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Abstract
Zinc is an essential nutrient that participates in and regulates many activities that are
instrumental to growth including DNA, RNA^ and protein synthesis. A diet deficient in zinc has
severe physiological consequences, including suppressed growth, yet total tissue zinc levels
appear unaffected. From this observation, it appears that small, subtle changes in the quantity or
availability of intracellular zinc may regulate certain biochemical processes, including growth.
Most zinc in biological systems is tightly bound to proteins or nucleic acids. However, a small,
labile intracellular pool of zinc (LIPZ) exists that is either in free form or loosely bound to
protein.

The LIPZ

may be

identified

using

fluorescent

probes,

like

N-6-methoxy-

paratoluenesulphonamide (TSQ). The purpose of this research was to study the effects of zinc
nutriture on modulating the LIPZ size and to examine the relationship between the LIPZ size and
growth, in vivo and in vitro. Experiment 1 was designed: 1) to characterize the relationship
between zinc nutriture and the LIPZ size under varying zinc nutriture in 3T3 cells, and 2) to
study the effects of modulating LIPZ size via varying zinc nutriture on growth in 3T3 cells.
Quiescent cells were exposed to media containing varying zinc nutriture [DMEM (control);
Chelex-treated, low zinc D M E M (CDMEM), or C D M E M replenished with 5, 10, 20 or 40u,M
Z n S 0 (CDMEM+5, 10, 20, or 40)] for 24 or 48 hours. Increasing zinc nutriture resulted in
4

increased LIPZ size after both 24 and 48 hours of exposure to treatment media. Furthermore, the
decrease in LIPZ size that occurred with exposure to C D M E M media was accompanied by a
decrease in cell proliferation and overall growth that could be replenished by increasing zinc
nutriture. Experiment 2 was designed: 1) to characterize the relationship between dietary zinc
and the tissue histochemically reactive zinc in rats, and 2) to study the effects of modulating
histochemically reactive zinc via varying dietary zinc intake on growth in rats. 21-day-old male
Wister rats were fed treatment diets containing either low (LZ, 3mg Zn/kg diet), control (CZ,
ii

31mg Zn/kg diet) or high (HZ, 155mg Zn/kg diet) levels of zinc ad libitum. A pair-fed control
(PF, 31mg Zn/kg diet) diet was included that was fed the C Z diet in the amount that the L Z rats
consumed the previous day. After 14 or 42 days on the treatment diets, rats were killed and
muscle, liver, and small intestine samples were collected. The rats that were fed the L Z diet for
14 days had a decreased histochemically reactive zinc and cell proliferation in small intestine
compared to the pair-fed controls. Neither the histochemically reactive zinc nor cell proliferation
appeared to be affected by zinc nutriture in any of the other tissues samples.

Although

histochemically reactive zinc and cell proliferation appeared to be largely unaffected by zinc
nutriture, total tissue zinc in liver and intestine in addition to overall growth was reduced in rats
fed L Z diets compared to PF controls. Experiment 3 was designed to investigate the interaction
between cell proliferation rate and the LIPZ size under varying zinc nutriture in 3T3 cells.
Quiescent cells were exposed to media containing varying zinc nutriture (control, C D M E M , or
CDMEM+20), with or without growth factors (EGF, PDGF, and IGF-1), for 24 or 48 hours.
Using EGF, PDGF, and IGF-1 to increase the rate of cell proliferation and overall growth
increased the LIPZ size in 3T3 cells.

Cells grown in CDMEM+20 experience the greatest

increase in LIPZ size upon growth factor addition.

In conclusion, there appears to be a

relationship between zinc nutriture, the LIPZ size, and cell proliferation in 3T3 cells, but not in
vivo. This apparent discrepancy may be due to differences in tissue zinc availability, exposure
time, tissue preparation method, and/or intracellular zinc storage and distribution mechanisms.
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1.

INTRODUCTION
Zinc is an essential nutrient for all species that have been studied to date (Vallee &

Falchuk, 1993), including humans (Prasad, 1966). Zinc deficiency is common throughout the
world. Although severe zinc deficiency is rare, marginal zinc deficiency is prevalent in both
developing and industrialized nations. Research into the functional importance of zinc in
biological systems has grown substantially and has focussed on the biological functions of zinc
in protein structure and function. Zinc plays a role in many diverse biological systems due to its
stability and prevalence within the body (Vallee and Falchuk, 1993). Over 300 zinc-dependent
enzymes covering all six classes of enzymes and in species from all phyla have been identified
(McCall et al., 2000).
Zinc deficiency in animals is characterized by reduced growth and food intake (Chesters
and Quarterman, 1970). The failure to correct growth through forced feeding confirmed that
zinc is essential for growth. Research has clearly demonstrated a strong relationship between
zinc and growth; however, many questions regarding the biochemical processes by which zinc
manifests its effects on growth remain unanswered.
Zinc participates in and regulates many activities that are instrumental to growth. During
cell division, zinc plays a direct role in D N A , RNA, and protein synthesis. D N A and R N A
polymerases both require zinc.

D N A polymerase requires zinc to maintain its structure

(Springgate et al., 1973), while D N A dependent R N A polymerase requires zinc to conform to its
specific D N A binding sequence (Wu et al., 1992). Preparation of cells for D N A synthesis is
dependent on thymidine kinase.

Thymidine kinase is not a metalloenzyme, but its gene

expression is hightly sensitive to zinc availability. In rats fed a zinc deficient diet, the downregulation of thymidine kinase gene expression occurs within days (Williams and Chesters,
1970), and in the absence of a measurable change in total tissue zinc (Hammermueller et al.,
1

1987; Taylor et a l , 1988). From this observation, it appears that small, subtle changes in the
quantity or availability of intracellular zinc may regulate certain biochemical processes,
including growth.
Most zinc in biological systems is tightly bound to proteins or nucleic acids. However, a
small, labile intracellular pool of zinc (LIPZ) exists that is either in free form or loosely bound to
protein.

The exact size of the LIPZ is unknown, but it is generally agreed to be very small

(picomolar) (Reyes et al., 1994).

Previously, analytical problems hampered LIPZ research.

Recent advances in fluorescence technology have led to the creation of chemical probes, like N 6-methoxy-paratoluenesulphonamide (TSQ), a zinc-specific fluorescent probe (Frederickson et
al., 1987). With the means to study the LIPZ in place, research into its function and significance
has accelerated. Previous studies have shown that the LIPZ is redistributed within the cell, during
apoptosis and changes in metalloenzyme activity (Zalewski et al., 1994; Cousins and LeeAmbrose, 1992). A common feature of these and other LIPZ studies is the utilization of zinc
chelators to induce rapid changes in the LIPZ size. Consequently, the effect of chronically low
zinc exposure, which more closely represents nutritional zinc deficiency, on the LIPZ is
unknown.
The purpose of my thesis research is to study the effects of zinc nutriture on modulating
the LIPZ size and to examine the relationship between the LIPZ size and growth, in vivo and in
vitro. If zinc nutriture does in fact modulate the LIPZ size and growth, it could explain the rapid
onset of the physical manifestations of zinc deficiency that seem to occur in the absence of any
measurable changes in total tissue zinc.

2

2.

LITERATURE REVIEW

2.1

ZINC NUTRITION
Zinc is an essential trace nutrient in humans. The observation of human nutritional zinc

deficiency was first described in 1961 by Prasad et al. in young, middle-Eastern men. In this
case, zinc deficiency was caused by a combination of marginal zinc consumption and decreased
zinc bioavailability in the diet due to high phytate content. Stunted growth and delayed sexual
maturation were observed, and both were improved by zinc supplementation.

One of the

difficulties of this and many other studies is that the subjects were suffering from multiple
nutrient deficiencies that could also contribute to the observed symptoms. In addition to limited
zinc availability, zinc deficiency may also result from inadequate dietary intake, increased
requirements or excretion, conditioned deficiency, or genetic causes.

The effects of zinc

deficiency in humans may be clearly observed in individuals who carry the rare autosomal
recessive genetic disorder acrodermatitis enteropathica (AE). Symptoms of this disorder are
specific to zinc deficiency, including: low serum zinc concentration, hair loss, and the
development of patches of dry, scaly, eczematous skin that may evolve into lesions (Moynahan,
1974). The only treatment for A E is high levels of daily zinc supplementation (1-2 mg/kg body
weight/day).

Generally, cells that exhibit a high turnover rate, like skin, intestine, and gonads,

are more susceptible to zinc deficiency than other tissues that are composed of more stationary
cells (Vallee and Falchuk, 1993).
Foods rich in zinc include liver, beef, oysters, and whole grains.

The current

Recommended Nutrient Intake for zinc ranges from 2-15 mg/day depending on age and gender.
These recommended intakes were determined based on a factorial approach using studies that
described the obligatory losses and fractional absorption of zinc.

For breast-fed infants, the
3

recommended intake is 2 mg/day. This amount increases at a linear rate with respect to weight
until adolescence.
mg/d, respectively.

The recommended intake for men and women beyond age 13 is 12 and 9
Women who are pregnant or lactating are recommended to consume an

additional 6 mg of zinc daily (Health and Welfare Canada, 1990). In a recent survey of 29,103
Americans, the intake of zinc from both diet and supplements was assessed (Briefel et al., 2000).
In this study, the median total zinc intake ranged from 5.5±0.03 mg/day in infants to 8.7±0.09
mg/day in pre-adolescents.

Adolescent males showed a higher median zinc intake, 12.2±0.13

mg/day, compared to adolescent females at 8.6 mg/day. For adult males and females, the median
total zinc intake was 13.3±0.08 and 8.9±0.07 mg/day, respectively.

In pregnant women the

median total zinc intake was 23±3.4 mg/day, whereas in lactating women the median total zinc
intake was 8.7±5.63 mg/day. Median zinc intake declined in elderly men and women to 11±0.14
and 8.2+0.25 mg/day. From this study, Briefel et al. (2000) concluded that in the United States
children, women and the elderly may be at a greater risk for having inadequate zinc intake. After
reviewing current epidemiological and controlled studies, Sandstead (1995) concluded that
marginal zinc deficiency appears to be a public health problem.
Zinc is primarily absorbed in the proximal intestine. Although mechanisms of uptake
remain to be fully explained, both saturable and unsaturable systems appear to be involved
(Krebs, 2000). Zinc transporter-1 (ZnT-1) was the first zinc transporter to be cloned. In the
presence of high concentrations of dietary zinc, zinc transporter-1 is up-regulated to export zinc
(Palmiter and Findlay, 1995). Zinc transpprter-2 and -3 also function to export zinc to prevent
zinc toxicity (Palmiter et al., 1996; Palmiter et al., 1996a). The non-specific divalent cation
transporter 1 has been hypothesized to increase intestinal zinc absorption when dietary zinc level
is low, based on observations of iron transport (Cousins and McMahon, 2000). Environmental
factors that influence the amount of absorption include: the amount of zinc in the intestinal
4

lumen, the presence of dietary promoters or inhibitors, whole body zinc status, and physiological
states (Krebs, 2000).

Once absorbed, zinc is transported to the liver, the primary organ of

metabolism, from which it is distributed to other tissues. Zinc excretion occurs mainly in the
feces, and to a lesser extent from the skin and kidney. Like the rate of absorption, the rate of
zinc excretion is dependent on the level of intake and overall zinc status.

Zinc excretion is

decreased when the intake and body zinc status are low (Hambidge et al., 1986).
Excess zinc intake is relatively non-toxic due, in part, to homeostatie regulation of its
absorption, retention, and excretion. Intake of a megadose of zinc sulfate (1-2 g) has no long
term consequences, and the acute effects are unrelated to its biological role and function.
Chronically increased zinc intake can interfere with copper metabolism because zinc and copper
compete for some of the same absorption sites (Vallee and Falchuk, 1993).

2.2

ZINC CHEMISTRY AND BIOCHEMISTRY

2.1.1

Zinc Metalloenzymes
First transition and group IIB elements are utilized in numerous biological functions. Of

these elements, two main characteristics of zinc make it a favorable component in biological
systems. First, it is more widely available than other di- and trivalent cations, including nickel,
cadmium, iron, and copper.

Second, zinc has a special combination of structural and

thermodynamic properties that make it optimal for many biological systems.

One of these

chemical properties is the inability to undergo oxidation or reduction. This makes zinc stable in
biological media, in spite of the continual flux in oxidoreductive potential.

Zinc is also

amphoteric and may undertake a variety of co-ordination geometries from two to eight.

By

having many co-ordination geometries, zinc is able to function within a variety of protein
conformations.

Protein structure determines the co-ordination geometry of the binding zinc
5
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molecule.

The chemical properties of zinc make it possible for many zinc enzymes to exist

(Vallee and Falchuk, 1993; McCall et al., 2000).
Zinc is the only metal that is involved in all enzymatic classes: oxidoreductases,
transferases, hydrolases, lyases, isomerases, and ligases (Vallee and Falchuk, 1993). Zinc has
also been implicated in a number of cellular activities including D N A synthesis (Chesters and
Boyne, 1991).

Within enzymatic systems, zinc plays a structural, a catalytic, and/or a co-

catalytic role. In most cases, a structural zinc atom is bound to four cysteine amino acid residues
(Vallee and Falchuk, 1993). Structural zinc assists in maintaining protein structure, usually by
stabilizing the quaternary structure of an oligomeric holoenzyme, e.g. alcohol dehydrogenase.
The structural zinc in alcohol dehydrogenase is bound to four cysteine residues (CedergrenZeppezauer, E. et al., 1985). Protein kinase C is another example of an enzyme that requires zinc
for structure. In this case, zinc is bound to three cysteine and one histidine ligands (Hubbard et
al., 1991).
Enzymes containing catalytic zinc, like carbonic anhydrase, require zinc in order to be
active.

The zinc molecule in carbonic anhydrase is bound to three histidine ligands and one

water molecule. The first and second histidine-molecules are separated by only one amino acid
residue, while the second and third histidine ligands are separated by twenty-two amino acid
residues (Liljas et al., 1972). The spacing observed between catalytic zinc-bound amino acids is
typical of many enzymes that require zinc at their catalytic site. In these cases, the first and
second ligands are separated by one, two, or three amino acid residues is termed the "short
spacer".

The longer sequence, or "long spacer," between the second and third ligands is

typically between eighteen to 123 amino acids. Identification of a short and long spacer between
zinc-bound ligands is often indicative of an enzyme that requires zinc for catalytic function,
especially when those ligands include three histidine residues and one water molecule.

The
6

arrangement of the ligands is believed to stabilize protein structure and align the amino acid
residues in a way that facilitates substrate binding to the catalytic site. Variations in the length
and sequence of the amino acids in the second spacer contribute to defining the shape and charge
of the area for different substrates, and therefore may be involved in defining enzyme specificity.
In these enzymes, the number of zinc atom(s) usually matches the number of enzyme subunits
(McCall et al., 2000).
Co-catalytic zinc enzymes are distinct from catalytic zinc enzymes because they contain
two or more metal atoms that function as a single catalytic unit. A n amino acid bridge, often
aspartic acid, links the metal atoms. One of the zinc atoms functions as a catalyst, while the
additional zinc atom (or other metal) acts as a modulator of the catalytic activity.

Sometimes

another divalent cation, like cadmium, can substitute for a co-catalytic zinc atom to maintain
enzymatic activity (Neilson et al., 1985). The extent to which zinc nutriture effects structural,
catalytic, and/or co-catalytic characteristics depends on the affinity for zinc and the turnover rate
of the metalloenzyme.

2.1.2

Zinc and Gene Expression
Zinc may influence gene expression as a structural component of transcription factors, a

metalloenzyme, a signal to the transcriptional activation process, or a controller of transcription.
One of the ways by which zinc may facilitate changes in gene expression is as a component of
the zinc finger proteins. Zinc finger proteins are required for the transcription of specific genes
(Chesters, 1992). Receptors for retinoic acid, calcitriol, gluococorticoid hormone, and thyroid
hormone all contain zinc finger motifs, although the degree of involvement of these or other zinc
finger motifs in gene expression is unknown. Zinc metalloenzymes, like R N A polymerases I, II,
and III are required for synthesis of ribosomal, messenger, and transfer R N A , respectively

7

(Cousins, 1994). Experiments to determine the influence of zinc nutrition on gene expression as
a structural component or as a metalloenzyme have been inconclusive.
Zinc nutrition has the potential to influence gene expression as a signal to transcription or
translation.
messengers.

As a signal to transcription, zinc binds to specific proteins or acts via second
A n example of this is the interaction between zinc and the induction of

metallothionein via metallothionein metallo-regulatory proteins (Cousins, 1994). Zinc also
appears to induce transcription of the thymidine kinase gene, but the mechanism by which zinc
regulates this gene is not known. Establishing the optimal level of phosphorylated thymidine for
D N A synthesis requires thymidine kinase.

Thymidine kinase catalyzes the transfer of the

terminal phosphate of ATP to the 5'-hydroxyl group of thymidine to form dTMP. Subsequently,
the dTMP is converted into dTTP, which in turn is used for the synthesis of D N A throughout the
salvage pathway (Theocharis et a l , 1995). A significant increase in thymidine kinase activity
occurs during the G l and S phases of the cell cycle (MacDonald, 2000). Increased thymidine
kinase activity was also observed in rapidly proliferating cells, such as those of regenerating liver
and cancer cells (Kahn et a l , 1988; Tsukamoto and Kojo, 1987). Thymidine kinase activity is
often used as a marker of cell proliferation (MacDonald, 2000). A reduction of thymidine kinase
activity has been measured in cells that contain little available zinc. This activity can be restored
upon zinc supplementation (Chesters et al., 1990).

Zinc deficient diets have resulted in

decreased levels of thymidine kinase activities in both rat and sheep fetuses (Chesters et al.,
1990). Zinc deficiency induced by injecting E D T A into rats (Fujioka and Lieberman, 1964) or
exposing 3T3 cells to diethylenetriamine pentaacetic acid (DTPA) (MacDonald et al., 1998) also
results in decreased thymidine incorporation. These observations suggest that zinc is critical to
thymidine kinase activity; however, no evidence exists to suggest that thymidine kinase contains
zinc. Chesters et al. (1990) demonstrated that the thymidine kinase activity in a zinc-deficient
8

cell culture media was associated with a concurrent decrease in the level of cell mRNA. Thus, it
is possible that zinc is involved in the transcription of the thymidine kinase gene rather than the
activation of the enzyme (Chesters et al., 1990).

Since thymidine kinase is necessary for

producing adequate levels of phosphorylated thymidine for incorporation into DNA, an impaired
thymidine kinase activity could cause impaired D N A synthesis and cell division, and
consequently possible growth retardation.

It is interesting to note that a reduction in zinc

nutriture and subsequent thymidine kinase activity does not necessarily coincide with a reduction
in total cellular zinc concentration (MacDonald et al., 1998). This suggests that the expression of
thymidine kinase may depend more on the cellular availability of zinc ions. If gene expression is
dependent on readily available zinc ions, then it is plausible that the size and location of the
cellular zinc ion pool are critical to gene expression.

2.3

ZINC AND GROWTH
Growth retardation is one of the symptoms of zinc deficiency (Hambidge et al., 1986).

An epidemiological study designed to assess the zinc status of residents of the Czech Republic
was recently done by Kvicala and Jiranek (1999). Hair and serum zinc content were analyzed
from randomly selected volunteers.

Significant differences in zinc status were observed

according to age, gender, and geographical status.

Although hair and zinc contents did not

suggest severe zinc deficiency, about one third of the sample population demonstrated serum
zinc concentration below 800 ug Zn/L, indicating a highly prevalent marginal or mild zinc
deficiency. One of the drawbacks of measuring serum zinc to assess zinc status is that it is too
insensitive to be considered an accurate marker of zinc status, especially in the case of mild zinc
deficiency (Hambidge, 2000). Gibson et al. (1989) studied the effects of zinc supplementation
in 60 boys, age 5-7 years of short stature in southern Ontario. The effect of 12 months zinc

9

supplementation (10 mg/d) on linear growth was compared to pair-matched controls.

Hair

samples were taken at the beginning and end of the zinc supplementation period for mineral
content analysis. Boys with hair zinc <1.68 umol/gram were considered to be zinc deficient.
After the 12 months zinc supplementation, the 16 boys who initially had hair zinc <1.68
umol/gram responded positively to the supplement with an

increased linear growth.

No

difference in growth was observed in boys with hair zinc >1.68 umol/gram. From these results,
Gibson et al. (1989) concluded that the short stature observed in some boys in Ontario was due to
mild zinc deficiency. The observation of zinc deficiency in over one quarter of boys with low
height percentiles in southern Ontario raises concerns regarding the prevalence of zinc deficiency
in industrialized nations.
Feeding a pregnant rat a zinc deficient diet results in severely impaired fetal growth
(Hurley and Swenerton, 1966). Likewise, feeding a lactating rat a zinc deficient diet also impairs
suckling growth (Beach et al., 1982). In weanling rats, severe zinc deficiency results in growth
arrest after only 4-5 days (Williams and Mills, 1970).

Although the cessation of growth

associated with zinc deficiency carries the physical manifestation of hypopituitarism, these
effects occur independent of growth hormone (Prasad et a l , 1969). Growth inhibition from zinc
deficiency is partially caused by reduced food consumption and impaired food utilization. At the
cellular level, it is still unclear as to the exact mechanism by which zinc deficiency retards
growth. However, it appears that zinc plays an important role in cell cycle progression.
Growth may be perceived as the rate of cell replication. Evidence exists to support a
crucial role for zinc during the process of cell replication. Chesters et al. (1989) studied the
specificity and timing of the zinc requirement for D N A synthesis in 3T3 cells. In this study, the
addition of diethylenetriaminepentaacetic acid (DTPA), an extracellular zinc chelator, was found
to inhibit H-thymidine incorporation 20 to 22 hours after serum stimulation. However, if DTPA
10

was added simultaneously with H-thymidine, no significant difference
3

in the rate of

incorporation was observed. Addition of DTPA with zinc resulted in a reversal of H-thymidine
3

incorporation inhibition. This reversal was not observed with other divalent cations, including
iron, cobalt, nickel, manganese, or cadmium. From this study, it appears that a sufficient supply
of zinc is required during the passage of cells from quiescence to S phase. This requirement for
zinc occurs during a period of 8 hours after serum stimulation of 3T3 cells and continues until
about 3 hours before S phase initiation (Chesters and Boyne, 1991). Inhibition of mRNA or
protein synthesis in the absence of zinc delays the onset of S phase, suggesting that the essential
zinc-dependent processes include the accumulation and maintenance of the protein(s) involved
during the transition of untransformed cells into S phase.

The expression, and subsequent

accumulation, of thymidine kinase prior to the onset of S phase is regulated by zinc.
Specifically, the level of zinc nutriture appears to influence the level of thymidine kinase activity
and the resulting rates of D N A synthesis and cell proliferation (Chesters et al., 1993).
Many studies have used growth stimulants in an attempt to determine the mechanism(s)
by which zinc influences growth.

Kobusch and Bock (1990) used epidermal growth factor

(EGF) to stimulate growth in mouse hepatocytes. They found that addition of 40 u M Z n C l to the
cell culture media resulted in a significant enhancement of cell proliferation, as determined by an
increased rate of H-thymidine incorporation into DNA.
Fujiwara and Kaji (1997) studied the effect of zinc sulfate on growth stimulated by
platelet derived growth factor (PDGF), transforming growth factor (TGF), acidic fibroblast
growth factor (aFGF), and basic fibroblast growth factor (bFGF) in vascular smooth muscle
cells.

The addition of each growth factor increased H-thymidine incorporation into D N A in
3

vascular smooth muscle cells, but addition of zinc sulfate at concentrations up to 20 u M had no
effect on cell proliferation as determined by H-thymidine incorporation or cell number.
3

11

However, when zinc sulfate was added to the culture medium in combination with aFGF or
bFGF they discovered a synergistic effect between zinc and the growth factors on stimulating
cell proliferation. There was no such effect between zinc and PDGF or TGF-p\ From this study
they concluded that zinc is able to potentiate vascular smooth muscle cell proliferation
stimulated by basic and acidic fibroblast growth factors.
Yamaguchi and Kishi (1995) studied the possible mechanisms by which zinc compounds
are able to inhibit osteoclast-like cell formation in a mouse bone marrow culture system. From
an earlier observation that zinc has a stimulatory effect on bone formation in vivo and in vitro
(Yamaguchi et al., 1987; Yamaguchi and Yamaguchi, 1986), they hypothesized that zinc
compounds inhibit a bone-resorbing hormone (PTH)-stimulated osteoclast-like cell formation
that is involved in calcium signaling. Using cell cultures, they concluded that zinc compounds
do in fact inhibit PTH-stimulated osteoclast-like cell formation, and that this inhibition is
mediated through the Ca -dependent activation of protein kinase C.
+2

MacDonald et al. (1998) examined the role of zinc on cell cycle progression and IGF-1
receptor expression in 3T3 cells. They found that the chelation of zinc using DTPA resulted in a
decrease in the proliferative fraction of cells which could be restored to control levels by adding
zinc back to the media. They also found that zinc chelation had no effect on IGF-1 receptor
expression and that the addition of glutathione (a reducing agent) partially neutralizes the
inhibitory effect of DTPA.

From these results, MacDonald et al. (1998) concluded that the

depletion of zinc from culture media inhibits 3T3 cell proliferation independent of IGF-1
receptor expression.

Furthermore, the inhibition in cell proliferation is partly due to the

antioxidant capacity of zinc. However, although zinc does not appear to be involved in IGF-1
receptor expression, zinc may still have an effect on activities that occur downstream of IGF-1
receptor expression, such as the activation of signal transduction proteins like M A P kinase
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(Lefebvre et al., 1999). A n interesting observation by MacDonald et al. (1998) was that the
incubation of 3T3 cells in media containing 2% fetal bovine serum for 3 days did not induce
quiescence, as determined by flow cytometry. Surprisingly, there was still a significant fraction
of

cells in the proliferative phases.

ethylenediaminetetraacetic

In 3T3 cells,

chelation of zinc by DTPA or

acid (EDTA) attenuates D N A synthesis induced by insulin-like

growth factor-1 (IGF-1), but not PDGF or epidermal growth factor (EGF). Addition of zinc, but
not other divalent cations, to the DTPA or EDTA-treated culture system restored the rate of
thymidine incorporation into D N A back to control levels.

A n interesting note regarding the

MacDonald et al. (1998) study is that since DTPA and E D T A are both membrane impermeable
chelators (Cleton et al., 1963), the decline in D N A synthesis occurred in the absence of a
significant decline in cellular zinc. These results suggest that the total amount on cellular zinc is
not the sole determinant of IGF-1 stimulated growth.

Rather, MacDonald et al. (1998)

concluded that the plasma membrane zinc may be critical to 3T3 cell growth during the IGF-1
stimulatory phase of the cell cycle.

It is also possible that a decrease in DTPA- or E D T A -

chelatable zinc may result in a small depletion of the labile intracellular pool of zinc. Previous
studies show that zinc is required to maintain membrane integrity.

Erythrocytes from zinc-

deficient animals are more fragile to osmotic stress, and their plasma membranes contain lower
levels of zinc while the cytoplasmic zinc concentration remains unchanged (O'Dell et al., 1987).
Furthermore, some evidence suggests -that the first limiting functional defect in zinc-deficient
animals occurs at the cell membrane (Bettger and O'Dell, 1993).

When membrane zinc is

chelated, a small amount of cellular zinc may be redistributed to the cell membrane in order to
maintain structural integrity. While such a redistribution of cellular zinc is unlikely to result in a
measurable change in total cellular zinc, it may deplete the LIPZ, which may subsequently have
detrimental effects on normal cell function, including growth.
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Recently, the role of zinc in IGF-1 growth stimulation was more clearly defined by
Lefebvre et al. (1999). They found that DTPA decreased H-thymidine incorporation stimulated
3

by IGF-1 and that this decrease was restored by the addition of zinc sulfate. DTPA blocked the
IGF-1 stimulated D N A synthesis.

DTPA also decreased IGF-1 stimulation of M A P kinase

activation. This decrease was also restored by addition of zinc sulfate to the cell culture media.
Furthermore, in the absence of IGF-1, DTPA alone did not modify the basal phosphorylation of
M A P kinase. M A P kinase activation is a crucial step in the transduction of the mitogentic signal
initiation by IGF-1 in Rat-1 fibroblasts. Zinc chelation does not impair the stimulation of amino
acid uptake, which is another action mediated by IGF-1, suggesting that the IGF-1 mitogenic
action requires zinc at the post-receptor stage. The finding that the inhibition of the mitogenic
action of IGF-1 in rat fibroblasts by DTPA is potentially caused by decreased M A P kinase
activation by IGF-1.

Therefore, alterations in the M A P kinase activity might be partially

responsible for the inhibition of the IGF-1 stimulated thymidine incorporation by DTPA. This
was the first study to show that depletion of a trace element specifically induces a failure in the
mitogenic transduction signal initiated by a growth factor.
Apoptosis is a process of programmed cell death by which cells kill themselves in a
series of gene-directed events. Zinc appears to be implicated during the apoptosis. Early studies
assessed the effect of very high concentrations of extracellular zinc (100-1000 uM) on the
induction of apoptosis in murine fibrosarcoma cells following exposure to tumour necrosis
factor. The addition of zinc sulfate or zinc chloride to media partially or completely prevented
D N A fragmentation, cytolysis, and death (Fleiger et al., 1989). Zalewski et al. (1991) studied
the effect of lesser amounts of zinc (25 uM) on the inhibition of colchicine-induced apoptosis in
chronic lymphatic leukaemia cells. Although these levels were closer to physiological levels, a
decrease in D N A fragmentation only occurred when the cells were also cultured in the presence
14

of pyrithione, a Zn

ionophore.

When zinc sulphate was added alone, only concentrations

greater than 500 u M inhibited colchicine-induced D N A fragmentation of chronic lymphatic
leukaemia cells.
Although zinc appears to be critical for cell replication and growth, questions remain
regarding the biochemical mechanisms.

It appears that zinc is required for cells to enter the

D N A synthesis phase of the cell cycle. In addition, zinc may also be required for growth factor
induction or action. Studies also suggest that the distribution of cellular zinc may also play an
important role in growth. Further research is necessary to clarify the role of zinc during cell
replication and growth.

2.4

THE LABILE INTRACELLULAR POOL OF ZINC AND HISTOCHEMICALLY
REACTIVE ZINC
The majority of intracellular zinc is tightly bound to proteins or nucleic acids. However,

some of the intracellular zinc remains either loosely bound to proteins or in free form. Although
it is generally agreed that the concentration of free zinc is low (picomolar), the exact intracellular
concentration of free zinc ion is not known (Reyes, 1994). Intracellular zinc undergoes continual
flux throughout the course of the cell cycle.

Chesters (1992) hypothesized that this loosely

bound and free zinc may be critical to the regulation of intracellular processes.
literature exists regarding the LIPZ.

Very little

During cell division, the LIPZ appears to be distributed

throughout the cytoplasm and concentrated in the nucleus (Back et al., 1993). In contrast, during
apoptosis, the LIPZ is found exclusively in the cytoplasm (Zalewski et al., 1994). The factor(s)
that facilitate and determine the intracellular translocation of zinc between the nucleus and the
cytoplasm throughout the cell cycle has not been determined. During zinc deficiency, the LIPZ
may be rapidly depleted, resulting in a reduction in the free zinc needed to induce gene
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expression. If this is so, it could provide an explanation to the rapid onset of growth impairment
caused by zinc deficiency that occurs in the absence of a measurable decrease in total tissue zinc
concentration.
At present, methods to study the labile intracellular pool of zinc in vivo are unavailable
because free zinc is probably lost during tissue preparation methods. Thus, the zinc stained with
TSQ is termed "histochemically reactive" in sectioned tissues.

2.5

SUMMARY
Zinc is a trace mineral with many biochemical and physiological functions, including an

important role in growth.

Adequate zinc nutrition is essential to all organisms for optimal

growth and development. Although the precise role of zinc in growth is unclear it is known that
zinc is required for the D N A synthesis phase of the cell cycle. During this phase, one of the
functions of zinc is to induce expression of the thymidine kinase gene.

Growth factors, like

platelet-derived growth factor, epidermal growth factor, and/or insulin-like growth factor-1, may
also require zinc to function normally. Most of the zinc in biological systems is tightly bound to
nucleic acids and protein.

However, the small, labile pool of intracellular zinc may play a

significant role in the regulation of gene expression and other biochemical functions, like
growth. The LIPZ has become the subject of recent research because its fluctuation may explain
some of the physiological and biochemical abnormalities associated with zinc deficiency.
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3.

HYPOTHESIS AND OBJECTIVES

3.1

HYPOTHESIS
The overall hypothesis of this thesis is that varying zinc nutriture will change the LIPZ or

histochemically reactive fractions of zinc.

Decreasing zinc nutriture will decrease the LIPZ,

whereas increasing zinc nutriture will increase the LIPZ. Changes in the LIPZ will modulate cell
proliferation. A n increased LIPZ will be accompanied by increased cell proliferation, whereas a
decreased LIPZ will be accompanied by decreased cell proliferation.

Modulating cell

proliferation will subsequently have a direct impact on growth.

3.2

OBJECTIVES
The overall objective of my thesis research was to investigate the modulating effects of

zinc nutriture on the LIPZ in 3T3 cells, or histochemically reactive zinc in rats, and the
subsequent effects on growth. The specific objectives were:

Experiment 1:
1) to characterize the relationship between zinc nutriture and the LIPZ size under
varying zinc nutriture in 3T3 cells,
2) to study the effects of modulating LIPZ size via varying zinc nutriture on growth in
3T3 cells,

Experiment 2:
1) to characterize the relationship between dietary zinc intake and the histochemically
reactive zinc in muscle, liver, and intestine in rats,
2) to study the effects of modulating histochemically reactive zinc via varying dietary
zinc intake on growth in rats, and
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Experiment 3:
1) to investigate the interaction between cell proliferation rate and the LIPZ size under
varying zinc nutriture in 3T3 cells.
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4.

EXPERIMENT 1: Zinc-Dependent Stimulation of Cell Proliferation is Associated

with an Increased Size of Labile Intracellular Pool of Zinc in NIH 3T3 Cells
4.1

INTRODUCTION
Zinc is an essential trace-element required for growth. Growth retardation is a principle

sign of zinc deficiency in animals (Hambidge et al., 1986).

In cell culture systems, zinc

deprivation induced by extracellular chelators results in reduced proliferation of fibroblasts
(Grummt et al., 1986), promylotic leukemia cells (Morimoto et al., 1992), keratinocytes (Parat et
al., 1999), and 3T3 cells (Thornton et al., 1998). However, in zinc deficient animals, such as
rats, tissue zinc concentration often remains unchanged (Hammermueller et al., 1987; Taylor et
al., 1988). In cell culture, zinc deprivation induced by diethylenetrinitrilopentaacetate (DTPA), a
extracellular cation chelator, almost completely suppressed D N A synthesis; yet, total cell zinc
concentration was unaffected (MacDonald et al., 1998).

D T P A is a potent non-specific

extracellular cation chelator with a low dissociation constant towards zinc (Martell and Smith
1975). Considering the fact that DTPA can suppress D N A synthesis without a detectable change
of total cell zinc concentration (MacDonald et al., 1998), it is possible that the effects of zinc
deprivation, whether induced by dietary zinc deficiency or by chelators, on growth is mediated
via a very small change in intracellular zinc and this change is too small to be detected by
conventional total zinc analysis.
In biological systems, intracellular zinc is mainly associated with macromolecules, such as
proteins. Some of the protein-zinc associations are tight while others are more loosely bound. In
addition, there is also a small intracellular pool of free zinc ions. The loosely bound zinc and the
free zinc ions form a labile intracellular pool of zinc (LIPZ). Although the exact biochemistry of
the LIPZ is not clear, the effects of LIPZ depletion have been studied using NNN'N'-tetrakis-(2pyridylmethyl)ethylenediamine (TPEN), a membrane permeable chelator with a high affinity for
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zinc. TPEN readily out-competes with TSQ derivatives for zinc. Exposure to TPEN inhibits H 3

thymidine incorporation and D N A synthesis in 3T3 and Ha-ray " -expressing 3T3 cells (Back et
val
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al., 1993), and induces apoptosis in chronic lymphocytic leukaemia cells (Zalewski et al., 1993),
rat thymocytes (Zalewski et al., 1994), and lymphocytes (Treves et al:, 1994). Clearly, LIPZ is
critical to cell proliferation and the induction of apoptosis. However, the effect of zinc nutriture on
LIPZ size and its physiological consequences are unknown.
LIPZ can be microscopically visualized by using fluorescent probes, such as N-(6methoxy-8-quinoly)-para-toluenesulfonamide

(TSQ) (Frederickson et al.,1987) and Zinquin

(Zalewski et al., 1993). These fluorescent probes are selective for zinc in biological systems.
Although the probes are weakly autofluorescent, the fluorescence intensifies upon forming a
complex with zinc ions. Intensity of the fluorescence

is a quantitative measure of zinc

concentration (Frederickson et al., 1987; Zalewski et al., 1993; Reyes et al., 1994; Andrews et al.,
1995; Budde et al., 1997).

The objectives of this study were to characterize the relationship

between zinc nutrition and the LIPZ size, and to study the effects of modifying LIPZ size via
varying zinc nutriture 3T3 cell growth. The cells were stained with TSQ, a membrane-permeable
fluorescent probe. In this study, the relative visual intensity of the fluorescence in the cells was
used as an indication of LIPZ size, cell number was used as a measure of cell proliferation. H 3

thymidine incorporation was used to assess D N A synthesis.

4.2

Materials and Methods

Chelex-100 Treatment of Fetal Bovine Serum
To create a low-zinc cell culture environment in the absence of zinc chelators, fetal
bovine serum (FBS) was treated with Chelex-100 to remove divalent cations prior to formulating
the culture media. First, 50 g Chelex-100 was added to 500 ml FBS and stirred for 24 hours at
4°C.

To further remove divalent cations and to separate Chelex-100 from FBS, a 1.0 cm
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diameter column was prepared containing a slurry of 60 g Chelex-100 in double-deionized water.
After batch treatment, the FBS-Chelex mixture was passed through the Chelex-100 column and
the eluant was collected on ice in an autoclaved beaker. Following complete elution Chelextreated FBS (CFBS) was sterile filtered and frozen at -20°C until use. The level of zinc in CFBS
was 0.2 uM versus 9.0 u M in untreated FBS.

Cell Culture System and Treatments
NIH 3T3 Swiss murine fibroblasts (American Type Culture Collection, Manassas,
Virginia) were maintained at 37°C in Dulbecco's Modified Eagle's Medium (DMEM; Life
Technologies, Grand Island, New York) supplemented with L-glutamine, 4.5 g/L glucose, 110
mg/L sodium pyruvate and pyridoxine hydrochloride, 1.5 g/L sodium bicarbonate, 50 ug/ml
streptomycin, 50 units/ml penicillin, and 2.5 pg/ml Fungizone in an atmosphere containing 5%
CO2. The control medium was supplemented with 10% FBS. Zinc concentration in the media
was reduced by supplementing media with 10% CFBS and was called Chelex-treated media
(CDMEM) The zinc concentration in control and Chelex-treated media was 3.8 u M and 0.3 uM,
respectively.

To study the zinc-dependent stimulation of cell proliferation, the Chelex-treated

medium was supplemented with 5, 10, 20, or 40 uM Z n S 0 (CDMEM+5, 10, 20, or 40).
4

The cells (passage 121 or 122) were cultured in D M E M for 72 h from an initial seeding
density of l x l 0 cells per T75 flask. Then, the cells were maintained in low-serum D M E M (1%
5

FBS) for 48 h to induce quiescence. At the end of this period, the cells were cultured in the
assigned medium for 24 or 48 h followed by the determination of LIPZ size, cell number and H 3

thymidine incorporation.

Growth Assessment and H-thymidine Incorporation
3

After 24 or 48 h, total cell numbers were counted to assess cell growth using a
hematocytometer.

H-thymidine incorporation was assessed by using an established procedure
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(Blakesley et al., 1996) with some modifications.

Briefly, after 20 or 44 h of culture in the

assigned treatment medium, cells were labeled with 2 uCi H-thymidine (Amersham Pharmacia
3

Biotech, Inc. Baie d'Urfe, Quebec) for 4 h at 37°C. The medium was then removed and the cells
were rinsed twice with 2 ml ice-cold phosphate-buffered saline (PBS; pH 7.4). Next, the cells
were washed with 2 ml ice-cold 5% trichloroacetic acid (TCA) for 10 min followed by a second
5% T C A wash for 5 min. After washing the cells twice with 95% ethanol for 5 min., the cells
were lysed in 1 ml IN NaOH , Half of the lysate (0.5 ml) was transferred to a liquid scintillation
counting vial and neutralized with an equal volume of IN HC1 . The radioactivity of the lysate
was determined by liquid scintillation counting (Beckman LS-6500 Multi-purpose Scintillation
Counter, Fullerton, CA). The remaining half of the lysate (0.5 ml) was used for protein
determination using Lowry's procedure (1951). The amount of radioactivity was normalized on
protein and used as a measure of H-thymidine incorporation.

Labile Intracellular Pool of Zinc Assay
TSQ (Molecular Probes, Eugene, Oregon) stock solution (5 raM) was prepared by
dissolving TSQ (25 mg) in 100% hot ethanol and stored at 4°C till use. The stock solution was
used within one month of preparation. The TSQ working solution (80 uM) was prepared by
diluting the stock solution with phosphate buffered saline (PBS) (pH 7.4) immediately prior to
use.
For fluorescence microscopy, cells were seeded on a histological slide in a 100-mm Petri
dish. The culture system and treatment regime were the same as described above. At the end of
the culture period, the slide was rinsed three times with PBS (pH 7.4) to remove traces of the
medium. Subsequently, the cells were stained with TSQ working solution for 15 min at room
temperature. After staining, the cells were carefully rinsed three times with PBS (pH 7.4) to
remove excess TSQ solution. Cells were viewed in the bright field (phase contrast) to monitor
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morphology. A U V fluorescent microscope (Axiophot, Carl Zeiss, Don Mills, Ontario) was used
to study the fluorescence images of the cells. The fluorescence emissions were passed through a
long pass emission filter (cut-off: 400 nm; Omega Optical, Brattleboro, Vermont) to exclude
scattered U V rays. The same image was photographed in both bright and fluorescence fields at
200X magnification.

Camera settings (shutter speed and aperture) were the same for all the

treatments photographed.

This assay was repeated six times.

The relative brightness of the

photographed fluorescence images among the treatments was visually compared as an indicator
of the LIPZ size.

Statistical Analyses
For cell growth and proliferation, the difference among treatment means was subjected to
analysis of variance to determine a treatment effect followed by Fisher's least significant
difference test (LSD), based on the pre-planned comparisons, to determine the significant
difference among the treatment means (p<0.05) (The SAS System for Windows Release 6.12).

4.3

RESULTS
Fluorescence photomicrographs of 3T3 cells cultured in the assigned medium for 24 h

following the induction of quiescence are shown in Figure 1.

At the end of the 24 h,

fluorescence was brighter in the cytoplasm than in the nucleus of the cells grown in the control
medium (Figure 1A').

This fluorescence distribution pattern was observed in all the cells

regardless of the zinc concentration in the media (Figure 1A'-1F'). In comparison to the control
cells, the overall fluorescence was dimmer in the cells grown in the Chelex-treated medium
(Figure IB').

With supplementation of 5 or 10 u M zinc to the Chelex-treated medium, the

overall fluorescence in these cells appeared to be brighter than in the cells grown in the Chelextreated medium, but was similar to that observed in the control cells (Figure 1C). When zinc
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supplementation was further increased to 20 or 40 u M zinc, the overall fluorescence was clearly
brighter in cells grown in these media than in the cells grown in the Chelex-treated medium, but
was slightly brighter than in the control cells and the cells grown in the Chelex-treated medium
supplemented with 5 or 10 uM zinc. (Figure IE' - IF').
Brightly fluorescent spots were observed near the plasma member region in all the cells
regardless of the zinc concentration in the media. These fluorescent spots appeared to be more
abundant and brighter in the cells grown in the Chelex-treated medium supplemented with zinc,
especially at the level of 20 or 40 u M zinc supplementation, than in the control cells and in the
cells grown in the Chelex-treated medium.
Fluorescence photomicrographs of 3T3 cells cultured in the assigned medium for 48 h
after the induction of quiescence are shown in Figure 2. At the end of the 48 h, the effects of
zinc nutriture on the overall fluorescence, the fluorescence pattern, and the brightly fluorescence
spots were similar to those observed in the cells cultured in the same media for 24 h. The
brightly fluorescent spots were quite visible in the control cells, but were less visible in the cells
grown in the Chelex-treated medium. When compared to the control cells and the cells grown in
the Chelex-treated medium, the cells grown in the Chelex-treated medium supplemented with 5,
10, 20, or 40 u M of zinc clearly had more brightly fluorescent spots (Figure 2C-2F').
To study the effects of varying zinc nutriture on cell proliferation, 3T3 cells were
cultured in the assigned medium for 24 h following the induction of quiescence (Figure 3). After
24 h, cell proliferation was significantly suppressed in cells grown in the Chelex-treated medium
when compared to the cells grown in the control medium (p>0.05). Supplementing the Chelextreated medium with 20 uM of zinc, but not with 5 or 10 uM of zinc, significantly stimulated cell
growth. (p<0.05). At this level of zinc supplementation, cell proliferation was restored to the
level observed in the control cells (Figure 3). When zinc supplementation was increased to 40
24

uM, cell proliferation dropped back to the level observed in the cells grown in the Chelex-treated
medium.
Similarly, cell proliferation was also significantly suppressed in cells grown in the
Chelex-treated medium for 48 h in comparison to the cells grown in the control medium
(p<0.05; Figure 3). After 48h, supplementing the Chelex-treated medium with 20 u M of zinc
significantly stimulated cell proliferation when compared to the cells grown the Chelex-treated
medium (p<0.05).

However, this level of zinc supplementation did not restore the cell

proliferation to the level observed in the cells grown in the control medium for 48 h. A further
increase of zinc supplementation to 40.uM also dropped cell proliferation back to the level
observed in the cells grown in the Chelex-treated medium.
Growth between 24 and 48 h varied depending on the treatment media. In comparison to
the cells grown in the corresponding media for 24 h, cell proliferation in the control medium for
48h doubled while the cells grown in the Chelex-treated medium only increased 30%. Culture in
Chelex-treated medium supplemented with 5-40 uJVI zinc for 48 h resulted in a 20-25% increase
in cell proliferation compared to those cultured in the same medium for only 24 h. The cells
grown in control media grew faster than cells grown in Chelex treated media or Chelex-treatment
media supplemented with zinc.
Figure 4 shows the effects of varying zinc nutriture on H-thymidine incorporation after
3

cells were cultured in the assigned medium for 24 h following the induction of quiescence. At
the end of the 24 h period, medium zinc concentration had no effect on the level of H-thymidine
3

incorporation, except for the Chelex-treated medium supplemented with 10 u M zinc.

Cells

grown in Chelex-treated medium supplemented with 10 uM zinc had a significantly higher level
of H-thymidine incorporation in comparison to the cells grown in the Chelex-treated medium
and in the Chelex-treated medium supplemented with 20 or 40 u M zinc (p<0.05) (Figure 4).
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However, after 48 h of culture, the level of H-thymidine incorporation in the control cells was
3

significantly higher than in the cells grown in the Chelex-treated medium and in the cells grown
in

the

Chelex-treated

medium

supplemented

with

5

u M zinc

(p<0.05) (Figure

4).

Supplementing the Chelex-treatment medium with 10, 20 or 40 u M zinc restored H-thymidine
3

incorporation back to the level seen in the control cells. The level of H-thymidine incorporation
3

was significantly increased in cells grown in the Chelex-treated medium supplemented with 20
or 40 u M zinc when compared to the level in the cells growth in the Chelex-treated medium and
in the Chelex-treated medium supplemented with 5 u M zinc (p<0.05). After 48 h of culture, the
level of H-thymidine incorporation was about half of the level in the cells cultured in the
3

corresponding medium for 24 h, regardless of the medium zinc concentration (Figure 4).

4.4

DISCUSSION
One of the important considerations in applying TSQ fluorescence to assess intracellular

zinc in biological systems is its specificity.

Frederickson et al., (1987) and Reyes et al., (1994)

reported that TSQ was selective to zinc in the presence of physiological concentrations of
numerous cations, including calcium, magnesium, iron, and copper. TPEN is a chelator that has a
very high affinity towards zinc ions and readily out-competes with TSQ derivatives for zinc (Nasir
et al., 1999). Back et al., (1993) reported that use of TPEN to deplete intracellular zinc abolished
fluorescence in 3T3 cells and the Ha-ras " -expressing 3T3 cells.
val
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Depleting zinc using D-

penicillamine, another zinc chelator, diminished fluorescence in hamster sperm and this chelatorinduced abolishment of fluorescence could only be reversed by adding zinc ions, but not calcium
or magnesium ions, back to the system (Andrews et al., 1995). We reconfirmed the results of
previous studies by using TPEN (5-10 uM) to deplete intracellular zinc resulted in a dosedependent diminishing of TSQ fluorescence in 3T3 cells while adding TPEN together with zinc to
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the culture media restored the TSQ fluorescence in the cells. Adding either iron (5-100 uM) or
copper (5-100 uM) to the media resulted in no detectable TSQ fluorescence (Appendix II). Thus,
TSQ fluorescence observed herein was specifically due to intracellular zinc.
Fredrickson and co-workers (1987) reported that TSQ fluorescence selectively reacts with a
small labile pool of zinc, but not all of the zinc, in the different regions in the brain. Furthermore,
the intensity of TSQ fluorescence is a quantitative measure of this small labile pool of reactive zinc
(Fredickson et al., 1987). In this study, removing zinc from the medium using Chelex-100 resulted
in a diminished fluorescence in the 3T3 cells (Figure 1 and 2). Supplementing the medium with an
increased concentration of zinc resulted in a dose-dependent increase in the brightness of the TSQ
fluorescence, indicating that the relative brightness of TSQ fluorescence was indicative to changes
in LIPZ size in response to varying zinc nutriture in 3T3 cells.
Small brightly fluorescent

spots were observed in 3T3 cells regardless of zinc

concentration in the culture media and regardless of the duration the cells were in the culture
media (Figure 1).

Furthermore, there appeared to be more brightly fluorescent spots in cells

grown in the medium containing a higher concentration of zinc (i.e. the Chelex-treated medium
supplemented with 40 uM of zinc) than that in the media containing lower concentrations of zinc
(i.e. the Chelex-treated medium). Since the TSQ fluorescence is specific to intracellular zinc
(Frederickson et al., 1987; Reyes et al., 1994; and the results presented herein), it is unambiguous
that these brightly fluorescent spots represented areas of highly concentrated zinc. However, the
biochemical nature of these spots is presently not clear. Palmiter et al., (1996a) observed an
increase in the number of fluorescent vesicles per zinc-sensitive B H K cells transfected with ZnT2, a zinc transporter, when these cells are grown in medium supplemented with 150-200 u M in
comparison to cells grown in the control medium.

Studies using Zinquin, a zinc-specific

fluorescent probe, revealed an accumulation of zinc in these fluorescent vesicles. Therefore, the
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brightly fluorescent spots in 3T3 cells reported herein are likely "zinc-containing vesicles". An
increase of the brightness of these spots in cells grown in the media supplemented with at higher
levels of zinc than that in cells grown in zinc-reduced medium (Figure 1) suggested an increased
accumulation of zinc in these cells.
Results obtained from this study demonstrated that a reduced zinc nutriture diminished
LIPZ size in 3T3 cells while zinc repletion appeared to result in a dose-dependent increase in the
LIPZ size.

Corresponding with a change in LIPZ size in response to varying zinc nutriture,

reduced zinc nutriture also inhibited D N A synthesis and suppressed cell proliferation in 3T3
cells while zinc repletion promoted D N A synthesis and stimulated cell proliferation. Zinc is
known for its role in several steps during cell replication. Zinc apparently is required for the
progression of cells from quiescence to S phase (Chesters et al., 1989) and for the activity of
D N A polymerase (Springgate et al., 1973) and R N A polymerase (Ploysangam et al., 1997).
Adding D T P A to an otherwise complete medium inhibited D N A synthesis, a necessary step
required in cell division (Chester et al., 1989; MacDonald et al., 1998), and suppressed cell
proliferation (Thornton et al., 1998) in 3T3 cells.

However, when D T P A was added together

with zinc, but not other divalent cations, such as iron, copper or manganese, restored D N A
synthesis (Chester et al., 1989). As discussed earlier, tissue zinc concentration often remains
unaffected in zinc deficient animals while zinc deficient signs are developed, suggesting that the
profound functional disturbances are the consequences of subtle changes in intracellular zinc.
Indeed, when intracellular zinc was made unavailable by using TPEN, D N A synthesis in 3T3
cells and the Ha-ras -expressing 3T3 cells was inhibited (Back et al., 1993).
vall2

This TPEN

induced inhibition of D N A synthesis can be removed by adding zinc back to the system.
Therefore, the inhibited D N A synthesis and suppressed cell proliferation in the cells grown in the
Chelex-treated medium, and the zinc-dependent

promotion of D N A synthesis and cell
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proliferation are likely a consequence of an altered LIPZ size in response to varying zinc
nutriture.
When zinc supplementation was increased from 20 u M to 40 u.M, cell proliferation was
reduced while its effect on DNA synthesis was less pronounced. In a pilot study, when 3T3 cells
were cultured in the Ghelex-treated medium supplemented with 100 u M zinc, a large portion of
the cells detached while the morphology of the remaining attached cells was distorted,
suggesting zinc-toxicity (Appendix I).

Therefore, it is possible that the growth suppression

resulting from 40 uM zinc supplementation was due to zinc toxicity.
In summary, this study provided evidence showing that, after a 48 h-culture period, zinc
depletion in 3T3 cells resulted in a diminished TSQ fluorescence, along with significantly
inhibited D N A synthesis and reduced cell proliferation in comparison to the cells grown in the
control medium. Zinc repletion up to 20 u M enhanced the TSQ fluorescence in 3T3 cells, along
with a significantly increased D N A synthesis and cell proliferation in comparison to the cells
grown in zinc depleted medium. Overall, these results demonstrate that zinc nutriture modulates
the LIPZ size and cell proliferation in 3T3 cells.
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FIGURE 1. TSQfluorescencein 3T3 cells after 24 h in media containing varying zinc
nutriture. After an initial growth period of 72 h and the induction of quiescence, 3T3 cells were
cultured in the D M E M (control; A and A') or Chelex-treated ( C D M E M ; B and B') medium, or
Chelex-treated medium supplemented with 5 (C and C ) , 10 (D and D'), 20 (E and E'), or 40 u M
(F and F') zinc sulfate for 24 h. Phase contrast (A, B, C, D, E , F) and fluorescent
photomicrographs (A', B', C',D', E ' , F') at 200X magnification.
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FIGURE 2. TSQfluorescencein 3T3 cells after 48 h in media containing varying zinc
nutriture. After an initial growth period of 72 h and the induction of quiescence, 3T3 cells were
cultured in the D M E M (control; A and A') or Chelex-treated ( C D M E M ; B and B') medium, or
Chelex-treated medium supplemented with 5 (C and C ) , 10 (D and D'), 20 (E and E'), or 40 u M
(F and F') zinc sulfate for 48 h.
Phase contrast (A, B, C, and D) and fluorescent
photomicrographs (A', B', C , and D') at 200X magnification.
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FIGURE 3. Zinc-stimulated growth of 3T3 cells. 3T3 cells were cultured in D M E M
(control) or Chelex-treated (CDMEM) medium, or Chelex-treated medium replenished with 5
(CDMEM+5), 10 (CDMEM+10), 20 (CDMEM+20), or 40uM (CDMEM+40) zinc sulfate for 24
or 48 h following the induction of quiescence. Values are means ± S E M (n=6). Means with
different superscripts are significantly different (p<0.05).
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Control

CDMEM

CDMEM+5

CDMEM+10

CDMEM+20

CDMEM+40

Treatment
FIGURE 4. Effect of zinc nutriture on H-thymidine incorporation into 3T3 cells. 3T3
cells were cultured in D M E M (control) or Chelex-treated (CDMEM) medium, or Chelex-treated
medium replenished with 5 (CDMEM+5), 10 (CDMEM+10), 20 (CDMEM+20), or 40 p M
(CDMEM+40) zinc sulfate for 20 h or 44 h following the induction of quiescence.
Subsequently, cells were labeled with H-thymidine (2 uCi/flask) for 4 h. Values are means ±
S E M (n=6). Means with different superscripts are significantly different (p<0.05).
3
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5.

EXPERIMENT 2: Varying Zinc

Nutriture Impacts

Marginally

on the

Histochemically Reactive Zinc in Rats
5.1

INTRODUCTION
Zinc is an important trace element for growth and development (Hambidge et al., 1986).

In rats, zinc deficiency is characterized by growth retardation. Although zinc deficiency is also
characterized by anorexia, reduced food intake alone cannot account for decreased growth
(Chesters and Quarterman, 1970). Decreased growth may be due to the metabolic insufficiencies
that occur with zinc deficiency.
Biochemical consequences of zinc deficiency include reduced D N A and protein synthesis
accompanied by reduced thymidine kinase activity. The effects of zinc deficiency on D N A and
protein synthesis in the weanling rat were first measured by Williams and Chesters (1970). The
incorporation of H-thymidine into D N A was affected within the first week of feeding a zinc
deficient diet.

This reduction occurred prior to the obvious physical symptoms of zinc

deficiency became apparent, including reduced food intake and growth. Following the initial 4-5
day period, rats consuming a zinc deficient diet will start to consume less food and gain less
weight than rats fed a diet containing adequate zinc (Chesters and Quarterman, 1970). Following
this intermediate period, rats develop more severe symptoms of zinc deficiency, including hair
loss and skin lesions. These physiological anomalies often occur in the absence of measurable
changes in total tissue zinc concentration (Hammermuller, 1987; Taylor, 1988). This suggests
that very small changes in zinc, too small to be detected using atomic absorption spectroscopy,
may have profound physiological effects.
Most intracellular zinc is bound to proteins and nucleic acids. However, a small fraction
remains loosely bound to protein. It has been suggested that this histochemically reactive zinc
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may determine the extent to which zinc is available to participate in certain biological functions,
like growth. The histochemically reactive zinc may be visualized using chemical fluorescent
probes, like n-6-methoxy-paratoluenesulfonamide (TSQ). TSQ has been used to identify and/or
quantify histochemically reactive zinc in the pancreas, many parts of the brain (hippocampus,
cortex, striatum, thalamus), and intestine (Jindal et al., 1993; Koh et al., 1996; Frederickson et
al., 1987; Frederickson et al., 1992; Tran et al., 1999). During zinc deficiency, this pool may
become rapidly depleted.

If so, this could explain the profound and rapid effects of zinc

deficiency on growth and development that occur in the absence of major changes in the total
tissue zinc concentration.
Current research on the relationship between the histochemically reactive zinc and
indices of growth in vivo do not exist.

Furthermore, the effect of zinc nutrition on the

histochemically reactive zinc is also unknown. The objectives of this study were: 1) to
characterize the relationship between dietary zinc intake and the tissue histochemically reactive
zinc in rats and 2) to study the effects of modulating histochemically reactive zinc via varying
dietary zinc intake on growth in rats.

5.2

MATERIALS AND METHODS

Animals and Diets
Male Wistar rats (21-day-old; U B C Animal Care, Vancouver, BC) were randomly
assigned to one of three dietary regiments: low zinc (LZ), control zinc (CZ), or high zinc (HZ).
Rats were fed a modified egg-white based AIN-93G diet. Zinc (Fisher, Fair Lawn, CA) content
was adjusted to 3 (LZ), 31 (CZ), or 155 (HZ) mg/kg diet. Feeding a diet containing 3 mg Zn/kg
diet results in marginal zinc deficiency (Reeves, 1997) compared to the commercially prepared
AIN 93 G diet that was used for the CZ treatment. The H Z diet is considered to be high in zinc
relative to the control, yet is within a physiologically relevant range. The purified diets were fed
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ad libitum. Dietary zinc deficiency in rats causes anorexia (Chesters and Quarterman, 1970),
resulting in a depressed growth, so a pair-fed control group (PF) was included to eliminate this
potentially confounding factor. Rats in the PF group were fed the C Z diet at the amount that the
L Z rats consumed the day before. Rats consumed diets with double deionized water for either 14
or 42 days. The Canadian Council for Animal Care guidelines were followed throughout this
experiment.

Experimental Protocol
Two different groups of rats were used. The first group was used for determining the
histolgically reactive zinc and total zinc content in various tissues. After either 14 or 42 days on
the experimental diet and an overnight fast, rats were anesthetized and liver, gastrocnemius
muscles, and small intestine were excised.

A slice of the fresh tissue was mounted in O.C.T.

Compound (Somagen Diagnostics, Edmonton, AB) and frozen at - 2 0 ° C until histochemically
active zinc analysis. Care was taken to consistently mount sections from the same liver lobe and
a section of the small intestine 10 cm from the pylorus. The remaining tissue was stored at 20°C and used for total zinc determination.
The second group of rats was used for determining growth and the rate of F£-thymidine
3

incorporation into liver, muscle, and small intestine. Rats were weighed weekly over the course
of dietary treatment. Change in body weight was used as a measure of overall growth. After
either 14 or 42 days on the experimental diet, rats were injected intraperitoneally with H 3

thymidine (10 uCi/kg body weight, Amersham Pharmacia Biotech Inc. Baie d'Urfe, Quebec).
One hour later, rats were anesthetized and liver, hind leg muscles, and small intestine were
excised.

Tissues

were stored at -20°C

until

3

H-thymdine incorporation and protein

determination.
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(

H-thymidine Incorporation

3

3

H-thymidine incorporation into muscle, liver, and intestine was determined as an

indicator of cell proliferation. Muscle, liver, and intestine were selected to represent tissues with
slow, medium, or high cell turnover rates, respectively. Tissues were homogenized in 1 mol/L
NaOH (10 ml/250mg wet tissue). A portion of the homogenate (0.5 ml) was transferred to a
liquid scintillation vial and neutralized with an equal volume of 1 mol/L HC1.

Tissue

radioactivity was determined by liquid scintillation counting (Beckman LS-6500 Multi-purpose
Scintillation Counter, Fullerton, CA). Tissue protein content was determined using Lowry's
procedure (Lowry et al., 1951). The amount of tissue radioactivity was expressed on a per mg
protein basis and used as a measure of H-thymidine incorporation.

Total and Histochemically Reactive Tissue Zinc Determination
Tissues were prepared for determining total zinc levels by wet-ashing tissue in nitric acid.
After drying to a constant weight, tissues were quantitatively transferred to Pyrex test tubes with
3 ml concentrated nitric acid and digested at 80°C.

After complete digestion, samples were

quantitatively transferred into 5 ml volumetric flasks and brought to volume with double
deionized water.

Sample zinc concentration was determined using a flame atomic absorption

spectrophotometer (Perkin Elmer 2380, Norwalk, Connecticut) and normalized on tissue dry
weight.
TSQ (Molecular Probes, Eugene, Oregon) stock solution (5 mmol/L) was prepared by
dissolving 25 mg TSQ in 100% ethanol in a hot water bath. The stock solution was stored at 4°C
and was used within one month of preparation. The TSQ working solution (80 pmol/L) was
prepared in phosphate buffered saline (pH 7.4) immediately prior to use.
For histochemically active zinc analysis, tissues were sliced into 8-10 um sections using
a cyrostat tissue sheer and mounted on histological slides. Tissue sections were overlaid with 1
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ml of TSQ working solution for 15 minutes at room temperature. After staining, tissues were
carefully rinsed three times with Hank's Balanced Salt Solution (pH 7.4) to remove excess TSQ.
Tissue sections were visualized and photographed using a UV/fluorescent microscope
(Axiophot, Carl Zeiss, Don Mills, Ontario) at 100X magnification. For viewing the fluorescent
images, the fluorescent light was passed through a long pass emission filter (cut off: 400 nm;
Omega Optical, Battleboro, Vermont). The same image was photographed under both phase
contrast and fluorescent lighting.

The same shutter speed and aperture were used for all

treatments when photographed. The relative brightness of the photographed fluorescence images
among treatments was visually compared as an indicator of the histochemically active zinc.

Statistical Analyses
For growth, feed intake, feed efficiency, and cell proliferation, the difference among
treatment means was subjected to analysis of variance to determine a treatment effect followed
by Fisher's least significant difference test (LSD), based on the pre-planned comparisons, to
determine the significant difference among the treatment means (p<0.05) (The SAS System for
Windows Release 6.12).

5.3

RESULTS
Rats fed the L Z diet for 14 days started to develop symptoms of zinc deficiency. These

symptoms included: dry skin, thinning hair, and reduced growth. After 42 days on the L Z diet,
the physical symptoms of zinc deficiency were more pronounced.
Photomicrographs of skeletal muscle, liver, and intestine from rats fed the treatment diets
for 14 or 42 days are shown in Figures 5 to 10. In the muscle (Figures 5 and 6), TSQ staining
produced crisp fluorescent lines around the cross section of each muscle fiber. Among different
fibers within each cross section, the fluorescence intensity appears variable, as some fibers
appeared brighter than others. In spite of this intra-tissue variability, there were no apparent
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differences in overall fluorescence intensity between different treatment groups. In the liver
(Figures 7 and 8), the brightness of TSQ fluorescence appeared more uniform throughout each
tissue. No difference in brightness was observed between treatment groups. TSQ staining of the
intestine is shown in Figures 9 and 10. Fluorescence appeared more localized, rather than evenly
distributed, compared to muscle and liver. Fluorescence appeared brightest around the viii and
intestinal wall compared to the intermediate regions.

Furthermore, the overall fluorescence

intensity in intestine from rats fed the treatment diet for 14 days appeared to be variable
depending on dietary treatment. In rats fed the L Z diet, overall intestinal fluorescence appeared
diminished whereas in rats fed the HZ diet it appeared brighter compared to rats on the CZ diet.
The difference in fluorescence was especially apparent in the intestinal wall.

Fluorescence

intensity in the intestinal wall of rats fed the L Z diet was noticeably less bright compared to rats
fed the C Z diet. In the rats fed the H Z diet, the fluorescence intensity appeared even greater.
The differences in intestine TSQ fluorescence intensity amongst treatment groups was no longer
apparent after 42 days on the treatment diet.
The effects of dietary zinc on body weight gain, cumulative feed intake, and feed
efficiency after 14 or 42 days are presented in Table 1. After 14 days, rats on the L Z diet had
gained less weight and had a reduced feed efficiency ratio compared to their pair-fed controls, in
spite of equal cumulative feed intake, confirming that zinc deficiency suppresses growth. Both
PF and L Z rats gained significantly less weight and consumed significantly less feed compared
to the rats that were fed ad libitum. Rats on the HZ diet consumed on average significantly more
feed than rats on the control diet, but the body weight gain and feed efficiency ratio were not
significantly different. The same trends were observed in terms of body weight gain, feed intake,
and the feed efficiency ratio at 14 days. Rats in the PF group had gained 41% more weight
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compared to rats fed the L Z diet. Feeding rats a zinc deficient diet resulted in depressed growth,
as shown by decreased body weight gain compared to pair-fed controls.
The effects of zinc nutrition on cell proliferation, as indicated by H-thymdine
3

incorporation, in muscle, liver, and small intestine are shown in Figures 11 to 13. No differences
in H-thymdine incorporation were observed in muscle (Figure 11) or liver (Figure 12) between
3

treatments.

In the intestines of 14 day old rats, H-thymidine incorporation was significantly
3

reduced in the rats fed the L Z diet compared to their PF controls (Figure 13). After 42 days on
the treatment diet, there was no difference between rats on different dietary treatments in terms
of H-thymidine incorporation into the small intestine. So, while overall feed intake and growth
3

were suppressed in rats fed the L Z diet, there was no effect on dietary zinc on cell proliferation,
as indicated by H-thymdine incorporation into liver, muscle, or intestine after 42 days on the
3

treatment diet.
The results of total tissue zinc analysis are shown in Figures 14 to 16. The total tissue
zinc in muscle was unaffected by dietary zinc at both times of sampling (Figure 14). However,
after 14 days on the treatment diet, an effect of zinc nutriture on total zinc in the liver and
intestine was observed. In the liver, the tissue zinc appeared to be a direct reflection of dietary
zinc intake and the livers of rats fed the L Z diet had significantly lower levels of zinc compared
to the PF controls and the rats fed the control diet ad libitum (Figure 15). Also, the livers of the
rats on the H Z diet contained significantly more zinc than the rats fed the control diets. In the
intestine, an effect of dietary zinc on total tissue zinc was also observed (Figure 16). The small
intestine of rats fed the L Z diet contained significantly less zinc compared to their PF controls.
However, the intestines of PF rats contained significantly more zinc than the rats fed the same
CZ diet ad libitum. This observation suggests that dietary feed restriction may have increased
the zinc content of the small intestine.

The intestines from rats fed the H Z diet contained
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significantly more zinc than the intestines from rats fed the CZ diet ad libitum. After 42 days on
the treatment diet, the tissue zinc status appeared to reflect an adaptation to the dietary treatment.
In the livers of rats, some adaptation to the dietary treatment was apparent. While the livers of
rats fed the L Z diet continued to contain less total zinc compared to rats fed the H Z diet, the
difference was less pronounced. Also, the zinc content in liver of the rats fed the PF and C Z
diets was no longer significantly different from those fed the L Z or H Z diets.

The total zinc

content in the rat intestine also reflected an adaptation to the dietary treatment.

Although the

intestines of rats fed the L Z and C Z diets ad libitum continued to contain less total zinc
compared to the rats fed the H Z diet, there was no significant difference in total intestinal zinc
between the rats fed the PF control diet and any other treatment.

Overall, total tissue zinc

appeared to closely reflect dietary zinc after only 14 days in liver and intestine. The observed
differences in total tissue zinc were significantly less pronounced after 42 days on the treatment
diet.

5.4

DISCUSSION
In skeletal muscle of the rats fed the treatment diets for 14 days, there were no apparent

differences in the histochemically reactive zinc, as observed by TSQ fluorescence intensity. This
observation coincides with the similarities in total tissue zinc level measured in rats fed varying
zinc nutriture. The histochemically reactive zinc in the liver also appeared similar amongst
different treatment groups, in spite of significant differences in total zinc content. This suggests
that the histochemically reactive zinc may be maintained through homeostatic mechanism(s). At
the absorption level, zinc uptake is highly regulated.
absorption efficiency of zinc is increased.

When body zinc status is low, the

Conversely, when body zinc status is high, the

absorption efficiency decreases (Davies, 1980).

Recently identified zinc transporter proteins

may be instrumental in regulating zinc absorption and retention.

Zinc transporter-1, a zinc
43

exporter protein, may be regulated by dietary zinc. Intestinal expression of zinc transporter-1
mRNA was increased in rats fed a diet containing 180 mg/kg zinc, compared to only 5 or 30
mg/kg diet (Cousins and McMahon, 2000). In addition to maintaining zinc homeostasis at the
absorption level, regulation at the intracellular level may also account for the similarities in the
histochemically reactive zinc observed amongst treatments.

It is well established that dietary

zinc can stimulate the level of metallothionein by enhancing metallothionein gene expression
(Cousins and Lee-Ambrose, 1992).

The histochemically reactive zinc that is bound to

metallothionein may be unavailable for binding to TSQ. Another possible reason for the
apparent similarities in the histochemically reactive zinc amongst different treatment groups may
be due to the method of tissue preparation and staining.

During cryoslicing, cell membranes

were disrupted. The subsequent rinsing of tissues during the TSQ staining procedure could have
removed the free zinc pool. Thus, only loosely bound zinc would have been stained by TSQ.
In the intestine of rats fed the treatment diet for 14 days, there appeared to be a direct
relationship between dietary zinc content and histochemically reactive zinc. The rats fed the L Z
diet appeared to have a smaller intestinal histochemically reactive zinc, whereas those fed the H Z
diet appeared to have a much larger intestinal histochemically reactive zinc compared to control
rats.

The differences in histochemically reactive zinc are especially apparent around the

intestinal wall. Zinc is absorbed via active and passive transport systems as a divalent cation
(Krebs, 2000). It is possible that the variations observed in TSQ fluorescence intensity in the
intestinal wall were an indication of the amount of zinc absorbed from the intestinal lumen into
circulation and transport to the liver. The direct relationship between dietary zinc level and total
liver zinc supports this observation.
After 42 days on the treatment diet, there was no apparent difference

in the

histochemically reactive zinc, as observed by TSQ fluorescence intensity in the muscle, liver, or
44

intestine. In addition, the differences in total tissue zinc amongst treatments were much smaller
in the liver and intestine compared to those observed previously after only 14 days on the
treatment diets. The combination of these observations suggests that mechanism(s) to maintain
zinc homeostasis are important in these tissues.

Furthermore, these mechanisms appeared to

become more effective with longer duration of dietary treatment.
The relationship between dietary zinc and thymidine incorporation is well established. In
rats fed a diet containing 40 mg zinc/kg diet, H thymidine incorporation into the liver, testes,
3

kidney, and spleen was 75, 40, 30, and 200 dpm x 10" /mg D N A respectively. Feeding rats a diet
4

containing 0.9 mg zinc/kg diet for 5 days decreased H-thymidine incorporation in the liver,
3

testes, kidney, and spleen to 28, 30, 10, and 80 dpm x 10" /mg D N A , respectively (Williams and
4

Chesters, 1970).

Prasad and Oberleas (1974) also found that feeding a <2 mg zinc/kg diet

decreased C-thymidine incorporation into D N A from 136 to 18 x 10 dpm/mg D N A in
14

3

regenerating connective tissue after only 6 days on the reduced zinc diet. In contrast, the present
study did not detect significant differences in H-thymidine incorporation amongst treatment
3

groups in the muscle or liver after 14 or 42 days on the treatment diet. However, H-thymidine
3

incorporation into the intestine was lower in rats fed the treatment diet for 14 days compared to
pair-fed controls. By 42 days, there was no significant difference amongst treatment groups for
intestinal H-thymidine incorporation. Differences between these results and those from other
studies could be due to several variations in experimental design, including the amount of dietary
zinc in the rat feed from low and control treatment groups or the duration of the dietary
treatment.
In this experiment, the lowest level of zinc was still considerably greater than the amount
used in previous studies that demonstrated a significant reduction in H-thymidine incorporation
3

(Prasad and Oberleas, 1974; Williams and Chesters, 1970). The low zinc diet in the Prasad and
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Oberleas experiment contained less than 2 mg zinc/kg diet. In Williams and Chesters (1970)
experiment, the low zinc diet contained only 0.9 nig zinc/kg diet. Feeding rats a diet of 3 mg
zinc/kg diet is enough to cause mild zinc deficiency, whereas a diet containing only 0.9 mg
zinc/kg diet causes severe zinc deficiency. Furthermore, the pair-fed and ad libitum control diets
in these studies contained 40 mg zinc/kg diet (Williams and Chesters, 1970) and 110 mg zinc/kg
diet (Prasad and Oberleas, 1974), approaching the levels used for the HZ diet (155 mg/kg zinc)
in the present experiment. Thus, the smaller range in zinc level of the dietary treatments may
have resulted in a decrease in the observed differences between treatments.

One of the

advantages of using a slightly higher level of zinc in the L Z diet is that the rats are able to
survive for a longer period of time without severe adverse health effects, including death. This
also more closely represents the range in dietary zinc consumption seen in humans, where zinc
deficiency is typically marginal (Hambidge, 2000).

More studies are necessary to acquire a

better understanding between the degree of zinc deficiency and its effect on D N A synthesis and
cell proliferation.
Another reason for the lack of differences in H-thymidine incorporation between groups
3

in this study may have been the duration of the dietary treatment. In Prasad and Oberleas (1974)
study, the measurements of H-thymidine incorporation were made within only 5 days of
3

beginning the zinc deficient dietary regimen.

In contrast, this study assessed H-thymidine
3

incorporation after 14 and 42 days on the treatment diet. Zinc homeostatic mechanisms become
more effective over time when feeding diets containing varying zinc nutriture, with fractional
absorption increasing and excretion decreasing significantly between week one and two of
feeding a 5 u,mol zinc/day low-zinc diet in a single adult male (Krebs, 2000). The similarities in
thymidine incorporation in liver and muscle may reflect the effectiveness of homeostatic
mechanisms. The differences observed in H-thymidine incorporation into intestine from rats
3
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fed the L Z versus PF diet for 14 days, but not 42 days may reflect the response of homeostatic
mechanisms,to the variations in dietary zinc. Further studies are needed to clarify the amount of
time taken for dietary zinc to alter fractional absorption and excretion.
In summary, the results of this experiment showed that marginal dietary zinc deficiency
has profound effects on overall growth and health, independent of total caloric intake. Overall
growth was significantly reduced in rats that were fed a zinc deficient diet compared to pair fed
control rats. A rather interesting observation was that although overall growth was diminished,
the rate of cell proliferation as measured by H-thymidine incorporation was not significantly
3

different amongst treatment groups (except intestine after 14 days on the treatment diet),
suggesting that the mechanisms by which zinc exerts its effects on growth are more complex.
Reduced growth was accompanied by a reduction in total tissue zinc in liver and intestine after
14 days on the L Z treatment diet. The significant reduction in total tissue zinc was no longer
present after 42 days on the L Z treatment diet. Although total tissue zinc was affected by dietary
zinc, there were no clearly apparent changes in the histochemically reactive zinc, as indicated by
the brightness of TSQ fluorescence.
physiological

and biochemical

From these observations, it appears that in spite of the

changes that

occurred by

varying zinc

nutriture, the

histochemically reactive zinc was relatively unchanged in skeletal muscle, liver, and small
intestine.
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FIGURE 5. TSQ fluorescence of muscle after 14 days on treatment diet. (A) Phasecontrast and (A') fluorescent photomicrographs of muscle tissue slices from rats fed low zinc (3
mg Zn/kg diet); (B, B') pair fed control zinc (31 mg Zn/kg diet, rats consumed the amount that
the low zinc rats consumed the day before); (C, C ) control zinc (31 mg Zn/kg diet); or (D, D')
high zinc (155 mg Zn/kg diet) diets for 14 days. Frozen tissues were sectioned into 10 um slices
with a cryostat, overlaid with TSQ to stain the histochemically reactive zinc, and viewed with a
U V fluorescent microscope at 100X magnification.
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FIGURE 6. TSQ fluorescence of muscle after 42 days on treatment diet. (A) Phasecontrast and (A') fluorescent photomicrographs of muscle tissue slices from rats fed low zinc (3
mg Zn/kg diet); (B, B') pair fed control zinc (31 mg Zn/kg diet, rats consumed the amount that
the low zinc rats consumed the day before); (C, C ) control zinc (31 mg Zn/kg diet); or (D, D')
high zinc (155 mg Zn/kg diet) diets for 42 days. Frozen tissues were sectioned into 10 urn slices
with a cryostat, overlaid with TSQ to stain the histochemically reactive zinc, and viewed with a
U V fluorescent microscope at 100X magnification.
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FIGURE 7. TSQ fluorescence of liver after 14 days on treatment diet. ( A ) Phasecontrast and (A') fluorescent photomicrographs o f liver tissue slices from rats fed low zinc (3 mg
Zn/kg diet); (B, B') pair fed control zinc (31 mg Zn/kg diet, rats consumed the amount that the
low zinc rats consumed the day before); (C, C ) control zinc (31 m g Zn/kg diet); or (D, D') high
zinc (155 mg Zn/kg diet) diets for 14 days. Frozen tissues were sectioned into 8 p.m slices with a
cryostat, overlaid with T S Q to stain the histochemically reactive zinc, and viewed with a U V
fluorescent microscope at 100X magnification.

52

53

FIGURE 8. TSQ fluorescence of liver after 42 days on treatment diet. (A) Phasecontrast and (A') fluorescent photomicrographs of liver tissue slices from rats fed low zinc (3 mg
Zn/kg diet); (B, B') pair fed control zinc (31 mg Zn/kg diet, rats consumed the amount that the
low zinc rats consumed the day before); (C, C ) control zinc (31 mg Zn/kg diet); or (D, D') high
zinc (155 mg Zn/kg diet) diets for 42 days. Frozen tissues were sectioned into 8 um slices with a
cryostat, overlaid with TSQ to stain the histochemically reactive zinc, and viewed with a U V
fluorescent microscope at 100X magnification.
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FIGURE 9. TSQ fluorescence of intestine after 14 days on treatment diet. (A) Phasecontrast and (A') fluorescent photomicrographs of intestine tissue slices from rats fed low zinc (3
mg Zn/kg diet); (B, B') pair fed control zinc (31 mg Zn/kg diet, rats consumed the amount that
the low zinc rats consumed the day before); (C, C ) control zinc (31 mg Zn/kg diet); or (D, D')
high zinc (155 mg Zn/kg diet) diets for 14 days. Frozen tissues were sectioned into 10 urn slices
with a cryostat, overlaid with TSQ to stain the histochemically reactive zinc, and viewed with a
U V fluorescent microscope at 100X magnification.
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FIGURE 10. TSQ fluorescence of intestine after 42 days on treatment diet. (A) Phasecontrast and (A ) fluorescent photomicrographs of intestine tissue slices from rats fed low zinc (3
mg Zn/kg diet); (B, B') pair fed control zinc (31 mg Zn/kg diet, rats consumed the amount that
the low zinc rats consumed the day before); (C, C ) control zinc (31 mg Zn/kg diet); or (D, D')
high zinc (155 mg Zn/kg diet) diets for 42 days. Frozen tissues were sectioned into 10 pm slices
with a cryostat, overlaid with TSQ to stain the histochemically reactive zinc, and viewed with a
U V fluorescent microscope at 100X magnification.
1
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TABLE 1
Body weight gain, cumulative feed intake, and feed efficiency after 14 or 42 days on treatment
diet
1

2

Body Weight Gain
(g)

Dietary
14 days
group
Marginally
34.9 + 2.4
Low Zinc
Pair Fed
42.8 ± 2.5
Control

Cumulative Feed Intake
.(g)'

42 days

14 days

3a

76.1 ± 3 . 5

b

107.4 ± 2 . 0

102 ± 2

a

b

0.32±0.01

b

0.49 ± 0.02

c

0.34±0.01

b

0.47 ± 0.02

0.34±0.01

b

786 ± 28

175 ± 9

High Zinc

89.6 ± 2.9

279.8 + 8.5

191 ± 6

C

b

b

269.3 ± 6.4

C

0.41 ± 0.02

332 ± 5

C

C

42 days

0.34 ± 0.03

a

a

85.4 ± 1.2

14 days

336+ 13

104 ± 2

Control

C

a

42 days

Feed Efficiency Ratio

a

826 ± 1 8

b

b

a

c

0.23 ± 0 . 0 1

a

'Feed efficiency = body weight gain/cumulative feed intake.
Rats were fed marginally low zinc (3 mg Zn/kg), control zinc (31 mg Zn/kg), or high zinc (155
mg Zn/kg) diets ad libitum for 14 or 42 days. Rats in the pair fed control group were fed the
control diet in the amount that the low zinc rats consumed the day before.
Values are means + SEM (n = 5 to 8). Means in each column with different superscripts are
significantly different (p<0.05).
2
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FIGURE 11. H-thymidine incorporation into muscle after 14 or 42 days on treatment
diet. Rats were fed low zinc (3 mg Zn/kg), control zinc (31 mg Zn/kg), or high zinc (155 mg
Zn/kg) diets ad libitum for 14 or 42 days. Rats in the pair fed control group were fed the control
diet in the amount that the low zinc rats consumed the day before. Rats were injected with H thymidine (10 p.Ci/kg body weight) 1 hour prior to being anaesthetized and removing tissues.
Values are means ± S E M (n = 5 to 8).
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FIGURE 12. H-thymidine incorporation into liver after 14 or 42 days on treatment
diet. Rats were fed low zinc (3 mg Zn/kg), control zinc (31 mg Zn/kg), or high zinc (155 mg
Zn/kg) diets ad libitum for 14 or 42 days. Rats in the pair fed control group were fed the control
diet in the amount that the low zinc rats consumed the day before. Rats were injected with H thymidine (10 pCi/kg body weight) 1 hour prior to being anaesthetized and removing tissues.
Values are means ± S E M (n = 5 to 8).
3

3

62

c

'55
+J

o
i_

Q.
O)

E
E
Q.

•o

co

O

• L o w Zinc

c

• Pair Fed

co

BHigh Zinc

o

•Control

o

Q.
i_
O

o

_c

o
c

'•B

E

x

14 d a y s

ro

42 days

Length of Dietary Treatment

FIGURE 13. H-thymidine incorporation into intestine after 14 or 42 days on
treatment diet. Rats were fed low zinc (3 mg Zn/kg), control zinc (31 mg Zn/kg), or high zinc
(155 mg Zn/kg) diets ad libitum for 14 or 42 days. Rats in the pair fed control group were fed
the control diet in the amount that the low zinc rats consumed the day before. Rats were injected
with H-thymidine (10 u.Ci/kg body weight) 1 hour prior to being anaesthetized and removing
tissues. Values are means ± S E M (n = 5 to 8). Means with the same length of dietary treatment
with different superscripts are significantly different (p<0.05).
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FIGURE 14. Tissue zinc concentrations in muscle after 14 or 42 days on treatment
diet. Rats were fed low zinc (3 mg Zn/kg), control zinc (31 mg Zn/kg), or high zinc (155 mg
Zn/kg) diets ad libitum for 14 or 42 days. Rats in the pair fed control group were fed the control
diet in the amount that the low zinc rats consumed the day before. Tissue zinc concentration was
determined using flame atomic absorption spectroscopy. Values are means ± S E M (n = 5 or 6).
Means from the same dietary treatment duration with different superscripts are significantly
different (p<0.05).
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FIGURE 15. Tissue zinc concentrations in liver after 14 or 42 days on treatment diet.
Rats were fed low zinc (3 mg Zn/kg), control zinc (31 mg Zn/kg), or high zinc (155 mg Zn/kg)
diets ad libitum for 14 or 42 days. Rats in the pair fed control group were fed the control diet in
the amount that the low zinc rats consumed the day before. Tissue zinc concentration was
determined using flame atomic absorption spectroscopy. Values are means ± S E M (n - 5 or 6).
Means from the same dietary treatment duration with different superscripts are significantly
different (p<0.05).
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FIGURE 16. Tissue zinc concentrations in intestine after 14 or 42 days on treatment
diet. Rats were fed low zinc (3 mg Zn/kg), control zinc (31 mg Zn/kg), or high zinc (155 mg
Zn/kg) diets ad libitum for 14 or 42 days. Rats in the pair fed control group were fed the control
diet in the amount that the low zinc rats consumed the day before. Tissue zinc concentration was
determined using flame atomic absorption spectroscopy. Values are means ± S E M (n = 5 or 6).
Means from the same dietary treatment duration with different superscripts are significantly
different (p<0.05).
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6.

EXPERIMENT 3: IGF-1, PDGF and EGF Stimulated Growth is Accompanied by
an Increase in the Labile Intracellular Pool of Zinc Size in 3T3 Cells

6.1

INTRODUCTION
The importance of sufficient dietary zinc for cell division and optimal growth is well

established.

Growth factors are also required for cell division.

Some growth factors, like

platelet-derived growth factor (PDGF) prime resting cells to enter a cycle of cell division. Other
growth factors, like epidermal growth factor (EGF) or insulin-like growth factor-1 (IGF-1),
stimulate G l cells through remaining steps of the division process. The role of zinc in insulin
and insulin-like growth-factor (IGF-1) stimulated D N A synthesis has been studied extensively.
The mitogenic effect of zinc is more pronounced in bombesin-sensitive cells versus standard
Swiss 3T3 cells, suggesting that zinc plays a role in bombesin-like peptide induced growth
stimulation. Thornton et al. (1998) found that the chelation of extracellular zinc reduced the
proliferative fraction of cells, but had no effect on IGF-1 receptor expression. In Swiss 3T3 cells
that are especially sensitive to bombesin-like peptides (eg. insulin), extracellular zinc can
partially mimic the action of growth factors on events involved in the action of insulin and
growth factors (Hannson, 1996). MacDonald et al. (1998) found that extracellular chelation of
zinc at the IGF-1 step of the cell cycle inhibits cell cycle progression, as measured by D N A
synthesis.

In this experiment, extracellular zinc chelation had no measurable effect on the

concentration of intracellular zinc, which led MacDonald et al. (1998) to hypothesize that
membrane zinc plays a role in IGF-1 growth stimulation.

Cell membranes of erythrocytes from

zinc deficient animals are more fragile and sensitive to stress (Bettger and O'Dell, 1993). To
maintain membrane strength, it is possible that zinc may be mobilized from other intracellular
sites, including the pool of labile zinc which would be the most readily available. A reduction of
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the labile intracellular pool of zinc may not result in a measurable change in the concentration of
total intracellular zinc, but may have a significant impact on some zinc-dependent processes, like
gene expression.
To date, no studies have assessed the effect of growth stimulation on the labile
intracellular pool of zinc. If a relationship between growth stimulation and the LIPZ exists, it
would provide support for the functional importance of the LIPZ in cell proliferation and provide
a basis for future research to investigate the LIPZ significance in growth.

I hypothesize that

growth factor stimulation will be accompanied by an increase in the labile intracellular pool of
zinc, the degree of which is dependent on zinc nutriture. An increase in the LIPZ will modulate
cell growth by affecting cell proliferation. The purpose of this experiment was to assess the
effect of growth factor-stimulated cell proliferation on the LIPZ and growth in 3T3 cells under
varying zinc nutriture.

6.2

MATERIALS AND METHODS

Cell Culture System and Treatments
The maintenance of NIH 3T3 cells and the preparation of low-zinc media are described in
Experiment 1. Three different treatment media were used in this study. The control medium
was supplemented with 10% FBS (control; 3.8 u M zinc) while the negative control (low-zinc)
medium was supplemented with 10% Chelex-treated FBS ( C D M E M ; 0.3 u M zinc). To study
the

zinc-dependent

stimulation

of

cell

proliferation, the

supplemented with 20 u M Z n S 0 (CDMEM+20).
4

Chelex-treated

medium

was

To stimulate growth, insulin-like growth

factor-1 (IGF-1), platelet derived growth factor (PDGF), and epidermal growth factor (EGF)
(Sigma, St. Louis, Missouri) were added to the each treatment media.
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The cells (passage 121 or 122) were cultured in D M E M for 72 h from an initial seeding
density of l x l 0 cells per T25 flask. Then, the cells were maintained in low-serum D M E M (1%
4

FBS) for 48 h to induce quiescence.

At the end of this period, the cells were cultured in the

assigned medium for 24 or 48 h followed by the determination of LIPZ size, cell number and H 3

thymidine incorporation.

The effect of growth factor-stimulated growth was assessed by

comparing results from treatments to which no growth factors were added to those supplemented
with 50 ng/ml EGF, 20 ng/ml IGF-1, and 100 ng/ml PDGF.
Growth Assessment and H-thymidine Incorporation
3

After 24 or 48 h, total cell numbers were counted to assess cell growth using a
hematocytometer. After 20 or 44 h culture in the assigned treatment medium, cells were labeled
with H-thymidine for 4 h at 37°C. The radioactivity and protein content of each sample were
3

determined as described in Experiment 1.

The amount of radioactivity was normalized on

protein and used as a measure of H-thymidine incorporation.
3

Labile Intracellular Pool of Zinc Assay
TSQ was prepared as described in Experiment 1.

For fluorescence microscopy, cells

were seeded on a histological slide in a 100-mm Petri dish. The culture system and treatment
regime were the same as described above.

The slide preparation method for fluorescence

microscopy and photography methods were the same as described in Experiment 1. This assay
was repeated six times. The relative brightness of the photographed fluorescence images among
the treatments was visually compared as an indicator of the LIPZ size.
Statistical Analyses
For cell growth and proliferation, the differences among treatment means was subjected
to analysis of variance to determine a treatment effect followed by Fisher's least significant
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difference test (LSD), based on the pre-planned comparisons, to determine the significant
differences among the treatment means (p<0.05) (The SAS System for Windows Release 6.12).

6.3

RESULTS
The effects of growing cells in media containing varying amounts of dietary zinc, in the

presence of growth factors for 24 or 48 hours on overall cell growth are shown in Figure 17. To
stimulate cell proliferation, IGF-1, PDGF, and E G F were added to the culture media. These
three growth factors have been shown to be necessary for progression of the cell cycle and cell
division in fibroblasts (MacDonald et al., 1998). The cells grown in control media tended to
exhibit increased numbers compared to cells grown in C D M E M media. In addition, cells grown
in CDMEM+20 media tended to have increased growth compared to cells grown in C D M E M
media. However, it is important to note that in spite of these trends there were no significant
differences in cell number with respect to treatment media containing varying amounts of zinc
nutriture. As expected, the addition of growth factors resulted in a significant increase in cell
growth when added to treatment media, with the exception of cells exposed to control media for
only 24 hours.

After 24 hours exposure to treatment media, the addition of growth factors

resulted in an average 27% increase in the concentration of cells, compared to cells grown in
media that were not supplemented with additional growth factors.

The differences in cell

number caused by the addition of growth factors to treatment media were more pronounced after
48 hours exposure to treatment media. Cell growth in control media experienced a 74% increase
in cell number when growth factors were added.

For the cells grown in C D M E M or

CDMEM+20 media, cells supplemented with growth factors showed a 117% increase in cell
number. These results show that addition of growth factors increased cell growth as indicated by
increased cell numbers at the end of the incubation periods in treatment media.
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To further examine the effects of varying zinc nutriture and growth factors on a specific
parameter of growth, D N A synthesis, the incorporation of H-thymidine into cells was
3

determined after 24 or 48 hours exposure to treatment media (Figure 18). Overall, the rate of H 3

thymdine incorporation was greater after 24 hours exposure than 48 hours. In the absence of
growth factors, exposure to C D M E M media for 24 hours resulted in a significant decrease in the
rate of H-thymidine incorporation. This decrease was restored to control levels by the addition
of 20uM Z n S 0 to the C D M E M media. The growth factors IGF-1, PDGF, and EGF resulted in
4

a significant increase in cell proliferation when added to all treatment media. The effectiveness
of growth factors in increasing cell proliferation was especially pronounced when the cells were
grown in C D M E M media. In C D M E M media, addition of growth factors resulted in a 126%
increase in H-thymidine incorporation, compared to only a 24% increase seen in control or
CDMEM+20 media. After 48 hours exposure to treatment media, the percentage increase in H 3

thymidine incorporation as a result of growth factor supplementation was relatively consistent
across treatment groups at about 39%. In this experiment, zinc nutriture did not affect the degree
to which growth factors enhanced the rate of thymidine incorporation or overall cell growth.
Thus, there appeared to be no synergistic effects between zinc nutriture and growth factors IGF1, PDGF or EGF on growth in 3T3 fibroblasts.
To examine the effects of zinc nutriture and growth factor-stimulated cell proliferation on
the LIPZ, cells grown in various media were stained with TSQ, a zinc-specific intracellular
fluorescent probe. The effects of exposing cells to varying zinc nutriture, with or without added
growth factors, for 24 or 48 hours on the intensity of TSQ fluorescence are shown in Figures 19
and 20. Rather than being equally distributed throughout each cell, TSQ fluorescence appeared
to be concentrated in brightly fluorescent spots.

These spots appeared to be more prevalent

around the poles of each cell. Cells incubated in C D M E M media had decreased fluorescence
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compared to cells exposed to control media. The addition of 20 u.M Zn to media resulted in a
significant increase in T S Q fluorescence compared to C D M E M or control media. Increasing
zinc nutriture appears to result in a great increase in TSQ fluorescence intensity after either 24 or
48 hours in treatment media.

Increasing zinc nutriture also increased the brightness and

prevalence of the brightly fluorescent spots in the cytoplasm. When growth factors were added
to the control, C D M E M , or CDMEM+20 media, the intensity of TSQ fluorescence was increased
compared to cells grown without the growth factor supplement.

The increase in TSQ

fluorescence as a result of growth factor addition was apparent after 24 or 48 hours exposure to
treatment media.

These results show that increasing cell proliferation and growth is

accompanied by an increase in the LIPZ size.

6.4

DISCUSSION
In this experiment, the addition of EGF, PDGF, and IGF-1 resulted in a significant

increase in cell proliferation. Exposure of the cells to C D M E M media in the presence of added
growth factors did not inhibit the effectiveness of the additional growth factors from stimulating
cell proliferation. Also, there did not appear to be a synergistic effect between EGF, PDGF,
IGF-1, and zinc because the increase in growth caused by the growth factors was similar
amongst cells grown in treatment media containing varying zinc nutriture. MacDonald et al.
(1998) found that in 3T3 cells growth stimulated by EGF, PDGF, and IGF-1 requires zinc during
the IGF-1 stage of stimulation. This apparent discrepancy between our study and others may be
due to differences between culture systems.

In the MacDonald et al. (1998) experiment,

diethylenetrinitrilpentaacetate (DTPA) was added to treatment media to chelate divalent cations;
then, zinc was added back to the culture to observe the zinc-dependent effect.

In the present

experiment, the Chelex-100 never entered the cell culture system. Therefore, the extracellular or
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membrane zinc that was chelated by DTPA in the MacDonald et al. (1998) experiment may have
remained intact in my cell culture system. This could explain why the addition of EGF, PDGF,
and IGF-1 resulted in increased cell proliferation, independent of the zinc nutriture in the
surrounding media. In summary, supplementing media with IGF-1, EGF, and PDGF increased
overall cell proliferation in all treatment groups. This observed increase occurred independent of
varying zinc nutriture.
From the photomicrographs, it appears that growth factor supplementation causes a
visible increase in the LIPZ size, as seen by ah increase in fluorescence intensity. The increased
fluorescence intensity is especially apparent in the cells that were exposed to CDMEM+20
media. This was the first study to show that the size of the LIPZ increased under conditions
where cell proliferation was stimulated with growth factors.
Whether or not the increase in the LIPZ is a cause or effect of increased cell proliferation
is not known. The increase in the LIPZ under conditions of increased cell proliferation may be
attributed to the release of zinc from metallothionein for use in other cellular activities. The free
zinc may be transferred to other enzymes or be used to increase thymidine kinase or D N A
polymerase activity. It is not known what stimulant may cause the LIPZ increase. Conversely,
an increase in the LIPZ may result in an increase in cell proliferation. This is a less likely
explanation because generally speaking, the LIPZ is highly conserved, even under conditions of
varying zinc nutriture. Animals fed diets containing low, moderate, and high levels of zinc do
not experience any appreciable change in the LIPZ size in liver, muscle, or small intestine
(Experiment 2).

However, different tissues, like abnormal tissues (e.g. tumors) may respond

differently to zinc. If a mechanism that regulates intracellular zinc homeostasis fails, and there is
a significant influx of zinc, this may result in an increased LIPZ, and perhaps an increase in cell
proliferation.
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In this experiment, increased TSQ fluorescence intensity was observed upon the addition
of growth factors EGF, PDGF, and IGF-1 to the control, C D M E M , or CDMEM+20 culture
media.

This observation could be due to the release of free zinc from metallothionein upon

growth stimulation or increased zinc uptake. Metallothioniens are low molecular weight proteins
whose formation may be induced by the presence of higher levels of dietary zinc and/or other
heavy metals (Onosaka and Cherian, 1982).

These cysteine-rich intracellular zinc binding

proteins are believed to possess a pool of exchangeable zinc that can donate zinc to higher
affinity ligands on other proteins. Readily available, labile zinc may then be used for the various
cell functions discussed, including thymidine kinase and/or D N A polymerase activity. E G F ,
PDGF, and IGF-1 also may have increased zinc uptake from the cell culture media, which could
also account for increased TSQ fluorescence.

This could explain why the apparent increase in

fluorescence was greater under conditions of greater zinc nutriture (CDMEM+20).

However,

since growth factors stimulated cell proliferation to similar levels, independent of zinc nutriture,
the significance of an increased zinc uptake under these conditions is unclear at present.
In conclusion, growth factor stimulated cell proliferation increases the LIPZ size in 3T3
cells. This observation suggests that there may be a role or requirement for readily available zinc
during cell division.
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FIGURE 17. 3T3 cell growth after 24 or 48 h exposure to treatment media of varying
zinc nutriture, with or without growth factor stimulation. After an initial growth period of 72 h
and the induction of quiescence, 3T3 cells were cultured in the D M E M (control); Chelex-treated
D M E M (CDMEM); or C D M E M supplemented with 20 u M zinc sulfate (CDMEM+20); with or
without IGF-1, PDGF, and EGF for 24 or 48 h. Cells were counted using a hematocytometer.
Values are means ± S E M (n=6).
* indicates a significant difference compared to the
corresponding treatment without added growth factors (p<0.05).
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FIGURE 18. H-thymidine incorporation into 3T3 cells after 24 or 48 h exposure to
treatment media of varying zinc nutriture, with or without growth factors. After an initial
growth period of 72 h and the induction of quiescence, 3T3 cells were cultured in the D M E M
(control); Chelex-treated D M E M (CDMEM); or C D M E M supplemented with 20 uM zinc sulfate
(CDMEM+20); with or without IGF-1, PDGF, and E G F for 20 or 44 h. Subsequently, cells were
labeled with H-thymidine (2 uCi/flask) for 4 h. Values are means + S E M (n=6; Exception: n=5
for 48 h C D M E M with no added GF). Means with different superscripts are significantly
different; * indicates a significant difference compared to the corresponding treatment without
added growth factors (p<0.05).
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FIGURE 19. TSQfluorescencein 3T3 cells after 24 h in media containing varying
zinc nutriture, with or without growth factor stimulation. After an initial growth period of 72 h
and the induction of quiescence, 3T3 cells were cultured in the D M E M (control; A and A'),
D M E M with IGF-1, PDGF, and EGF (DMEM+GFs; B and B'), Chelex-treated ( C D M E M ; C
and C ) , CDMEM+GFs (D and D'), C D M E M supplemented with 20 uM zinc sulfate
(CDMEM+20; E and E'), or CDMEM+20+GFs (F and F') for 24 h. Phase contrast (A, B, C, D,
E, F) and fluorescent photomicrographs (A', B', C , D', E ' , F') at 200X magnification.
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FIGURE 20. TSQ fluorescence in 3T3 cells after 48 h in media containing varying
zinc nutriture, with or without growth factor stimulation. After an initial growth period of 72 h
and the induction of quiescence, 3T3 cells were cultured in the D M E M (control; A and A'),
D M E M with IGF-1, PDGF, and EGF (DMEM+GFs; B and B'), Chelex-treated (CDMEM; C
and C ) , CDMEM+GFs (D and D'), C D M E M supplemented with 20 u M zinc sulfate
(CDMEM+20; E and E'), or CDMEM+20+GFs (F and F') for 48 h. Phase contrast (A, B, C, D,
E, F) and fluorescent photomicrographs (A', B', C , D', E ' , F') at 200X magnification.
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7.

GENERAL DISCUSSION AND CONCLUSIONS
The first experiment was designed: 1) to characterize the relationship between zinc

nutriture and the LIPZ size under varying zinc nutriture in 3T3 cells, and 2) to study the effects
of modulating LIPZ size via varying zinc nutriture on growth in 3T3 cells. Quiescent cells were
exposed to media containing varying zinc nutriture (control, Chelex-treated, or Chelex-treated
supplemented with 5, 10, 20, or 40 uM zinc sulfate) for 24 or 48 h. After incubation in treatment
media, TSQ fluorescence intensity was determined as an indicator of LIPZ size. The amount of
H-thymidine incorporation was determined as a measure of cell proliferation and total cell
number was determined as a measure of overall growth. Results showed that increasing zinc
nutriture resulted in increased LIPZ size after both 24 and 48 hours of exposure to treatment
media. Furthermore, the decrease in LIPZ size that occurred with exposure to C D M E M , versus
control, media was accompanied by a decrease in cell proliferation and overall growth that could
be replenished by increasing zinc nutriture.
The second experiment was designed as an in vivo version of experiment 1.

The

objectives were: 1) to characterize the relationship between dietary zinc and the tissue
histochemically reactive zinc in rats, and 2) to study the effects of modulating histochemically
reactive zinc via varying dietary zinc intake on growth in rats. 21-day-old male Wister rats were
fed treatment diets containing either low (LZ, 3 mg Zn/kg diet), control (CZ, 31 mg Zn/kg diet)
or high (HZ, 155 mg Zn/kg diet) levels of zinc ad libitum. A pair-fed control (PF, 31 mg Zn/kg
diet) was included that was fed the C Z diet in the amount that the L Z rats consumed the previous
day.

After 14 or 42 days on the treatment diets, rats were killed and skeletal muscle, liver, and

small intestine samples were collected. Results showed that in the intestines of rats that were fed
the L Z diet for 14 days had decreased histochemically reactive zinc and cell proliferation
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compared to the pair-fed controls. Neither the histochemically reactive zinc nor cell proliferation
appeared to be affected by zinc nutriture in any of the other tissues samples.

Although

histochemically reactive zinc and cell proliferation appeared to be largely unaffected by zinc
nutriture, total tissue zinc in liver and intestine in addition to overall growth was reduced in rats
fed L Z diets compared to PF controls.
Experiment 3 was designed to investigate the interaction between cell proliferation rate
and the LIPZ size under varying zinc nutriture in 3T3 cells.

Quiescent cells were exposed to

media containing varying zinc nutriture (control, Chelex-treated, or Chelex-treated supplemented
with 20 u M zinc sulfate), with or without growth factors (EGF, PDGF, and IGF-1), for 24 or 48
hours.

Results showed that using E G F , PDGF, and IGF-1 to increase the rate of cell

proliferation and overall growth results in an increase in the LIPZ size in 3T3 cells. Cells grown
in CDMEM+20 experience the greatest increase in LIPZ size upon growth factor addition.
The results from all of these experiments suggest that there is a relationship between cell
proliferation and the LIPZ size. Both experiments 1 and 3 clearly support a relationship between
cell proliferation and the LIPZ size. When cell proliferation was reduced by exposing cells to
C D M E M , the LIPZ size was reduced. Conversely, when cell proliferation was increased by
exposing cells to growth factors, the LIPZ size was increased. However, from these experiments
it is not possible to determine whether or not changes in the LIPZ are a cause or a consequence
of changes in cell proliferation. One discrepancy between experiments 1 and 3 was apparent- the
effect of varying zinc nutriture on cell growth and proliferation. In experiment 1, there was a
significant decrease in the rate of cell proliferation when cells were exposed to C D M E M versus
control cells.

Cell proliferation was replenished by addition of 10 u M Zn to C D M E M for 24

hours or addition of 20 or 40 u M Zn to C D M E M for 48 hours. In experiment 3, there were
small, but insignificant differences in the rate of cell proliferation or overall cell growth between
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treatment groups containing zinc nutriture.

Cell proliferation and overall growth were only

increased when growth factors were added to the media. The reason for this observation are
unclear.
In experiment 2, the effects of decreased zinc nutriture on the histochemically reactive
zinc and growth in rats are less clear than in the in vitro experiment on 3T3 cells. While a direct
relationship between zinc nutriture and the LIPZ size is clearly apparent in 3T3 cells, there
appears to be no such relationship in tissues taken from rats after 2 or 6 weeks on treatment diets.
Only intestine taken from rats on the L Z diet for 14 days appears to have a smaller LIPZ size.
The differences between in vitro versus in vivo experiments may be due to differences in: 1) zinc
availability, 2) exposure time, 3) release of the free zinc pool during tissue preparation, and/or 4)
intracellular zinc storage and distribution. .
In the in vitro setting, all of the cells are directly exposed to changes in zinc nutriture. In
the in vivo experiment, only the cells of the intestine villi are directly exposed to varying zinc
nutriture. Other cells in the body are exposed to a smaller degree of change in zinc nutriture
because of the intestine's ability to regulate zinc absorption and subsequently body zinc status.
Zinc homeostasis is mainly controlled at the site of zinc absorption. When zinc status is low,
absorption efficiency increases; conversely, when zinc status is high, absorption efficiency
decreases (Davies, 1980).

The results of my experiment support this observation since the

greatest changes in tissue zinc were observed in the small intestine and liver after 2 weeks on the
treatment diets. Furthermore, the difference in the total zinc was only 2-fold between between
L Z and HZ diets, even though the difference in zinc concentration was 50-fold.
Differences in exposure time to varying zinc nutriture may also explain the differences
observed in vitro versus in vivo. Because the rats were exposed to the diets for at least 14 days, I
did not observe the immediate post-perandial effects of varying zinc nutrition on tissue uptake.
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In cell cultures, I assessed the LIPZ after only 24 or 48 h of exposure to varying zinc nutriture.
Cousins and Lee-Ambrose (1992) assessed the effect of dietary zinc on total distribution of zinc
derived from a diet labeled with Z n . After an overnight fast, rats were fed 1 g of purified diet
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containing 5, 30, or 180 mg Zn/kg containing Z n for 2 h. The zinc uptake into liver, muscle
65

and small intestine reflected differences in the amount of dietary zinc administered. After 42
days on the treatment diet differences in liver and intestinal zinc between low versus high dietary
groups was much lower. In muscle, there were no differences in total zinc amongst different
treatments. From these results, there appears to be an adaptive response to varying zinc nutriture
that becomes more effective at maintaining zinc homeostasis over time.

One of the

shortcomings of in vitro experiments is that 3T3 cells cannot be maintained without being
subcultured for more than a few days; thus it was not possible to assess the long term effects of
varying zinc nutriture in vitro.

The observation that showed no significant change in the

histochemically reactive zinc in most tissues in vivo may be due to mechanisms that maintain
zinc homeostasis. Homeostatic mechanisms that control zinc absorption and excretion efficiency
appear to become more effective over time, leading to our observation of decreased differences
in the level of tissue zinc with longer duration of the treatment diet.
Differences in zinc availability and treatment diet exposure time may explain the
observed differences in total tissue zinc, but do not clarify why the histochemically reactive zinc
remains unchanged even in tissues that contain varying total zinc. These observations may result
due to differences in zinc storage and/or distribution within tissues. Tran et al. (1999) studied the
effect of administering rats dietary zinc between 100 to 1000 mg Zn/kg diet for 7 days on the
levels of zinc and metallothionein in the intestine of rats. Metallothionein is a protein that can be
induced by increasing the level of zinc nutriture (Koizumi et al., 1985).

They found that

increasing zinc from 100 to 1000 mg/kg diet resulted in a significant increase in the membrane
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bound zinc in the duodenum, jejunum, and ilium. The cytosolic zinc concentration, however,
was only increased in the duodenum and ilium sections while the cytosolic fraction of zinc in the
jejunum remained unchanged in spite of a 10-fold increase in zinc nutriture. The increase in
total intracellular zinc, as observed in our study, without a corresponding increase in the
histochemically reactive zinc suggests that the histochemically reactive zinc is strongly regulated
by changes in zinc storage. During exposure to high levels of zinc nutriture, the induction and
subsequent binding of zinc to proteins like metallothionien may retain the histochemically
reactive zinc. These results demonstrate that different cells may respond differently to changes
in zinc nutrition. Thus, it is reasonable to speculate that different tissues may also respond
differently to varying zinc nutriture in terms of intracellular zinc distribution.
In conclusion, my results show that there appears to be a relationship between zinc
nutriture, the LIPZ size, and cell proliferation in 3T3 cells. There also appears to be a difference
in the response of the LIPZ to varying zinc nutriture in vitro versus histochemically reactive zinc
in vitro that may be due to differences in tissue zinc availability, exposure time, the loss of free
zinc during in vivo tissue preparation, and/or intracellular zinc storage and distribution
mechanisms.
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APPENDIX I. 3T3 cells exposed to C D M E M supplemented with lOOuM Zn

Figure 2. TSQ Fluorescence (200x)

APPENDIX II. Verification of N-6-methoxy-p-toluenesulphonamide (TSQ) Specificity
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Figure 2a. 3T3 cells exposed to C D M E M + l u M Z n S 0 + T S Q (200x).
4

Figure 2b. 3T3 cells exposed to C D M E M + 5 u M Z n S 0 + T S Q (200x).
4
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Figure 3c. 3T3 cells exposed to C D M E M + 2 5 u M Z n S 0 + 25 u M T P E N + T S Q (200x).
4

