stimu-
lated with 10% FBS unsupplemented (control), supplemented with
600 uM DTPA (DTPA), or with 600 uM DTPA and 400 pM zinc
sulfate (DTPA + Zn). Cells (10,000) were evaluated by flow cytom-
etry, and the number in the proliferative fraction plotted. Bars repre-
sent means (n = 3—4), and the bar extensions represent SD. Within
GSH treatment groups, different letters indicate significant differ-
ences, P <.01. Statistical comparison across GSH treatment groups
indicated by numbers, P < .01.
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media would result in reduced growth factor concentration,
including IGF-1, suggesting that IGF-IR expression should
increase (20). However, in the absence of certain growth
factors such as platelet-derived growth factor or epidermal
growth factor, cultured human fibroblasts showed reduced
IGF-I binding, and this binding was increased following the
addition of these growth factors to the medium (21). This
would explain the reduction in IGF-IR observed with de-
creasing FBS in the media. There was no effect of zinc
chelation by DTPA on IGF-IR expression following the 2%
FBS pretreatment, suggesting the growth inhibitory effects
seen in the zinc-depleted 3T3 cells involved a mechanism
independent of receptor expression. However, zinc chela-
tion with DTPA did affect IGF-IR expression when 0.5%
FBS was the pretreatment. Additionally, IGF-IR expression
in the DTPA-treated 3T3 cells that received no pretreatment
was lower (56% positive cells) when compared to the
DTPA-treated cells following 0.5% FBS pretreatment (78%
positive cells). These data suggest that low FBS pretreat-
ment in the 3T3 cells leads to a downregulation of IGF-IR,
and returning the cells to 10% FBS causes an upregulation
of IGF-IR that exceeds the level observed when the cells
receive no pretreatment. Furthermore, zinc may have an
effect at a level downstream of IGF-IR expression. Many
signal proteins are involved in producing a mitogenic re-
sponse once IGF-I binds to IGF-IR. One of the most down-
stream signal proteins is the mitogen-activated protein ki-
nase (MAPK). MAPK activity was substantially increased
in 3T3 cells following the addition of IGF-I to the culture
media (22). Additionally, MAPK activity as well as that of
other phosphorylated proteins increased when zinc chloride
was added to cultured 3T3 cells (23).

We have observed no changes in the mean total cellular
zinc concentration in 3T3 cells treated with DTPA (3.32
pmol/g protein) compared to untreated cells (3.59 wmol/g
protein), suggesting DTPA removes zinc from the extracel-
lular environment (18). Additionally, DTPA is incapable of
crossing the cell membrane (17). Therefore it is possible
that zinc depletion and its effects on the proliferative frac-
tion may manifest as a cell membrane aberration involving,
at least in part, an oxidative process. Zinc provides a pro-
tective effect against lipid peroxidation. In an animal study,
diets deficient in zinc caused significantly elevated levels of
malondialdehyde, an indicator of lipid peroxidation, and
significantly decreased levels of plasma and liver GSH (24).
Furthermore, other membrane changes are apparent in zinc-
deficient animals including impaired calcium channel func-
tion in brain synaptic membranes (25) and platelets (26, 27),
and these changes may be reversed by zinc repletion. The
antioxidant effect of zinc may occur via the prevention of
oxidation of sulfhydryl groups; therefore, removal of zinc
from the media may allow oxidative effects on membrane
associated proteins. This was evident in zinc-deficient rats
where poor platelet aggregation and reduced GSH levels
were seen and which could be reversed in vitro with GSH
treatment (28). We examined the potential oxidative effect
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of zinc depletion on cell proliferation in the 3T3 cells using
GSH as a reducing agent. In the presence of GSH, the
DTPA-treated cells had an increased proliferative fraction
compared to cells treated with DTPA alone. The prolifera-
tive fraction was still less than the DTPA + Zn-treated cells
or cells receiving no DTPA, suggesting a partial antioxidant
role for zinc in cell proliferation.

We conclude that zinc depletion exerts its effect at the
level of cellular proliferation, and this effect is independent
of IGF-IR expression but may occur downstream of recep-
tor/ligand binding. Additionally, a portion of this inhibitory
effect can be attributed to the antioxidant properties of zinc
at the cell membrane since the addition of GSH to the media
partially neutralizes the inhibitory effect.
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