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ABSTRACT 

The influence of zinc status on the expression of p53, the human tumor suppressor 

gene as well as downstream target genes of p53 were examined in human cell lines. 

HepG2 cells were depleted of cellular zinc using a low-zinc media containing Chelex-lOO 

treated serum. Cellular zinc levels were depleted to 64% of controls (4.0 zinc, 

comparable to normal media). p53 mRNA was increased in the zinc-depleted HepG2s as 

compared to control, however, p53 protein levels and DNA binding activity were not 

significantly different among treatment groups. 

NHBEs were depleted of zinc using a serum-free zinc-free media which contained 

residual amounts of zinc (0.4 (aM, ZD). Other treatments included a control group at 4.0 

|iM of zinc (ZN), for comparison with normal media, 16.0 nM (ZA), for comparison with 

human serum levels of zinc, and 32.0 |j.M (ZS), an attainable level of zinc 

supplementation in humans. Zinc was reduced to 34% in the ZD group as compared to 

the ZN control group, however, the ZA group and ZS group were significandy higher 

than control, 240% and 446% respectively. Using RNase protection assays, p53 and 

gadd45 mRNA were increased almost 100% in the ZD group, as compared to 2^ and 

was higher in the ZA and ZS groups, c-fos was increased 79% in the ZS group as 

compared to the control group. p53 protein levels were almost 500% higher in the ZD 

group, and the ZA and ZS groups were six-fold and 16-fold higher respectively, as 

compared to the ZN group. 

HAECs were depleted of zinc using a low-serum zinc-free media that contained 

residual amounts of zinc (0.8 nM, ZD). Other treatments included a control group at 3.0 
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fxM of zinc (ZN), 16.0 |J.M (ZA), and 32.0 (AM (ZS). p53 protein was increased 100% in 

both the ZD and ZS groups as compared to control, and almost 200% higher in the ZA 

group. p21, bax and bcl-2, showed significant increases in mRNA in the ZS group as 

compared to the ZN control group. Mcl-l mRNA abundance also showed an increase in 

the ZS cells as compared to ZN control cells. 
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CHAPTER ONE: 

INTRODUCTION 

Atherosclerosis is the leading cause of death in the Western World and cancer is 

the second leading cause. Both diseases are complex with many facets. The possible 

relationship between dietary deficiencies of certain trace minerals and the risk of 

atherosclerosis or cancer have received considerable attention. 

The endothelium is an important component in wound healing and cardiovascular 

homeostasis (Thornton et al., 1983). With developing atherosclerosis, there is chronic 

endothelial injury (Levine et al., 1983), which eventually leads to the translocation of 

macrophages and lymphocytes to the injured endothelial wall, the engulfment of oxidized 

LDLs, the migration of smooth muscle cells, and the formation of foam cells, fatty 

streaks, and plaques. Zinc may be vital to endothelial cells because it plays an essential 

role in maintaining cell integrity, stabilizing membranes and protecting the endothelial 

barrier from toxins (Hennig et al., 1999). p53, the human tumor suppressor gene, has 

been shown to accumulate in atherosclerotic tissue (lacopetta et al. 1995; Ihling et al., 

1998), and this increased p53 has been shown to increase apoptosis (Isner et al., 1995; 

Guevara et al., 1999). p53 has been termed the guardian of the genome (Lane, 1992) 

because of its roles in inducing apoptosis as well as promoting cell cycle arrest and DNA 

repair during DNA damage. Interestingly, zinc deficiency induces apoptosis (Elmes, 

1977; Fong et al., 1998; Rogers et al., 1995; Zalewski et al., 1993; Sakabe et al., 1998; 

and Ahn et al., 1998), and has been shown to induce p53 mRNA and protein levels as 

well (Reaves et al., 2000). With an induction of apoptosis, possibly due to reduced levels 
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of zinc and increased p53 nuclear protein accumulation, plaque formation within the 

endothelial wall may occur (Kockx, 1998). 

Because zinc is vital to endothelial barrier protection (Hennig et al., 1992), and 

the role of zinc in p53 and apoptosis seems to be an important one, human aortic 

endothelial cells (HAECs) were examined to determine altered function of the 

endothelium and promotion of atherosclerosis during both zinc depletion and zinc 

supplementation. In the present studies, the influence of zinc on p53 mRNA and protein 

were determined in HAECs as well as downstream targets of p53, such as gadd45 and 

p21, both cell cycle arrest genes, c-fos, an oncogene involved in cell proliferation, bax, an 

apoptotic inducer, and bcl-2, mcl-1, and bcl-x, molecules involved in the promotion of 

cell survival. The expression of these genes were examined using the RNase protection 

assay system. p53 protein levels were examined using western blotting to determine the 

post-translational effects of zinc on p53 in aortic endothelial cells. Caspase-3, a major 

regulator and inducer of apoptosis was also examined due previous studies which found 

that zinc inhibits caspase-3 cleavage and activity (Perry et al., 1997; Stennicke and 

Salvesen, 1997; Fukamachi etal., 1998). 

Cancer is a disease in which cells proliferate uncontrollably, and destroy 

surrounding tissue. Oncogenes and tumor suppressor genes are the major gene families 

involved in cancer and their activity or lack of activity can have detrimental effects on 

cells. p53 has been shown to be altered in over 50% of human tumors. In lung cancer, 

the leading cancer death in the U.S., p53 is often mutated (Hemandez-Boussard and 

Halnaut, 1998; Hainaut £md Hollstein, 2000). Interestingly, zinc is involved in the 
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Structure of p53 and aids in its binding to DNA as well as its activity (Pavletich et al., 

1993). It has been shown that 1,10-phenanthroline, a zinc chelator, not only converts p53 

from its wild-type to mutant form, but inhibits DNA binding (Hauinaut and Milner, 1993; 

Rainwater et al., 1995). 

The following studies also examined the effects of zinc depletion and zinc 

supplementation on p53 gene expression and downstream targets of p53 in normal human 

bronchial epithelial cells (NHBEs). These cells serve as a good model for studying 

human lung epithelial cell carcinogenesis (Lechner and LaVeck, 1985) and are often 

target cells in human lung disease (Stoner et al.,1980). p53 protein levels were 

determined by western blot analysis to examine the influence of cellular zinc on p53 

protein levels, and caspase-3 activity was also measured to determine if cells were 

undergoing apoptosis. 

These studies also examined the effects of zinc on p53 gene expression in human 

hepatoblastoma cells (HepG2s). These cells are a transformed cell line, however, express 

wild-type p53 protein. It is possible to induce zinc deficiency in these cells quite easily, 

and many zinc homeostasis studies have been performed in this cell line. p53 mRNA 

abundance, p53 nuclear protein levels, p53 DNA binding activity as well as apoptosis 

were measured in these cells. 

In determining the effects of zinc, both supplementation and depletion on p53, a 

major protectant of genomic stability, investigation of zinc status on p53 gene expression, 

p53 target genes, and apoptotic inducers in NHBEs, HAECs, and HepG2 cells were 

performed. These data may lead to the understanding of the role of zinc status in 
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carcinogenesis in NHBEs and HepG2 cells as well as atherosclerotic development and 

endothelial integrity in HAECs. 
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CHAPTER TWO: 

LITERATURE REVIEW 

Zinc 

Zinc history 

Zinc is known as an essential trace mineral because of its role in normal growth 

and development, as well as in the maintenance of body tissues, detoxification of 

chemicals and development of the reproductive system. Most importantly, it is required 

for the flmction of over 100 enzymes. Zinc is the second most abundant trace mineral in 

the body and was first identified as a distinct element in 1509. In 1926, zinc was foimd 

to be a necessity in plants, and in 1934, the effects of zinc deficiency, such as poor 

growth and loss of appetite, were demonstrated in rats (Todd et al., 1934). In 1957, 

serious side effects, such as parakeratosis, were shown to occur in swine lacking adequate 

amounts of zinc (Tucker and Salmon, 1957). Although zinc deficiency was shown to 

have detrimental effects, including stunted growth, poor reproductive development and 

suppressed immune function, in a variety of species, no evidence suggested such 

problems in humans until the early 1960s (Prasad et al., 1961). Once zinc was found to 

be essential in humans, the research in understanding the mineral surged. Since the 

1960s, researchers have found that zinc is one of the most important dietary nutrients 

involved in human health. 
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Sources of Zinc 

With the increased interest of zinc and the discovery of its effects in the human 

body over the past thirty years, the nutritional sources of zinc became of great interest. 

The best nutritional sources of zinc for humans are meats, fish, and poultry. Oysters 

contain more zinc than any other food (1000 ppm). Other rich sources are liver, eggs, 

and brewer's yeast. The poorest sources of zinc are white sugar, citrus fruits, non-leafy 

vegetables, and vegetable oils (< 1 ppm). Most U.S. mixed diets supply between 8.6 to 

14 mg/day of zinc; a relatively high amount due to the presence of zinc in animal protein 

(Holden etal., 1979). 

Zinc from meat is more easily digested than from plant sources due to the 

interaction with proteins, in particular, amino acids such as histidine and cysteine, that aid 

in absorption. Many factors such as amino acids (cysteine, lysine, histidine, and glycine) 

and chelators (citrate, EDTA, and picolinate) enhance zinc bioavailability. Other 

chelators (phytates and oxalic acid), some minerals (copper, iron, calcium, and 

cadmium), and fiber can inhibit zinc bioavailability (Cousins and Hcmpc, 1989). 

Phytate, also called myoinositol hexaphosphate, found in plant foods such as cereals and 

legumes, inhibits zinc bioavailabilty. Phytates actually chelate zinc and interfere with 

intestinal absorption due to the formation of insoluble complexes. In the presence of 

intraluminal calcium, phytate has an even greater inhibitory effect on zinc. Tanok, a 

phytate-rich flat bread, is the major staple in the mid-eastern countries, and this food 

source may play a role in the prevalence of zinc deficiency in those countries. In the 

U.S., the processing of grains removes zinc because concentrated zinc, which is found in 
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the bran and germ portions of wheat products, are extracted. Bread made with white 

flour has much less zinc than bread made with whole wheat flour. Thus, the best sources 

of zinc are generally animal products, and some grains in which the zinc has not been 

chelated or removed during processing. 

RDA and Dietary Needs of Zinc 

Once food sources of zinc were known, the Recommended Dietary Allowance 

(RDA) was established. In adults, the RDA for zinc is 12 mg/day for females and 15 

mg/day for males consuming a mixed U.S. diet. Pregnancy increases the RDA to 15 

mg/day and lactation increases the RDA to 19 mg/day. For infants under 6 months of 

age, the RDA is 3 mg/day and older infants require 5 mg/day. Children require 10 

mg/day for linear growth (National Research Council, 1989). Adult international intakes 

recommended by the World Health Organization range from 8 to 16 mg/day. The adult 

RDA is based on the average absorption of zinc being 2.5 mg/day. 

Physiological states that affect dietary zinc intake include age, growth, pregnancy 

and lactation. In humans, plasma zinc levels are highest in the fetus, and concentrations 

decrease with gestational age (Berfenstam, 1952), thus zinc requirements increase with 

age. Additional zinc is needed during growth and tissue repair, renal disease, alcoholism, 

and in many other diseases. Human dietary intakes are reflected by zinc content found in 

blood, hair, bone, testes, and liver. To assess the zinc status of humans, serum or red 

blood cell metallothionein, as measured by sensitive radioimmunoassay or ELISA, are 

found to be useful indexes (Foley et al., 1968), although no method has been established 

that is accurate and reproducible due to high variability and complex methodology. 
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Although there are many factors that influence dietary intake and requirements, 

there are many factors that alter absorption as well. Approximately 20 to 40% of 

ingested zinc is absorbed depending on factors such as bodily needs, age, and growth 

stages. Ferrous iron, copper, cadmium, lead, fiber, plant proteins, cow's milk, eggs and 

chelators, such as phytic acid and oxalic acid, either compete with or reduce zinc 

absorption. Folic acid and calcium can impair zinc absorption only when intake of zinc 

in the diet is low (Becker and Hoekstra, 1971). Amino acids, such as histidine, cysteine, 

lysine and glycine, and certain chelators such as citrate, picolinate, and EDTA enhance 

mucosal uptake and absorption of zinc (Oestreicher and Cousins, 1982). Cysteine and 

histidine enhance the absorption of zinc because of their formation of stable complexes 

with zinc. 

Zinc Metabolism 

There are four phases of zinc absorption: 1) uptake by the intestinal cells, 2) 

transport from the lumen to the mucosal cell for absorption, 3) transfer to the portal 

circulation, and 4) secretion of endogenous zinc from pancreas back into the intestinal 

cell (Cousins, 1982; Solomons and Cousins, 1984). Zinc is taken up from dietary foods 

mainly in the proximal portion of the small intestine with the duodenum absorbing the 

most (60%), followed by the jejunum (10%) and ileum (30%) (Davies, 1980). In 

contrast, very little zinc is absorbed in the stomach and large intestine (Cousins, 1985). 

The movement of zinc into the mucosal cell originates from the lumen of the intestinal 

tract (Cousins, 1982). This absorption of zinc is carrier-mediated, saturable, and energy-

dependent in the early phases (Solomons and Cousins, 1984). In later phases of 
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absorption, zinc is absorbed more slowly and is taken up passively (Stacey and FCIassen, 

1981). Cysteine-rich intestinal protein (CRIP) binds zinc from the brush border surface 

and transports it to the basolateral membrane (Hempe and Cousins, 1992). CRIP is a 77 

amino acid polypeptide that contains seven cysteines and one histidine. At low doses of 

zinc, CRIP is the primary carrier, but with higher doses, metallothionein is the preferred 

carrier. 

The regulation of zinc absorption may depend on intestinal metallothionein 

synthesis. Metallothionein is a small, non-specific cysteine-rich metalloprotein that has 

an affinity for zinc, copper, cadmium, and other divalent cations. Metallothionein is 

approximately 6,200 kDa in molecular weight containing 30% cysteine residues and 

binds 7 g atoms of zinc/mol (Thiele, 1992). It is composed of 62 amino acids, and 

includes 20 cysteine residues. It contains a sulfiir-based cluster spaced by cysteine 

thiolate groups. It is synthesized and concentrated in the liver, kidney, pancreas, and 

intestine, and is also synthesized in the spleen and heart with high concentrations in the 

fetus and neonate. Metallothionein contains 7g atoms of bivalent metal ions either as 

zinc and/or cadmium per mole of proteins. Copper and mercury have also been detected 

in this protein. Metallothionein binds copper (£ilong with other divalent cations) more so 

than zinc; however, high levels of zinc may render copper unavailable for serosal transfer 

once copper is bound to metallothionein. This in turn inhibits copper absorption, 

resulting in copper deficiency (Ostreicher and Cousins, 1985). The primary structure of 

Class I metallothioneins is highly conserved, and occurs in mammalian organisms. Class 

I has four subclasses: I and II are widely expressed. III is found mainly in the brain, and 
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IV is found in squamous epithelial tissue (Uchida et al., 1991). Class II metallothioneins 

occur in unicellular eukaryotes, such as yeast, sea urchin and wheat, whereas Class III 

metallothioneuis occur in plants (Kagi and Schaffer, 1988). 

Metallothionein also impedes the movement of zinc from the cell by binding to it, 

regulating the flux of zinc between the intestinal lumen and portal circulation (Cousins, 

1982). When zinc consumption is high, synthesis of metallothionein is induced. 

Expanded zinc pools stimulate the synthesis of thionein polypeptides that complex with 

zinc to form metallothionein (Cousins, 1985). This in turn binds zinc for storage 

purposes, inhibiting absorption. Metallothionein mainly acts as a temporary storage for 

zinc, especially when zinc intake is in excess. Yet, metallothionein releases zinc from 

storage when other tissues signal a need for it. In zinc deficiency, zinc released 

from the intestine increases while metallothionein concentrations remain low, inhibiting 

zinc binding. 

Once zinc is absorbed in the intestine, it is then rapidly transported into the portal 

circulation (Cousins, 1988). Distribution of zinc to extrahepatic tissue occurs by way of 

the plasma in which albumin aids in its transportation (Smith et al., 1979). Albumin 

transports the zinc through the portal vein to the liver where it is concentrated 

(DiSilvestro and Cousins, 1983). Zinc binds to albumin by ligation to sulfur atoms (Zhou 

et al., 1992). Albumin is normally in 30 to 40 molar excess as compared to zinc, thus 

competition for zinc to bind to albumin is minimal. Approximately, 70% of zinc is 

bound loosely to albumin, whereas the other 30% binds tightly to other transporters, 

including alpha-macroglobulin and amino acids, specifically cysteine and histidine. 



Transferrin is also a transporter of zinc in the portal plasma circulation (Evans and 

Winter, 1975), however, zinc binds preferentially to albumin in comparison to transferrin. 

Recently, several mammalian zinc cellular transporters have been cloned, 

however their specific functions are still unclear. All contain a multiple membrane 

sparming region and are histidine-rich (McMahon and Cousins, 1998). ZnT-1, first 

described by Palmiter and Findley (1995) is regulated by dietary zinc intake and is found 

in high concentrations in the kidney and small intestinal enterocytes. ZnT-2, identified 

by Palmiter et al., (1996a), is an exporter and may be involved in zinc efflux in the 

kidney, intestine and testis. ZnT-3 also described by Palmiter et al., (1996b) is involved 

in zinc uptake in the brain, and ZnT-4 (Huang and Gitschier, 1997) may function as a 

zinc exporter in the brain and in mammary glands. Lastly, divalent cation transporter-1 

(DCTl), which is regulated by iron, may be involved in the uptake of zinc in the intestine 

(McMahon and Cousins, 1998). 

The liver takes up much of the zinc transported into portal circulation where it 

interacts with metallothionein. About 30 to 40% of zinc entering the hepatic venous 

supply is released back into the plasma by the liver (Aamodt et al., 1979). It can then 

interact with different ligands or can be transported back to the liver. Because zinc is 

taken up by the liver and eventually appears in other organs, such as the kidneys and 

pancreas, the liver is the central location of 2dnc transport and distribution. In humans, 

zinc has a half-life of 12.5 days, which represents liver uptake and release. 

The pancreas, liver, kidney and spleen have the most rapid rates of turnover, 

whereas red blood cells and muscle tissue are the slowest (McKenney et al., 1962). The 



24 

kidney has a turnover of only 2 hours (Cousins and Lee-Ambrose, 1989), and tissues such 

as bone marrow, skin, and thymus have a more rapid turnover of zinc as well (Dunn and 

Cousins, 1989). Zinc uptake by the bones and the central nervous system is slow and is 

not available for metabolic use. 

The pancreas uses endogenous zinc to make some of its digestive enzymes; these 

enzymes are released into the small intestine during food digestion. Entero-pancreatic 

circulation of zinc consists of the circulation of zinc from the pancreas to the small 

intestine and back to the pancreas. The pancreas secretes a zinc-binding ligand into the 

intestinal lumen. Once binding to the ligand, this zinc-ligand complex is transported 

through the intestinal microvillus into the epithelial cells. In these cells, zinc is 

transported to binding sites on the basolateral plasma membrane and albumin interacts 

with the membrane to remove zinc from the binding sites. Once zinc is absorbed, it 

becomes involved in the metabolism of the cell (Evans et al., 1975). 

Zinc is eliminated through the feces, urine, semen, menstrual secretions, sloughed 

epithelial tissues, hair, and sweat (2 to 3 mg). Table 1 lists the losses of endogenous zinc 

in normal man as compared to a zinc-depleted man. Zinc is excreted mainly in the feces 

(Miller et al., 1966; Robinson et al., 1973) as unabsorbed dietary zinc and endogenous 

zinc from the intestinal lumen. The amount of endogenous zinc excreted from the body 

ranges from <1 mg to several mg daily (Matseshe et al., 1980). Endogenous zinc losses 

originate from pancreatic secretions, biliary secretions, and desquamated mucosal cells 

(Hambidge et al., 1986), which are sloughed off at the tips of the villi. Zinc is also 

excreted via sloughed epithelial tissues of the skin (Hambidge et al., 1986). Little zinc is 
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excreted in the urine (500-800 ug/day) except in the cases of diseases such as nephrosis, 

increased muscle catabolism, hepatic porphyria, and cirrhosis (Prasad et al., 1965). An 

overview of the metabolism of zinc is shown in Figure 1. 

Zinc Content in the Body 

Although the amounts of zinc absorbed, transported, and stored are minimal, it is 

found in a variety of tissues in the human. The zinc content in the major organs of the 

human body are listed in Table 2. The average adult contains a total of 1.4 to 2.5 g or 30 

|ig/g body weight of zinc (Widdowson et al., 1951). The concentrations of zinc range 

from 10 to 100 ^ig/g of wet tissue weight in most mammals (Hambidge et al., 1986). 

Most of this is found in bone, skin, hair, nails, muscles, liver, pancreatic, and retinal 

tissue, and also in male reproductive organs (prostate), seminal fluid, and spermatozoa. 

The highest zinc concentration is found in the choroid of the eye (274 jig Zn/g), yet its 

function is unknown. Skeletal muscle contains about 60% of total body zinc due to its 

large percentage of body mass. Most of the remaining is found in bone (-30%), but this 

zinc is not available for other metabolic flmctions and is instead stored. Interestingly, 

blood, hair, bone, testes, and liver are very sensitive to fluctuating dietary zinc intakes 

whereas brain, lung, muscle, and heart tissue are less-sensitive. 

Very little zinc is found in the blood (<0.5%), but the concentrations of zinc in the 

blood are significantly important. The plasma contains only 12-22% of the total blood 
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TABLE 1. Losses of endogenous Zn in normal and Zn-depleted men. 

Route of loss 

Endogenous Losses (mg/day) 

Normal Depleted 

Feces 

Urine 

Integument 

Semen (per ejaculation) 

1.4 

0.3 

0.7 

0.6 

0.7 

0.2 

ND (not determined) 

0.3 

Source: Tayloretal., 1991; Baer and King, 1984 

TABLE 2. Approximate zinc content of major organs and tissue in a normal 
healthy adult (70Kg). 

Tissue Source Zn Concentration 

/Jg/g 

Skeletal muscle 51 
Bone 100 
Skin 32 
Liver 58 
Brain 11 
Kidneys 55 
Heart 23 
Hair 150 
Blood plasma 1 

Source: King and Keen, 1994 

Total Zn Content % of Body Zn 

mM s. % 

24 1.53 -57 
12 0.77 29 

2 0.16 6 
2 0.13 5 
0.6 0.04 1.5 
0.3 0.02 0.7 
0.15 0.01 0.4 

<0.15 <0.01 0.1 
<0.15 <0.01 0.1 
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FIGURE 1. The metabolism of zinc. 
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zinc, whereas 75-88% is found in erythrocytes and 3% in the leukocytes and platelets 

(Vallee and Gibson, 1948). Most of the zinc content in erythrocytes is used for the 

formation of carbonic anhydrase (Hove et al., 1940), an important metalloenzyme in 

acid-base balance functions. The normal concentration of zinc in the plasma of adult 

humans is between 70 to 100 |ig/dl. In the plasma, 80% of zinc is bound to albumin, 

18% to a-macroglobulin, and 2% to other transporters such as transferrin, ceruloplasmin, 

histidine, and cysteine (Parisi and Vallee, 1970). 

The zinc found intracellularly is contained mainly in the cytosolic and 

microsomal fractions (60 to 80%). The nuclear crude fraction (10-20%) and 

mitochondria (5%) also contain significant amounts of zinc, but much less than the 

cytosol. The zinc found in the cytosol is usually bound to protein. (Bartholemew et al., 

1959; Saylor and Leach, 1980; and Thiers and Vallee, 1957). Very little zinc is found in 

the cell membrane. 

Physiologic Roles of Zinc 

Zinc is found in all tissues of the body as a component of over 100 

metalloenzymes. Zinc metalloenzymes catalyze over 50 biochemical reactions involved 

with carbohydrate and energy metabolism, protein degradation and synthesis, nucleic 

acid synthesis, heme biosynthesis, carbon dioxide transport, as well as many other 

reactions. Zinc plays a structural, regulatory, catalytic, and co-active role in many 

enzymes (Galdes and Vallee, 1983). Normally, zinc has a catalytic role, with one zinc 

atom bound per subunit of the enzyme. Zinc is usually bound to four ligands, three of 

which are amino acids, with histidine being the most frequent, followed by cysteine. 



glutamine and aspartamine. A water molecule is usually the fourth ligand. There are 

some zinc enzymes that contain two or more metal atoms that function as a catalytic unit. 

The subunits form a bridge by an amino acid. The additional site usually serves as a co-

activator or co-catalyst (Vallee and Falchuk, 1993). 

The importance of zinc is critical in the formation of metalloenzymes, in which 

there are over 100 within the body. Examples of zinc metalloenzymes are shown in 

Table 3. Carbonic anhydrase, involved in acid-base balance, was the first zinc 

metalloenzyme discovered (Keilin and Mann, 1940). Zinc also serves as a structural 

component of alcohol dehydrogenase, which is involved in the hepatic detoxification of 

alcohols. In addition, zinc is part of lactate and malate dehydrogenases that are essential 

for energy production. It also serves as a cofactor for alkaline phosphatase which 

transfers phosphate to bones. Moreover, zinc is an essential component of 

carboxypeptidase, a digestive enzyme, which aids in protein digestion. Collagenase and 

gelatinases are zinc matrix metalloproteinases that hydrolyze components of the 

extracellular matrix. Collagenase is involved in collagen synthesis and degradation in 

skin and connective tissue. Zinc functions as an integral part of superoxide dismutase, 

which helps protect cells from free radicals because of its ability to act as an oxidant and 

reductant. Zinc is a component of enzymes that catalyze nucleotide phosphate ester 

formation, such as RNA polymerases I, II, and III (Wu and Wu, 1987). It is also 

involved in retinal dehydrogenase for its involvement with vitamin A metabolism. 
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TABLE 3. Zinc metalloenzymes. 

Alpha-mannosidase 

Alcohol dehydrogenase 

Alkaline phosphatase 

Carbonic anhydrase 

Carboxypeptidase 

DNA polymerase 

Glutamic acid dehydrogenase 

Reverse transcriptase 

RNA polymerase 

Superoxide dismutase 

Source: King and Keen, 1994 
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Zinc has many other physiological functions in the overall health of humans as 

shown in Table 4. Zinc plays many roles in the immune system such as thymic hormone 

production and activity, lymphocyte flmction, natural killer function, antibody-dependent 

cell-mediated cytotoxicity, neutrophil function, delayed hypersensitivity, and lymphokine 

production (Femandes et al., 1979; Fraker et al., 1982; Iwata et al., 1979). It is necessary 

for development of male reproductive function and spermatogenesis, specifically the 

formation of testosterone by Leydig cells (Hambidge et al., 1986) and its conversion to 

active dihydrotestosterone (Agget and Harries, 1979). Zinc is involved in other functions 

such tissue growth, bone formation and skin integrity. Zinc has an influence on cell 

membrane integrity by stabilizing membrane structure and guarding against peroxidative 

damage (Prasad, 1983). This protection involves zinc enzymes that attach to the plasma 

membrane, and control the structure and integrity of the membrane. 

Zinc is essential for growth promotion and in the initiation of DNA synthesis and 

progression from the G2 phase to the S phase (Falchuk et al., 1975) because DNA 

polymerase, deoxythymidine kinase (which salvages thymidine), and RNA polymerases 

I, II, and III are zinc metalloenzymes involved in cell proliferation. Zinc is also involved 

in the synthesis and stabilization of nucleic acids (Prask and Plocke, 1971) and in the 

functions of ribosomal, messenger, and transfer RNA. Ribonuclease activity increases 

with zinc deficiency (Prasad, 1981). Zinc can also interact with nuclear proteins that bind 

to promoter sites of genes, thus regulating transcription. Studies done in Euglena gracilis 



TABLE 4. Physiologic functions of zinc in mammals. 

Cell growth 

Cell replication 

Sexual maturation 

Fertility and reproduction 

Night vision 

Immune defenses 

Taste and appetite 

Source: King and Keen, 1994 



have shown that zinc deficiency affects growth morphology, ceil cycle and mitosis, 

suggesting a role of zinc in gene expression and cell proliferation (Falchuk, 1998). 

Zinc Fingers 

Zinc fingers are repeated cysteine and histidine containing domains of DNA 

binding proteins that bind zinc in a tetrahedral conformation. This structure provides a 

structural role for DNA recognition and binding. There are more than 1200 individual 

types of 2dnc fingers, and between 300 and 700 human genes encoding zinc finger-

containing proteins (Schwabe and Fairall, 1995), making up an estimated 1% of the 

human genome (Rhode and Klug, 1993). TFIIIA, GAL4 protein and members of the 

steroid receptor superfamily (estrogen and glucocorticoids) are examples of zinc finger-

containing regulatory proteins that function as transcription factors (Vallee and Falchuk, 

1993). 

Metallothionein and Gene Expression 

Zinc plays a role in the function of metallothionein (MT), along with cadmium, 

copper, and mercury as well as hormones, cytokines, interferons, and phorbol esters by 

inducing metallothionein biosynthesis. Metallothionein fimctions in stabilizing 

membranes, regulating zinc and copper metabolism, scavenging radical ions, and 

regulating gene expression. In human liver metallothionein, zinc is the sole metallic 

component (Kagi and Schaffer, 1988) of the protein. 

Metallothionein genes have been found in many species and are expressed in 

many tissues (Hamer, 1986). MT has been studied extensively as a model in the 

understanding of the regulation of transcription by metals. There are three components 



that induce MT gene expression (Cousins, 1994). The first component is the metal 

responsive elements (MREs) that are found at multiple sites on the promoter upstream 

from the transcription start site (Czypryn et al., 1992). MREs are cis-acting DNA 

sequences and have a core sequence of TGCRCNC. The second component is a trans

acting metal-regulated protein, which binds to the MREs once induced by a metal. Metal 

Transcription Factor-l (MTF-1) is a protein that interacts with MREs (Radtke et al., 

1993) and can be induced by zinc, cadmium, and copper (Hauschel, 1994). The third 

component is the metal. Both dietary deficiency and supplementation can influence the 

binding of a metal-regulated transcription factor. The effects of dietary zinc have a 

strong influence on MT gene expression. Alterations in nuclear zinc levels have been 

shown to change transcription and gene expression of metallothionein (Cousins and Lee-

Ambrose, 1992). Metallothionein gene transcription is also inducible by cadmium and 

copper ions. 

Zinc Deficiency 

Deficiency usually involves a decrease in dietary intake that can lead to depletion 

of tissue reservoirs. This usually leads to clinical symptoms. Zinc deficiency can occur 

quite easily and rapidly. One of the first symptoms of marginal zinc deficiency is loss of 

appetite that occurs rapidly following an introduction to a zinc-deficient diet. Food 

intake increases within one to two hours after zinc supplementation is given to zinc-

deficient rats (Chesters and Quarterman, 1970). Besides the decrease in appetite, one of 

the first primary responses in zinc deficiency is a decreased growth rate in animals with a 

loss of endogenous conserved zinc from tissues. When food intake becomes low, muscle 
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catabolism releases zinc into the plasma pool for hepatic and extrahepatic tissue use 

(King and Keen, 1994). With a marginal deficiency in zinc, loss of appetite with a 

decreased efficiency of food utilization are hallmark symptoms as well as dermatitis, 

brittle hair, lethargy, and diarrhea. A mild zinc deficiency is characterized with more 

serious symptoms such as neurosensory changes, hyperammonemia, decreased lean body 

mass, and decreased serum testosterone levels. Severe zinc deficiency symptoms include 

growth retardation, immunological abnormalities, altered reproductive performance and 

hypogonadism, night blindness and corneal opacities, defective collagen synthesis 

leading to skeletal abnormalities, thymus gland atrophy, alopecia, impaired wound 

healing, and sometimes dwarfism (King and Keen, 1994). Major clinical manifestations 

of zinc deficiency are shown in Table 5. 

Certain dietary factors have been shown to promote zinc deficiency including 

diets high in phytates, alcohol, copper, and phosphates. Other factors that may increase 

the risk of zinc deficiency are age, pregnancy, growth periods, oral contraceptives, 

premenstrual symptoms, fasting or starvation, serious illness or injury, stress, bums, acute 

and chronic infections, surgery, alcoholism, diabetes, acquired immune deficiency 

syndrome (AIDS), malabsorption, cirrhosis, renal disease, and diuretic therapy. A recent 

study has shown that the turnover of plasma zinc pools increases when dietary zinc intake 

is marginal during pregnancy (Lowe et al., 1999). Alcoholic drinkers pose a great risk 

for zinc deficiency because excessive alcohol intake accelerates zinc excretion. Also, 

endurance athletes have increased depletion of zinc fi-om the body due to the high 



TABLE 5. Clinical manifestations of human zinc deficiency. 

Growth retardation 

Delayed sexual maturation 

Hypogonadism and hypospermia 

Alopecia 

Skin lesions 

Immune defects 

Behavioral disturbances 

Night blindness 

Impaired taste (hypogeusia) 

Impaired wound healing 

Source: King and Keen, 1994 
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concentrations of zinc excreted in sweat. In addition, strict vegetarians are sometimes 

deficient in zinc due to the lack of meat and seafood in the diet. 

One of the major manifestations of zinc deficiency is growth retardation, which 

was originally shown to occur in rats (Todd et al., 1934). Growth retardation can be so 

severe that dwarfism can occur. Adolescent dwarfism in humans has been observed in 

many areas of the world (Halstead et al., 1972). Studies in Egypt and Iran during the 

1960s and early 1970s indicated zinc deficiency as a major contributing factor to severe 

chronic growth retardation (Prasad et al., 1963: Sandstead et al., 1967). This growth 

retardation could be due to the primary symptoms of zinc deficiency including loss of 

appetite, a depressed food consumption and impaired food utilization. The reduction in 

growth rates may represent an accommodation to zinc deficiency by the diversion of zinc 

for essential zinc-dependent metabolic processes as opposed to growth. Growth 

retardation may also be due to a decreased activity of thymidine kinase, as well as 

impaired DNA synthesis and cell division, which ultimately causes loss of cell growth. It 

has been shown that zinc-deficient cells do not divide or differentiate due to their arrest in 

the GO/Gl transition (Clegg et al., 1986). It has also been shown that in hepatocytes of 

zinc-deficient rats, growth decreased due to an arrest in the G1 phase of the cell cycle 

(Chesters, 1989). 

Immune system abnormalities are also symptoms of zinc deficiency. DNA 

polymerase and RNA polymerase are zinc enzymes, and with idnc deficiency, both 

nucleic acid and protein synthesis are impaired which leads to a reduction in cell division. 

This reduction in cell division may impair the normal functions of the immune system. A 
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zinc deficient animal has a small thymus gland, atrophy of lymphoid tissue, and a 

decrease in T and B-lymphocyte production (Keen & Gershwin, 1990). Reductions in 

neutrophil production, serum thymulin activity, and interleukin-2 production by 

peripheral blood mononuclear cells also occur with zinc deficiency. In addition, a 

decrease in natural killer cell activity (Prasad, 1995), and an impaired antibody-

dependent cell-mediated cytotoxicity (Keen & Gershwin, 1990) have been observed in 

zinc deficiency. 

Zinc deficiency also manifests night blindness, or diminished dark adaptation. 

Corneal allagenases, the lysosomal enzyme a-mannosidase of the retinal pigment 

epithelium, and leucine aminopeptidases are zinc enzymes involved in vision (Vallee and 

Falchuk, 1993). Night blindness in zinc deficiency is also associated with a reduction in 

retinol dehydrogenase, a zinc-containing enzyme. Retinol dehydrogenase converts 

retinol to retinal for normal vision. Also, the retina-choroid complex has the highest 

quantities of 2dnc and zinc metalloenzymes (in some species) in the body, which include 

carbonic anhydrase and retinol dehydrogenase. With a deficiency in 2dnc, these critical 

enzymes are less active and less prevalent. Furthermore, the carrier of vitamin A in the 

blood, retinol-binding protein is decreased with zinc deficiency, and this impairs retinol 

mobilization fi-om the liver, thus vision is impaired. 

Altered reproductive performance, including delayed sexual maturation, 

hypogonadism, and hypospermia are observed in zinc deficiency. Hypogonadism was 

observed in Iran and Egypt among zinc-deficient young men (Prasad et al., 1961; Prasad 

et al., 1963). Impairment of spermatogenesis originates fi-om atrophy of the seminiferous 
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epithelium in the testes. With zinc deficient rats, zinc content of the testes, and weight of 

the testes were significantly lower compared to controls. The serum leutinizing hormone 

(LH) and follicle-stimulating hormone (FSH) response to the leutenizing-hormone-

releasing hormone (LHRH) were higher in zinc-deficient rats, but serum testosterone 

response was lower as compared to restricted-fed controls (Lei et al., 1976). Zinc also 

plays a role in the pituitary-gonadal axis and this in turn affects the output of testosterone 

(Lei, et al., 1975). 

Zinc deficiency can also lead to impaired wound healing. Because cell division is 

reduced in zinc deficiency, cells cannot proliferate and differentiate to form new tissues. 

The skin needs constant renewal activity, especially when injured, so when proliferation 

does not occur, the wounds cannot heal. Furthermore, the activity of the zinc 

metalloenzyme, lysyl oxidase, which is responsible for normal collagen synthesis, is 

reduced with zinc deficiency, resulting in impaired collagen synthesis, and this 

impairment affects proper wound healing (Femandez-Madrid et al., 1973). 

Severe zinc deficiency has been identified in some humans with a rare, autosomal 

recessive disease termed acrodermatitis enteropathica (AE). AE patients have impaired 

intestinal uptake and transfer of zinc (Danbolt and Closs, 1942). With severe zinc 

deficiency, iron accumulation occurs in several tissues (Rogers et al., 1987). Once iron 

accumulates, reactive oxygen species (ROS) are generated through electron transfer 

reactions. ROS can cause oxidative damage to protein and DNA in rat testes, and the 

damage increases significantly with zinc deficiency and an iron accumulation. 
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Populations with Zinc Deficiency 

According to Sandstead et al. (1973), males retain up to 750 ng/day of zinc to 

maintain the lean body mass and total body zinc, especially between the ages of 11 and 

17, whereas females retain zinc for lean body mass and total body zinc up to 20 years of 

age (Sandstead, 1973). The largest retention occurs during puberty, and once lean body 

mass stabilizes, zinc retention decreases. Certain segments of the U.S. population do not 

have adequate zinc intakes for optimal retention, thus leading to a marginal deficiency 

(Sandstead, 1995). In a study performed by the Center on Hunger, Poverty and Nutrition 

at Tufts University School of Nutrition, zinc is significantly low in millions of children's 

diets in the U.S. More than 50% of poor children and 30% of non-poor children ranging 

in ages fi-om one years old to five years old get less than 70% of the RDA. The highest 

risk groups are infants, premature infants (Dauncey et al., 1977), institutionalized 

individuals, patients receiving total parental nutrition (Arlette & Johnston, 1981; Kay and 

Tasman-Jones, 1975), patients suffering fi-om sickle cell disease (Prasad et al., 1977; 

Kazimiercazk et al., 1978), and those living on low income diets (Sandstead, 1973). In 

addition, marginal zinc deficiency may occur during pregnancy (Sandstead, 1973) and 

prolonged lactation (Krebs et al., 1985). 

Children have high zinc demands due to their rapid linear growth and their 

synthesis of zinc-containing proteins. One study reported zinc deficiency in malnourished 

Jamaican children. These young children were recovering from severe malnutrition and 

were on a milk-based diet which reduced their zinc absorption (Golden and Golden, 

1979). The prevalence of marginal zinc deficiency is high in certain subpopulations of 
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the U.S. (Hambidge and Walravens, 1978; Sandstead, 1973; Prasad, 1979). Hambidge et 

al., (1985) studied young children from low-income Denver families and found mild, 

long-term growth limiting zinc deficiency. These children had decreased plasma levels 

of zinc, subnormal levels of zinc in hair samples (< 70 ppm), and low height-for-age 

percentiles. Once zinc was supplemented to the children, weight-for-height percentiles 

normalized, hair zinc levels increased, and mean height velocity increased (Hambidge et 

al., 1985; Walravens et al., 1983). 

Zinc Toxicity 

Zinc is the least toxic of the trace elements, but toxicity can occur with extremely 

high concentrations. Acute zinc toxicity is characterized by nausea, vomiting, dizziness, 

metallic taste and gastric distress (Solomons, 1988). With 5000 to 10,000 ^ig of zinc per 

gram of body weight, subnormal growth and anorexia occur along with lung and heart 

abnormalities (Sutton and Nelson, 1937). Chronic toxicity includes gastric problems, 

hypocupremia, and reduced HDL cholesterol. In addition, high zinc doses can alter the 

absorption of other essential minerals, such as copper and iron. Copper deficiency can 

result with chronic zinc toxicity, and with this, anemia occurs with a depressed immune 

function (Chandra, 1984). A chronic effect occurs at >150 mg zinc/day. 
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Cancer 

Cancer 

Cancer is one of the leading causes of death in the Western World second to 

cardiovascular disease. There are over two million new cases of cancer each year in the 

U.S., with 500,000 dying from these malignancies. It has been estimated that 25% of 

males and 20% of females bom in the U.S. in 1985 will eventually die of cancer 

(Seidman et al., 1985). The four big cancers are lung, colon, breast, and prostate, which 

account for greater than 50% of all cancer deaths (Boring et al., 1994). Cancers in which 

mortality rates are increasing are lung and brain cancer, melanomas, non-Hodgkins 

lymphoma, multiple myeloma, and leukemia (Ruddon, 1995). There are certain cancers 

that are more difficult to diagnose early and survival rates are less than 20% including 

stomach, lung, pancreas, liver, and esophagus. Cancer rates are highest in black males 

followed in order by white males, black females, and then white females (Ruddon, 1995). 

Cancer is Latin for "crab" because the affected tissue appears to have multiple 

extensions reaching out to other adjacent issues. Cancer is actually a broad term for over 

100 distinct disorders. It is the imcontrolled proliferation of cells, tumorigenic or 

neoplastic in nature, which invade and destroy adjacent tissue and can metastasize. 

Metastasization occurs when cells break away from the parent mass, enter the lymphatic 

or vascular circulation and spread to other sites throughout the body where they establish 

secondary timiors (Ruddon, 1995). It is now understood that cancer arises from the 

accumulation of genetic changes by chromosomal abberations. 

Cancer is an uncontrolled proliferation of cells which can invade and destroy 
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tissue and eventually cause fatality if left untreated. Tumor cells demonstrate clonality, 

in which they are descendants of a single cell in which a mutation has occurred and have 

proliferative advantages. Cells that have been transformed by various factors are capable 

of clonality and causing the formation of tumors in host animals. 

Cancer Characteristics 

Cancer is a multi-step process that encompasses over one hundred diseases. 

These diseases differ by age of onset, rate of growth, diagnostic detectability, 

invasiveness and metastasis, and response to treatment (Ruddon, 1995). Cancer is a 

disease of abnormal gene expression, which can occur through mechanisms that involve 

DNA damage and abnormal gene transcription and translation (Ruddon, 1995). Cancers 

usually derive from epithelium due to their exposure to blood and connective tissue. 

Cancer cells differ greatly from normal cells. Cancer cells have a loss of growth 

control, and when grown in vitro, tend to pile atop one another, as opposed to growing in 

a monolayer, as normal cells do. They stay mobile even when in contact with other cells 

and do not employ contact inhibition. Cancer cells have a reduced tendency to form gap 

junctions with one another, thus cell to cell conmiunication that normally occurs is lost. 

When grown in vitro, cancer cells can easily be grown in suspension due to their loss of 

adhesiveness. They need very little sera which contain essential growth factors and 

nutrients necessary for normal growth functions. Highly abberant chromosome 

complements, termed aneuploidy, occur, and the cells tend not to senesce. Cancer cells 

also have a disorganized cytoskeleton and abnormal plasma membrane with tumor-

associated antigens that induce the formation of antibodies directed against the cell. 



I 
44 

Malignant tumors usually invade and destroy surrounding normal tissue and metastasize 

through the blood and lymph systems. Tumor cells tend to be more anaplastic, or less 

differentiated and grow more rapidly. Their shape and size are more abnormal. The 

nucleus and nucleoli are larger, and there is a higher nucleus/cytoplasmic ratio as 

compared to normal cells. 

When cells are exposed to agents such as ionizing radiation, UV radiation and 

cytotoxic chemicals, carcinogenesis can occur. Two main genes families, oncogenes and 

tumor suppressor genes, often play a major role in carcinogenesis. Oncogenes encode 

proteins that promote the loss of growth control and the conversion of a cell to a 

malignant state. There are 65 genes that are currently known to become oncogenes 

(Savage, 1998). Oncogenes act dominantly, in that only one of its two alleles need to be 

altered to induce neoplastic transformation. In normal cells, oncogenes occur as 

precursors termed protooncogenes which encourage growth. These protooncogenes can 

mutate, become carcinogenic and cause cells to multiply excessively. Oncogenes can be 

altered by point mutations, gene amplification, incorporation into retroviruses, or 

translocation to new chromosomal sites. Although oncogenes have detrimental effects on 

cells, tumor suppressor genes can actually aid in the prevention of cancerous cells. 

Simplistically, oncogenes encourage growth, whereas tumor suppressor genes inhibit it 

(Weinberg, 1996). Tumor suppressor genes fxmction as "braking mechanisms" that 

prevent the cell from undergoing uncontrolled growth. Normally, tumor suppressor 

genes inhibit cell growth and encode proteins, aiding in restraining cell growth. This 

growth inhibition ultimately prevents cells from becoming malignant. They act 
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recessively since both gene alleles need to be defective for tumor formation. Tumor 

suppressor genes contribute to cancer when they are inactivated by mutations. In most 

cases, loss of tiraior suppressor function must be accompanied by the conversion of a 

protooncogene into an oncogene before the cell becomes fully malignant. A list of 

oncogenes and tumor suppressor genes are shown in Table 6. 

Factors Influencing Cancer 

There are many factors that lead to carcinogenesis. Cigarette smoking attributes 

25-40% to cancer deaths (Boring et al., 1994). The most direct correlation is between 

cigarette smoking and lung cancer, yet tobacco use is implicated in cancers of the mouth, 

lamyx, pharynx, esophagiis, bladder, and kidney. Alcohol is a risk factor for cancer 

because it can increase the risk of liver cancer due to damage by cirrhosis (Doll and Peto, 

1981). Diet also has implications on many types of cancer. For example, a diet high in 

fat, protein and meat, and decreased fiber increases the risk of colon cancer (Giovannucci 

et al., 1992). The cooking and preparation of foods, including smoked or pickled foods, 

nitrates, polycyclic hydrocabrons (broiled meats) as well as some food preservatives can 

increase the risk of cancers as well. Industrial chemicals, herbicides, air and water 

pollutants, as well as radiation (UV and IR) have all been shown to cause cancer in 

humans. Beyond environmental risks that can promote cancer, inheritable cancers occur, 

yet they only compromise 1-2% of total cancers (Safai et al., 1992). 

There has been increased improvement in survival rates of individuals with 

cancer. There are a number of factors for this with the first being an increase in early 

diagnosis as well as improvements in diagnostic techniques. Secondly, the public is 
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There is also 

radiotherapy, 

TABLE 6. Examples of oncogenes and tumor suppressor genes. 

better informed of risk factors of cancer and benefits of early diagnosis, 

improvements in surgical techniques, and lastly, improvements in 

chemotherapy, and now, gene therapy (Pitot, 1986). 

Examples of Oncogenes 
Growth Factors: 

c-fps 
c-sis 

Growth Factor Receptors: 
c-fins 
c-erbA 

Protein kinases: 
c-abl 

Signal Transducers: 
Ras 

Nuclear Factors: 
c-jun 
c-fos 
c-myc 

Colony-stimulating factor-1 (CSFl) 
PDGF 

CSF-1 Receptor 
Thyroid hormone receptor 

GTP - GDP 

heterodimerizes with c-fos to form AP-1 
heterodimerizes with c-fos to form AP-1 
binds to DNA ^^ith MAX protein and induces S phase 

Examples of Tumor Suppressor Genes 

p53 
Rb 
APC 
DCC 
NFl 
WT-1 

(Savage, 1998) 



Lung Cancer 

In 1994, 172,000 new cases of lung cancer were diagnosed in the U.S. (Ruddon, 

1995). Although the incidence rate of lung cancer for men is higher, the rate for women 

continues to increase. There are four major types of bronchogenic carcinomas including 

squamous epithelial cell, adenocarcinoma, large cell, and small cell cancers. Cancers of 

the lung and bronchus represent 90% of all respiratory tract cancers, with squamous 

epithelial cell carcinoma accounting for 35% (Faber, 1991). Adenocarcinomas consist of 

35% of the lung cancers and of that, bronchoalveolar make up 5% of those. Large cell 

undifferentiated carcinomas (NSCLC) and small cell lung cancers (SCLCs) represent the 

remainder of the lung cancers. Overall, the survival rates for lung cancer are not 

promising with an average five year survival rate at 13% (Kessler, 1992), due to 

difficulty in early diagnosis. 

With lung cancer, there is a high frequency of abnormalities in p53 and Rb 

(Ruddon, 1995), both being tumor suppressor genes. p53 alterations were shown to occur 

in over 50% of lung carcinomas with 80% occurring in conserved regions, many being 

"hotspot" mutations. Many of these mutations consist of single base substitutions, 

sequence deletions, and insertions. Allelic losses of the p53 gene occur in 25% with the 

other allele often being mutated (Ruddon, 1995). There is also an amplification of c-myc 

and ras, both being oncogenes. 

There are several nonrandom chromosomal abnormalities in lung cancer cells 

including 3p, 9p and 17p (Testa, 1996). On the 3p chromosome are losses in c-RAFl 

protooncogene (Graziano et al., 1996), zinc-finger proteins (Croce, 1991), and fragile 
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histidine triad gene (Sozzi et al., 1996). On the 9p chromosome are pl6 and pl5 (Shapiro 

and Rollins, 1996), both involved in cell cycle. The ras oncogene point mutations are 

shown to occur in 30% of NSCLC (Slebos and Rodenhuis, 1992) and myc oncogene is 

amplified in the majority of lung cancers (Prins et al. 1993). In SCLC, Rb, a tumor 

suppressor gene, is often abnormal (Harbour et al., 1988) and Rb is often abnormal in 

NSCLC as well (Xu et al., 1991). It has also been shown that c-jun mRNA, a nuclear 

oncogene that increases cell proliferation expression, is increased in human lung tumors. 

Over 1000 p53 mutations have been found in lung tumors (Hemandez-Boussard 

and Hauinaut, 1998). In 50-80% of lung cancer cases from smokers, p53 is mutated 

(Hainaut and Hollstein, 2000). One third of the base changes in lung cancer are G to T, 

and they occur at codons 157, 158, 248, 249, and 273 of the p53 protein (Hainaut and 

Hollstein, 2000). These G to T transversions also have been shown to occur in bases 

where benzo(a)pyTene, a carcinogen found in tobacco, forms mutations (Denissenko et 

al., 1996) This confirms the notion that these mutations in lung cancer are mainly due to 

tobacco exposure. 

Lung Cancer and Bronchial Epithelial Cells 

Most human cancers are derived from epithelial cells that terminally differentiate 

(Green et al., 1977), and the majority of human lung cancers arise in the bronchial 

epithelium (Auerbach et al., 1961). Normal human bronchial epitheiials (NHBEs) serve 

as a good model for studying human lung epithelial cell carcinogenesis (Lechner and 

LaVeck, 1985) and NHBEs are often target genes in human lung disease (Stoner et al., 

1980). 
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Bronchial epithelials are constantly being exposed to substances and toxins from 

the external environment however, they are renewed and regenerated after injury under 

normal conditions. With regeneration, damaged cells are replaced, cell proliferation 

occurs, and after renewal, cell proliferation rates return to nonnal. When epithelials are 

stressed constantly, for example, with cigarette smoke, cell proliferation increases and 

squamous metaplasia occurs. If no terminal differentiation occurs in these cells, the cells 

remain proliferative and increase the risk of tumor formation due to genetic instability 

(Willey and Harris, 1990). With cigarette smoking, epithelials increase in cell number, 

lose their cilia, and possess atypical cells and these variables increase with the amount of 

cigarette smoke exposure (Auerbach et al., 1961). There is a direct correlation between 

the degree of exposure to cigarette smoke and the changes in bronchial epithelium 

(Auerbach et al., 1961). 

Lung Cancer and Zinc 

In patients with bronchogenic carcinoma, serum zinc levels are low and urinary 

zinc excretion are high. Hypozincemia in patients with lung cancer may result from an 

increased urinary excretion possibly related to a decrease in zinc binding to plasma 

proteins (Voyatzoglou et al., 1982). It has been shown that in patients with bronchial 

carcinoma, not only are senmi zinc levels significantly reduced, serum copper levels were 

elevated as compared to controls (El-Ahmady et al., 1995). Another study suggested that 

mild chronic zinc deficiency is typical of bronchogenic carcinoma patients and that T cell 

response is decreased with decreased serum zinc concentrations, causing T cell 

dysfunction (Allen et la., 1985). Not only are T-cells abnormal, but with decreased 



serum zinc concentrations in individuals with squamous cell lung cancer, neutrophil 

migration decreased as compared to individuals taking zinc supplements (Issell et al., 

1981). It has also been shown that serum vitamin A concentrations are decreased in lung 

cancer patients because low levels of serum zinc reduce the synthesis of retinol-binding 

protein and mobilization of vitamin A from the liver of these patients (Atukorala et al., 

1979). In patients with NSCLC, serum zinc, iron, albumin, transferrin, selenium, and 

glutathione peroxidase concentrations were decreased as compared to controls, whereas 

serum copper and ceroplasmin were increased (Sattar et al., 1997). 

One group suggested that the Cu/Zn ratio be used as a diagnostic test in lung 

cancer patients (Diez et al., 1989). However, another group that fed rats drinking water 

with zinc (22.8 mmol/1) found that the rats developed more pulmonary metastases after 

injection with benzopyrene-induced sarcoma cells as compared to those drinking normal 

water. These authors suggested that zinc may promote the emigration and outgrowth of 

circulating tumor cells (Rath et al., 1991). Researchers have also shown that 

metallothionein and copper concentrations in lung tumor tissue are significantly elevated 

when compared to non-malignant lung tissue. Copper is the major metal that associates 

with MT in lung tumors, whereas cadmium is the major metal bound to MT from normal 

lung tissue (Hart et al., 1993). It was proposed that MT may participate in tumorigenesis 

by sequestering and donating copper to proteins in tumor cells to meet their metabolic 

needs (Hart et al., 1993). Furthermore, copper may be used for formation of new blood 

vessels, angiogenesis, which is necessary for tumor growth (Hart et al., 1993). Low zinc 

concentrations may be due to the competition by copper levels binding to MT. 
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Atherosclerosis 

Atherosclerosis 

Atherosclerosis is the leading cause of death in the Western World. It is the 

primary cause of heart attacks, vascular disease, and strokes (Ross, 1993), and is 

responsible for over 50% of all mortality in the U.S., Europe and Japan (WHO, 1983). 

The major participants in atherosclerosis are the endothelial cells, smooth muscle cells, 

macrophages, and circulating lipoproteins. The endothelium has many functions that are 

important for cardiovascular homeostasis (Ryan, 1989) and maintaining the endothelial 

cell wall is important in the prevention of atherosclerosis. Without this homeostasis, 

endothelial dysfimction, barrier disruption, and ultimately, endothelial injury promote 

atherosclerosis (Levine et al., 1983). The endothelium forms the luminal surface of the 

vascular system and is an integral component in wound healing, transfer of substances to 

and from circulation, synthesis of metabolically active compounds, and overall 

homeostasis (Thornton et al., 1983). 

Aortic Endothelial Cells 

Endothelial cells constantly interact with factors to maintain vessel-tone and 

vascular permeability, and can act as a physical barrier to protect against stress-related 

factors such as cytokines, ROS, and drugs. Injury to the arterial endothelial cells 

represents a key event in the initiation and progression of atherosclerosis (DiCorleto and 

Chisholm, 1986). With developing atherosclerosis, there is chronic endothelial injury, 

which increases permeability of other cells. Some of these cells, such as monocytes, 

platelets, and lymphocytes adhere to the injured endothelials, oxidized LDLs accumulate, 



and monocytes transform to macrophages. These macrophages attempt to engulf 

oxidized LDLs and other adhering fats, and eventually become foam cells. The smooth 

muscle cells also migrate to the intimal endothelial layer, multiply, take up lipids, and 

they can also be converted to foam cells and fatty streaks. After dying from necrosis and 

apoptosis, these cells release extracellular lipids and cellular debris, which can rupture 

and cause ftirther disruption to the endothelial cells. Eventually, a fibrous cap consisting 

of connective tissue is formed which will develop into atherosclerotic lesions. 

Cultured aortic endothelial cells are useful and necessary for understanding 

mechanisms underlying the involvement of endothelial cells in wound healing, 

atherosclerosis, and abnormal angiogenesis (Levine et al., 1983; Maciag et al., 1984). 

The study of the vascular endothelium has been limited due to the technical difficulties 

and inaccessibility of obtaining the endothelium for in vitro analysis. The use of human 

aortic endothelial cell (HAECs) cultures allow for the study of metabolic and 

physiological properties under controlled conditions (Gimbrone, 1976). HAECs are an 

excellent model and have been used extensively in studying atherosclerosis because they 

synthesize factors that endothelials ceils secrete in vivo. They also maintain intracellular 

junctions and have superoxide dismutase and catalase activity as well (Martin et al., 

1996; Joiner and Strand, 1978; Vanhoutte, 1987). 

Atherosclerosis and Zinc 

Zinc may protect against atherosclerosis, however its role in the atherosclerotic 

process is unclear. In atherosclerotic patients, abnormally low levels of zinc in the 

plasma or serum (Halsted and Smith, 1970; Netsky et al., 1969; Volkov, 1963) and the 
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aorta (Volkov, 1963) may indicate that zinc metabolism is disrupted during the 

development of atherosclerosis. Other research has demonstrated that in the plasma of 

atherosclerotic men, the ratio of zinc to copper was decreased (Iskra et al., 1993). 

Likewise, in hypertensive patients with aortic aneurysms, zinc concentrations were lower 

in the aortas as compared to control patients. Interestingly, high levels of zinc have been 

found in fibrous atherosclerotic plaques (Mendis, 1989) and this may indicate a 

protective role of zinc in the atherosclerotic process. Zinc has been shown to protect 

against atherosclerosis because of its inhibition of TNF-induced damage to endothelial 

cells (Hennig et al., 1993) as well as its inhibitory effects in the oxidation of LDL 

particles (Wilkins and Leake, 1994), a large factor in plaque formation and endothelial 

injury. Zinc may be vital to endothelial cells due to its role in cell integrity, stabilization 

of membranes, and endothelial barrier defense (Hennig et al., 1999). In zinc-deficient 

endothelial cells, barrier fimction was significantly decreased, and when zinc was added, 

cell integrity was restored (Hennig et al., 1992). 

Endothelial cell apoptosis may compromise endothelial integrity and barrier 

fimction, causing significant implications in the pathogenesis of atherosclerosis. In 

addition, accelerated apoptosis increases endothelial cell turnover, which alters the 

stability of the endothelium and fluther promotes atherosclerotic lesions (Hennig et al., 

1999). With zinc being so involved in apoptosis, both in deficiency and supplementation, 

along with its vital role in endothelial cell integrity (Hennig et al., 1999), the implications 

of dietary zinc on atherosclerosis are significant. The prevalence of marginal or 

subclinical zinc deficiency in certain segments of the U.S. population have been shown to 
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occur (Sandstead, 1973; Hambidge et al., 1985) and these dietary deficiencies may have 

great ramifications in apoptosis, and ultimately the development of atherosclerosis. 

Tumor Suppressor Gene pS3 

p53 Tumor Suppressor Gene 

The p53 tumor suppressor gene has been termed the "guardian of the genome" 

(Lane, 1992). It is an important molecule in regulating cell proliferation, DNA repair, 

and cell death. In a general sense, it helps to preserve the genome by preventing the 

accumulation of genetic alterations. Interestingly, although vital to the cell, the p53 gene 

is mutated in over 50% of human tumors (Hollstein et al., 1991) and its function has been 

shown to be disrupted in many tumors. 

p53 was fu'st identified in 1979 due to its association with simian virus 40 (SV40) 

large T antigen and exhibited a high expression in tumors and transformed cell lines 

(Lane and Crawford, 1979; DeLeo et al., 1979). It was thought to be an oncogene that 

increased DNA synthesis and cell proliferation. p53 was also shown that it could 

cooperate with ras in transforming cells (Parada et al., 1984), but was later discovered 

that only mutant p53 protein cooperates with ras in tumorigenesis (Hinds et al., 1989). It 

was finally found to be a tumor suppressor gene and was named molecule of the year in 

1993. 

Structure of p53 

p53 is characterized as a transcription factor than can regulate a range of 

downstream genes. The protein, made up of 393 residues, is divided into domains: the 
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N-terminus transactivation domain (1-44), a proline-rich domain (62-94), a sequence-

specific DNA binding domain (110-292), a tetramerization domain (325-363), and a C-

terminus domain (363-393). The N-terminus is an acidic domain that interacts with 

transcription activating factors (TAFs) of the basal transcription complex TFIID and 

murine double minute 2 (mdm2) (Chen et al., 1993 and Truant et al., 1993). Binding of 

mdm2 leads to p53 degradation. The proline-rich domain contains a SH3 recognition site 

which is involved in the activation of apoptosis (Sakamuro et al., 1997), and may also 

serve as a docking site in the transduction of signals. The DNA binding domain allows 

for p53 to bind as a tetramer to DNA sequences. This tetramer contains four copies of a 

pentamer PuPuPuC(A/T) oriented in alternating directions (Hainaut and Hollstein, 2000). 

This domain has two beta sheets with a large loop that binds in the minor groove of DNA 

and a loop-sheet-helix motif that binds in the major groove. The DNA binding domain 

may be required to suppress growth (Sakamuro et al., 1997). The majority of p53 

mutations cluster in this domain. The oligomerization or tetramerization domains of four 

p53 molecules associate to form a 20 kD tetramer (Arrowsmith and Morin, 1996). This 

tetramerization domain is made up of a beta-sheet-tum-alpha helix motif which enables 

the protein to form homodimers. The C-terminus is made up of basic residues and serves 

as a docking site for heat shock protein 70 (hsp70) (Hainaut and Milner, 1992) and 

helicases ERCC2/XPD and ERCC3/XPB (Wang et al., 1994; Wang et al., 1996). The 

basic domain is involved in the allosteric control of the protein between its inactive and 

active forms (Halazonetis, 1993). The C-terminus is capable of binding single-stranded 
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DNA and can allosterically inhibit sequence-specific binding (Hupp et al., 1995; 

Jayaraman and Prives, 1995). It is also involved in nuclearization. 

p53 is located on human chromosome 17pl3.1 and contains 11 exons, in which 

the first is noncoding. There are several p53-related genes; p73, p51, and p40. The p73 

gene is located on human chromosome lp36 (Kaghad et al., 1997) and its overexpression 

inhibits cell growth by inducing apoptosis (Jost e tal., 1997). This region of chromosome 

lp36 is fi-equently deleted in neuroblastomas and other human cancers (Prives and Hall, 

1999). However, p73 does not respond to DNA damage. The other genes. p40 and p51 

are located on chromosome 3p28 (Osada et al., 1998) and are not responsive to DNA 

damage as well. 

Stabilization and Degradation of p53 

The cell has evolved to keep p53 protein levels low and inactive (Bums and El-

Deiry, 1999). The half-life of wild-type p53 is only 20 to 30 minutes and is undetected in 

normal cells. With stress, such as DNA damage, UV irradiation or oxidation, p53 protein 

levels increase allowing for cell cycle arrest or apoptosis. The low levels of p53 protein 

in the unstressed cell are due to mdm2. Mdm2, a 491 amino acid protein, was first 

discovered in a mouse tumor cell line. It was shown to be amplified and contained in a 

murine double minute (Fakharzadeh et al., 1991). Activated p53 stimulates the 

expression of mdm2, which inhibits p53 stabilization and activation. Thus, mdm2 acts as 

a negative feedback, regulated by p53. Mdm2 binds p53 at the amino-terminal 

transcription domain at residues 13 to 29, and inhibits the transcriptional activity of p53 

on its target genes, causing a loss of p53 activity. Mdni2 also promotes p53 degradation 
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by causing p53 to be exported out of the nucleus (Freedman and Levine, 1998) into the 

cytoplasm where it undergoes ubiquitination (Fuchs et al., 1998). This ubiquitination 

occurs because mdm2 acts as an E3 ligase (Honda et al., 1997). Interestingly, mdin2 is 

amplified in 20-40% of human sarcomas (Oliner et al., 1992). pl9arf, a gene product of 

INK4a, interacts with mdin2 and neutralizes the inhibition of p53 by mdm2 (Kamijo et 

al., 1998). pl9arf normally induces G1 arrest in a pl6-independent p53-dependent 

manner (Quelle et al., 1995). p53 can also be degraded by human papillomavirus (HPV) 

E6 via ubiquitination because E6 also serves as the E3 ligase (Scheffher, 1998). 

Interestingly, Mosner et al., (1995) suggested that p53 is also negatively autoregulated by 

inhibiting translation of its own mRNA. 

p53 is phosphorylated by ataxia telangiectasia mutated (ATM) and 

phosphoinositide-3-kinase (PIK) related family. Phosphorylation occurs at serine 15, and 

ATM dephosphorylates serine 37, which creates a consensus binding site for signal 

transduction protein 14-3-3ct. This increases the ability of p53 to bind to DNA 

(Waterman et al., 1998). At the C-terminus, CBP/p300 family acetylates five conserved 

lysine residues and this neutralizes the negative regulation exerted by the C-terminus. 

This acetylation also activates the sequence-specific DNA binding capacity (Gu and 

Roeder, 1997). The regulation and activation of p53 is shown in Figure 2. 
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FIGURE 2. The stimulation of p53 and mdm2 degradation. 
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Once cell stress or DNA damage occurs, p53 protein accumulates in the nucleus. 

p53 nuclear accumulation occurs a few hours after damage and can be detected for 20 

days thereafter (Chiarugi et al., 1999). The nuclear localization signal (NLS) is a 

conserved sequence located at the carboxy terminus of the p53 protein (Chiarugi et al., 

1998). After increased protein stability and nuclear accumulation, cell growth is 

inhibited at specific checkpoints in the cell cycle allowing for DNA to repair itself, or for 

induction of apoptosis. The overview of p53 signaling by DNA damage is depicted in 

Figure 3. 

FIGURE 3. The p53 signaling pathway of DNA damage. 
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When DNA damage occurs, p53 has been shown to induce cell cycle arrest at the 

G1 phase (Kastan et al., 1992). This G1 arrest is induced by p21, a cyclin-dependent 
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When p21 is overexpressed, brain, lung and colon cancer cell lines undergo growth 
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suppression (El-Deiry et al., 1993). p21 blocks cyclin/cdk complexes at the Gl/S 

transition and inhibits the activation of the E2F family of transcription factors (Del Sal et 

al., 1996). Retinoblastoma (Rb), a tumor suppressor gene, when active, is 

hypophosphorylated and inhibits cell proliferation at the GO to G1 phase. In its 

hypophosphorylated state, it sequesters E2F factors, thus they are not able to stimulate 

the cellular transition from G1 to S (Meikrantz and Schlegel, 1992). When 

hypophosphorylated Rb accumulates, the cell cycle arrests at G1 and p53-induced 

apoptosis is inhibited (Haupt et al., 1995). pi6, another gene product of INK4a, can 

inhibit the phosphorylation of Rb. Viruses, such as simian virus 40 (SV40) large tumor 

antigen and adenovirus El A can bind Rb, allowing for E2F to be released, inducing cell 

proliferation (Nevin, 1992). E2F can also interact with p53 to induce apoptosis (Wu and 

Levine, 1994). 

Growth arrest and DNA damage inducible gene (gadd45), also activated by p53, 

is a DNA repair gene. A p53 consensus sequence was found in the intronic sequences of 

gadd45 (Kastan et al., 1992). When overexpressed, it can also induce cell cycle arrest 

(Chin et al., 1997). Gadd45 binds to proliferating cell nuclear antigen (PCNA) and 

promotes excision repair, and prevents the cell's entry into the S phase (Smith et al., 

1994). Once G1 arrest occurs, cells are permitted time for DNA to repair itself before 

replication occurs. p53 can also arrest cells in G2, causing a block in the mitosis phase 

(Agarwal et al., 1995). Those effectors that arrest cells in G2 include p21 (Bunz et al., 

1998), gadd45 (Zhar et al., 1999), and 14-3-3a (Hermeking et al., 1997). p53 can also 



61 

induce apoptosis in response to DNA damage, hypoxia, serum stimulation, or 

overexpressed oncogenes (Canman and Kastan, 1997). 

p53 can repress the transcription of cellular and viral genes including c-fos, c-jun, 

interleukin-6 (IL-6), and bcl-2 (Donehower and Bradley, 1993). Although many of these 

genes do not contain p53-binding sites within their promoters, p53 still has a strong effect 

on their activity. By inhibiting these genes, involved in cellular proliferation and cell 

survival, cells caimot replicate and cell cycle arrest is further confirmed. 

p53 can induce apoptosis by up-regulating key initiators in the apoptotic cell 

death pathway. p53 up-regulates the expression of death receptors, such as Fas (Owen-

Schaub et al., 1995). Fas receptors belong to the tumor necrosis factor (TNF) receptor 

family. Fas receptors have cysteine-rich extracellular domains and an intracellular death 

domain. When the Fas receptor binds to the Fas ligand, the receptor trimerizes and 

recruits adaptor protein, FADD. FADD contains death effector domains (DEDs) which 

recruit caspase-8. Caspase-8 is then activated and turns on downstream caspases 

initiating an apoptotic signal. p53 increases Fas levels transcriptionally and by 

transcription-independent mechanisms (Owen-Schuab et al., 1995). However, Fas is not 

required for p53-dependent apoptosis (Fuchs et al., 1997). 

p53 can also induce apoptosis by up-regulating bax and down-regulating bcl-2 

(Miyashita et al., 1994). Bax, a pro-apoptotic member of the bcl-2 family of proteins, 

induces the release of cytochrome c from the mitochondria resulting in an activation of 

downstream caspases and apoptosis. The expression of bax is up-regulated through a p53 

DNA-binding response element within the bax promoter (Miyashita and Reed, 1995). 
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Interestingly, bcl-2 can inhibit p53-induced apoptosis and inhibits the activation of p53 

target genes (Chiou et al., 1994; Wang et al., 1993). 

p53 has also been shown to induce genes that respond to oxidative stress, termed 

the p53-induced genes (PIGs) (Polyak et al., 1997). These PIGs produce reactive oxygen 

species causing an alteration in the mitochondrial membrane and a release of apoptotic 

regulators. The subunit of phosphatidyl-3-OH kinase (PI3K), termed p85, is up-regulated 

by p53 and may stimulate apoptosis induced by oxidative stress (Yin et al., 1998). p53 

also activates IGF-BP3, which binds to IGF-1, causing a block in survival signals 

(Buckbinder et al., 1995). p53 also down-regulates presenilin-1 (PSl), a member of a 

gene family involved in the inhibition of apoptosis. These are usually mutated in familial 

Alzheimer's disease (Roperch et al., 1998). The p53-target genes involved in apoptosis 

and cell cycle arrest are shown in Figure 4. 

p53 is very much involved in replication, transcription and repair, either by 

stimulation or repression. p53 modulates the activity of transcription factors by binding 

to TATA box-binding protein (TBP) and TBP factors, TAFII40 and TAFII60 (Chen et 

al., 1993; Farmer et al., 1996a, b). p53 can also bind to helicases hERCC2/XPD, 

hERCC3/XPB, and CSB, indicating its role in nucleotide excision repair (Wang et al., 

1995). p53 has also been shown to have 3'-to-5' exonuclease activity, provides a 

proofreading flmction (Huang, 1998), and stimulates the activity of topoisomerase I 

(Gobert et al., 1996). p53 regulates many cellular genes transcriptionally as both an 

activator and a repressor. Some genes that are transcriptionally regulated by p53 are 

listed in Table 7. 
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FIGURE 4. The p53-target genes and the effect on Rb cell cycle arrest. 
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TABLE 7. Genes transcriptionally regulated by p53. 

Activated Repressed 

bax bcl-2 

Fas c-myc 

cyclin G c-fos 

gadd45 EOF 

IGF-BP3 hsp70 

MCK IL-6 

nidm2 PCNA 

p21 TK 

throbospondin MDRl 

Source: Velculescu and El-Deiry, 1996 
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pS3 Mutations and its Role in Carcinogenesis 

p53 is one of the most frequently mutated genes in human tumors (Vogelstein, 

1990). p53 mutations in tumors may actually induce further tumorigenesis due to the 

lack of DNA repair, checkpoint control, or apoptosis. Most of the mutations occur in the 

DNA binding domain (Hainaut and Hollstein, 2000). These mutations in the DNA 

binding domain disrupt transcriptional activation which is extremely relevant to the 

normal function of p53. Most of the genetic alterations of p53 in tumors include allelic 

losses, missense and frameshift mutations, intragenic deletions, and epigenetic changes 

(Velculescu and El-Deiry, 1996). Hotspot mutations occur at residues 175, 248, 249, 

273, and 282, in which 273 and 282 directly contact DNA (Cho et al., 1994). The 

mutations that occur render the protein incapable of binding to DNA or activating gene 

transcription (Harris and Hollstein, 1993; Vogelstein and Kinzler, 1992). 

With Li-Fraumeni cancer syndrome, characterized by a familial predisposition for 

breast cancer, sarcomas, leukemias, brain, and adrenocortical tumors, half of the families 

carry one mutant p53 allele in somatic cells (Malkin et al., 1990). p53 mutations have 

been found in many cancers, but p53 mutation frequency is greater than 50% occur in 

lung and colon carcinomas (Velculescu and El-Deiry, 1996). p53 mutations are also 

common in esophageal (45%), ovarian (44%), pancreatic (44%), skin (44%), stomach 

(41%), head and neck (37%), bladder (34%), sarcoma (31%), prostate (30%), 

hepatocellular (29%), brain (25%), adrenal (23%), breast (22%), endometrial (22%), 

mesotheliomal (22%), renal (19%), thyroid (13%), melanoma (9%), and cervical cancers 

(7%) (Velculescu and El-Deiry, 1996). 
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p53 and Lung Cancer 

Lung tumors have been shown to have genetic abberations with the p53 gene, 

including point mutations, insertions, deletions, and loss of heterozygosity (Greenblatt et 

al., 1994). One study demonstrated that in patients with NSCLC who smoke, p53 

mutations occur in 28%, and overexpression of p53 protein occurred in 67% (Liloglon et 

al., 1997). In lung tumors, the p53 gene has been shown to be mutated and abnormally 

expressed in early and late clinical stages (Dosaka-Akita et al., 1994). These researchers 

also demonstrated that 45% of tumors from smokers have abnormal p53 expression, 

whereas tumors from non-smokers contain no abnormality in p53 expression (Dosaka-

Akita et al., 1994). Benzo(a)pyrene, a carcinogen in tobacco, induces G:C transversion to 

T:A in the p53 gene (Puisieux et al., 1991) and this is the most common abberation in the 

p53 gene in lung cancer (Hollstein et al., 1991). In all types of human lung cancer, the 

p53 gene is often mutated or inactivated, and decreased expression of p53 mRNA is often 

seen as compared to normal limg cells (Takahashi et al., 1989). In NUBEs, when codon 

249 of p53 is mutated, the cells have a growth advantage, enter a "crisis" stage, and 

develop aneuploidy (Coursen et al., 1997). 

p53 and Atherosclerosis 

It has been shown that wild-type p53 accumulates in human atherosclerotic tissue 

(lacopetta et al., 1995) and this increased p53 may mediate apoptosis in atherosclerotic 

tissue (Isner et al., 1995). In human athomatous plaques, p53 accumulation occurs as 

well as apoptosis, however, p53-mdm2 complexes form indicating a role in a negative 

feedback loop for p53 (Ihling et al., 1998). In coronary restenosis, an aggressive form of 
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atherosclerosis, there is an increased accumulation of p53 in the lesion (Speir et al., 

1994). It has also been shown that in mice with null p53, atherosclerosis risk was 

increased due to increased cell proliferation as opposed to p53-induced apoptosis (Guerva 

et al., 1999). In macrophages, major players in atheroclerosis, induced with oxidized 

LDL, there was enhanced expression of p53 and apoptosis, indicating that oxidative 

stress in these cells induces cell death in a p53-dependent pathway (Kinscherf et al., 

1998). In vascular smooth muscle cells (VSMC), another player in atherosclerosis, p53 

can regulate apoptosis (Bennett et al., 1995), and VSMCs from human plaques have an 

increased sensitivity to p53-mediated apoptosis (Bennett et al., 1997). 

p53 and Zinc 

It has been shown that the DNA binding domain of p53 contains a tightly bound 

zinc atom that is necessary for its binding activity (Pavletich et al., 1993). This domain 

contains a sandwich of two antiparaliel beta sheets that have four and five beta strands 

and a loop-sheet-helix motif that packs tightly against one end of the beta sandwich (Cho 

et al., 1994). At the end of the beta sandwich, there are two large loops that are joined by 

a tetrahedrally located zinc atom. There are three cysteines and one histidine that interact 

with the zinc atom in this tetrahedral configuration, although this coordination is not 

considered a zinc finger. One of the large loops and the loop-sheet-helix bind to DNA in 

the major groove (Cho et al., 1994). Thus, the zinc atom is imperative in the structure of 

p53 as well as its activity in DNA binding. 

When wild-type p53 is exposed to 1,10-phenanthroline (OP), a zinc chelator, the 

wild-type protein adopts a mutant conformation. When ZnCli is added back, the 
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conversion is shown to be reversible. Exposure to other chelating agents such as EDTA 

or EGTA altered the wild-type conformation of p53 in a dose-dependent manner as well. 

When an organic mercurial reagent, CMPS, that targets cysteine residues and displaces 

bound zinc ions on cysteinyl residues, was used, p53 wildtype was again converted to a 

mutant form (Hainaut and Milner, 1993). 

The cysteinyl residues in the p53 protein are critical for DNA binding. 

Modulation of wild-type p53 conformation can be altered by oxidation-reduction 

reactions and cysteines play a role in these reactions (Hainaut and Milner, 1993). When 

1,4-dithio-l-threitol (DTT), a reductant, is added to p53, it folds into its wild-type 

conformation and DNA binding increases (Hainaut et al., 1995), indicating that p53 

conformation and activity is highly influenced by the redox state. When cysteines were 

replaced with serines at 173, 235, or 239, DNA binding was reduced. These three 

cysteines have been shown to bind zinc (Cho et al., 1994). Cysteines are also important 

in forming 2dnc fingers necessary for DNA binding (Evans and Hollenberg, 1988). In 

another experiment. Rainwater et al. (1995) pretreated p53 with 1,10 OP, and there was a 

marked decrease in the ability for p53 to bind to DNA. These researchers also 

demonstrated that p53 isolated in Chelex-treated solutions could not bind DNA, but those 

in non-Chelex could bind DNA, due to the presence of zinc. 

Interestingly, Sun et al. (1997) examined the effects of 1,10 OP on p53 

downstream targets. They found that it induced p53 transactivation activity, DNA 

binding, and expression of p21 and mdm2. The chelator did not effect the expression of 

bax, gadd45 or PCNA. The effects of 1,10 OP on p53 activity were not due to increased 
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protein, but instead were due to its increased transcriptional activity. However, the 1,10 

OP did induce a high amount of apoptosis in murine tumor cells, and the increased 

activation of p53 may contribute to this induction in apoptosis. 

Another chelator, termed N,N,N',N'-tetrakis(2-pyridylmethyI)ethylenediamine 

(TPEN), has been shown to induce wild-type p53 to accumulate in its mutant form and 

decreased its DNA binding activity in MCF-7 cells (Verhaegh et al., 1998). Once TPEN 

was removed from the culture medium, p53 re-folded back into its wild-type 

conformation, increased DNA binding and increased p21 expression. These data suggest 

that zinc may play a role in p53 flmction. 

Apoptosis 

Apoptosis 
Apoptosis is the physiological process involved in the elimination of unwanted 

cells during normal biological processes and development. It has been termed 

"programmed cell death." In 1972, Kerr and colleagues described apoptosis, derived 

from the Greek word "falling off," as cellular suicide. Four steps sequentially induce 

apoptosis: 1) commitment to death by cellular triggers 2) activation of intracellular 

proteases, 3) engulfment of the cell fragments by other cells, and 4) degradation of the 

cellular fragments within lysosomes (Steller, 1995). Apoptosis, a physiological process 

of programmed cell death in which unwanted cells are eliminated, is not only an 

important part of development (Clarke, 1990) and normal biological homeostasis, but 

also contributes to such diseases as AIDS, auto-immune disease, neurodegenerative 
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disorders, ischemic strokes, cancer, atherosclerosis and malnutrition (Fraker and Telford, 

1997). 

With apoptosis, the cell shrinks, and the cytoplasm condenses, without altering 

the organelles (Wyllie, 1981). No lysis or inflammation occurs. Sequentially, zeiosis 

occurs in which the cellular plasma membrane becomes blebbed (Godman et al., 1975), 

and the chromatin clumps. Within the cell, synthesis of RNA and proteins decreases 

(MacDonald and Cidlowski, 1981), the nucleus shrinks and the chromatin condenses into 

crescents along the nuclear envelope. Once the chromatin condenses, the nucleus 

collapses and breaks into spheres, and the DNA fragments into a ladder-like pattern of 

180 to 200 basepair double-strand breaks between nucleosomes (Yuan and Horvitz, 

1990). The cell then fragments into apoptotic bodies, which are still enclosed and 

maintain their osmotic gradients and intracellular contents (Cohen, 1993). These bodies 

are then phagocytosed and disgested by neighboring cells and macrophages. 

Bcl-2 Family Involved in Apoptosis 

Apoptosis has many regulators within its cell death pathway, and the roles of 

these components are important in the investigation of apoptosis. Some of the most 

important regulators are the bcl-2 family of genes and the ICE family of cysteine 

proteases, called caspases. The first to be discovered in the bcl-2 family was bcl-2 (B-cell 

lymphoma/leukemia 2). Bcl-2 is associated with a chromosomal translocation in 

follicular lymphoma (Bakhshi et al., 1985) and contains evolutionary conservation due to 

its homology to a gene identified in Caenorhabditis elegans (C. elegans) known as ced-9 

(Hengartner and Horvitz, 1994). Bcl-2, along with other family members such as bcl-xL, 



71 

bcl-w, and mcl-l, function to inhibit apoptosis (Vaux et al., 1988; Boise et al., 1993) and 

promote cell survival. Those in the bcl-2 family that induce apoptosis include bax, bak, 

bcI-xS, bik, bid, and bad (Oltvai et al., 1993; Chittenden et al., 1995; Boise et al., 1993). 

The bcl-2 family of proteins is listed in Table 8. 

The family is mainly located in the cytoplasm but can be localized to cytosolic 

organelles such as the mitochondria, endoplasmic reticulum, and nuclear membrane with 

an apoptotic signal (Krajewki et al., 1993). All contain a hydrophobic C-terminal 

transmembrane sequence that targets the proteins to the mitochondria (Nguyen et al., 

1993). This transmembrane domain anchors the proteins specifically to the outer 

membrane of the mitochondria (Bomer et al., 1994). The family shares homology in four 

conserved domains, BHl, BH2, BH3, and BH4 (^cl-2 /lomology) (Farrow and Brown, 

1996), which are involved in heterodimer and homodimer formation, allowing the family 

members to interact with each other. Bcl-2 and Bcl-xL have all four domains, and 

domains BHl and BH2 in particular, are necessary for their dimerization with bax and 

suppression of apoptosis (Yin et al., 1994; Chittenden et al., 1995). The pro-apoptotic 

proteins bax, bak, and bok lack a recognizable BH4 domain, but do contain BHl, BH2 

and BH3. Other apoptotic stimulators bid, bad, and bik have only a BH3 domain. These 

BH3-containing proteins act as intracellular ligands for membrane bound bcl-2, bcl-xL, 

and bax (Sattler et al., 1997). After bcl-2 members bind to the BH3-contaimng ligands, 

these bcl-2 family members, such as bax or bcl-2, become active and functional. Bcl-2, a 



TABLE 8. Bcl-2 family of proteins. 

Bcl-2 Bax 

BcI-xL Bak 

Bcl-w Bok 

mcl-1 Bik 

A1 Blk 

NR-13 Hrk 

0RF16 Bid 

BHRFl Bad 
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239 amino acid protein, and bax, a 218 amino acid protein, can associate. When there is 

excess bax relative to bcl-2, cell death is promoted (Korsmeyer et al., 1993). In contrast, 

if BcI-2 is in excess to bax, cell survival prevails (Oltvai et al., 1993). The protein ratio 

of bcl-2 to bax determines the response to a death signal, and is often used as an indicator 

of apoptosis. With DNA damage, p53, the human tumor suppressor gene, induces cell 

cycle arrest and apoptosis. p53 has been shown to stimulate bax, thus inducing apoptosis, 

and can inhibit bcl-2 (Miyashita et al., 1994). This stimulation of bax is modulated at the 

transcriptional level by p53 because it contains four p53-binding sites (Miyashita and 

Reed, 1995). 

Caspase Family Involved in Apoptosis 

Researchers found a ced-3 gene in C. elegans that encodes a cysteine protease 

with homology to the mammalian interIeukin-l(3-converting enzyme (Yuan and Horvitz, 

1992). Since its discovery, this cysteine protease has been found in mammalian systems, 

and belongs to a larger family of cysteine proteases. This cysteine protease family has 

since been termed caspases in mammalian systems and more than fourteen caspases have 

been cloned. The caspases are synthesized as inactive precursors with four domains: the 

amino-terminus (pro-domain), a 20 kD large subunit, a 10 kD small subunit, and a linker 

region that is between the large and small subunits flanked by aspartate residues 

(Nicholson and Thomberry, 1997). For the caspase to become active, there is an absolute 

requirement for cleavage after aspartic acid residues between the large and small 

subunits. After cleavage, the large and small subunits assemble to form an active enzyme 

complex. The active enzyme is composed of two heterodimers that interact via two small 
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subunits to form a tetramer with two catalytic sites (Walker et al., 1994; Wilson et al., 

1994). Caspases can activate themselves and other procaspases to generate their active 

form for subsequent fxmctioning in a proteolytic amplification cascade. In addition to 

their ability to activate caspases, some caspases can cleave specific substrates involved in 

cell structure and integrity. 

The well-researched mammalian caspases fit into three families: ICE subfamily 

(caspases-1, -4, -5, and -11), CED-3/CPP32 subfamily (caspases-3, -6, -7, -8, -9 and -10), 

and ICH-1/Nedd2 (caspase-2). Caspase-1, also known as interleukin-1 P-converting 

enzyme, was the first caspase identified in mammals (Thomberry et al., 1992). However, 

caspase-1 along with the other members of the ICE subfamily, caspases-4, -5 and -11, are 

not involved in apoptosis and are instead involved in cytokine processing during 

inflammation (Kumar, 1999). In fact, disruption of caspases -I or -11 has no effect on 

apoptosis in vivo (Kuida et al., 1995; Li et al., 1995; Bergeson et al., 1998; Wang et al., 

1998). Of the caspases involved in apoptosis, there are two types; the upstream 

initiators, 2, 8, 9 and 10 and the downstream effectors, 3, 6, 7, 12 and 13. Initiator 

caspases have long pro-domains and contain structural proteins that contain specific 

domains, such as death effector domains (DED) or caspase-recruitment domains (CARD) 

(Boldin et al., 1996; Muzio et al., 1996; Hofinan et al., 1997). These domains allow the 

caspases to associate with regulatory molecules that aid in their activation. 

The caspases involved in cell death, including 2, 3, 6, 7, 8, 9, and 10, are specific 

to apoptotic cell death, not necrosis or lysis, and their cleavage is required for the 

execution of apoptosis (Nicholson and Thomberry, 1997; Kumar, 1999). The ablation of 



caspases-3, -8, or -9 has profound effects on apoptosis (Kuida et al., 1996; Woo et al., 

1998; Hakem et al., 1998; Varfolomeer et al., 1998), and their effects occur early in 

apoptosis. Caspase-8 is involved in apoptosis by associating with death receptors. 

Ligation of death receptors, such as Fas or tumor necrosis factor receptor-1 (TNFR-1) 

with their respective trimeric ligands, induces the recruitment of Fas-activated death 

domain (FADD) or TNFR-l associated death domain (TRADD) and procaspase-8 into a 

death-inducing signaling complex (DISC) (Medema et al., 1997). Caspase-8 can be 

recruited to the DISC by binding to the adaptor molecule FADD, which associates with 

the c>toplasmic death domain (DD) of Fas. (Boldin et al., 1996; Muzio et al., 1996). 

Procaspase-8 binds to FADD via DEDs (Boldin et al., 1996; Muzio et al., 1998). Once 

procaspase-8 is recruited to the activated-Fas receptor (Medema et al., 1997), it is 

activated by self-processing. This activation then activates downstream caspases that 

ultimately induce apoptosis. Caspase-8 also competes for binding to FADD with FADD-

like ICE inhibitory proteins (FLIPs). FLIPs are similar in sequence to procaspase-8 but 

lack catalytic residues. FLIPs contain a DED, that bind FADD, and inhibit apoptosis 

(Berlin et al., 1997; Thome et al., 1997). Caspase-10 also interacts with death receptors 

and is specifically activated by interacting with Fas and TNFR-1 (Vincenz and Dixit, 

1997). Caspase-2 also associates with receptor-interaction protein associated ICE-like 

death domain (RAIDD) as well as receptor interacting protein (RIP), a protein that 

interacts with TNFR-1 through the adaptor protein TRADD (Duan and Dixit, 1997). It 

has been shown that caspase-2 is critical in developmental processes requiring apoptosis 

(Kumar et al., 1992). Thus, caspases -2, -8 and -10, which contain a long pro-domain, can 
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be recruited through adaptors to become activated by interaction with death receptors. 

Once activated, they can activate downstream caspases, such as caspase-3. 

Caspases-3, -6, -7, and -9 lack a long pro-domain and are not activated by 

recruitment to death complexes. These caspases are cleaved by initiator caspases and are 

responsible for the cleavage of many proteins involved in structural alterations in the 

apoptotic cell (Nicholson and Thomberry, 1997; Cryns and Yuan, 1998). Once activated, 

these executioner caspases can act rapidly to amplify the death signal by activating other 

caspases. Caspase-9 was cloned by two groups (Srinivasula et al., 1996; Duan et al., 

1996) and has been shown to promote apoptosis when induced by dexamethasone, 

chemotherapeutic agents and gamma-irradiation, but not by death receptor stimuli (Kuida 

et al., 1998; Hakem et al., 1998). Procaspase-9 interacts with Apaf-1 because both 

contain a CARD domain (Li et al., 1997). After they bind, procaspase-9 is cleaved into 

its active 17 kDa and 10 kDa subunits at Asp-130 and Asp-330 (Duan et al., 1996). In 

mice deficient in the caspase-9 activator, Apaf-1, apoptosis does not occur and instead, 

developmental cell death occurs (Cecconi et al., 1998). Thus, the activation of caspase-9 

by Apaf-I is a major regulatory mechanism in the induction of apoptosis. After 

activation, caspase-9 can activate caspase-3 to promote apoptosis (Li et al., 1997). 

Caspase-3 was cloned by three separate research groups (Tewari et al., 1995; 

Femandes-Alnemri et al., 1994; Nicholson et al., 1995), and is a potent executioner of 

apoptosis. Caspase-3 is a 277 amino acid protein, and is widely distributed with high 

expression in cell lines of the lymphocytic origin. Caspase-3 is activated by the cleavage 

of the 32-kDa procaspase at Asp-28-Ser-29 and Asp-175-Ser-176 to generate an active 
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heterodimer of 17 kDa and 12 kDa subunits (Nicholson et al., 1995). Caspase-3 prefers a 

DXXD-like substrate and Asp residues are required at the PI and P4 sites (Lazebnik et 

al., 1994). Caspase-3 can cleave p21, an important regulator in cell repair. p21 is an 

inhibitor of cyclin-dependent kinases, and allows cells to arrest at the G1 phase of the cell 

cycle in response to damage. Once caspase-3 cleaves p21, cell cycle arrest does not 

occur, and cells undergo apoptosis as opposed to repair (Zhang et al., 1999). Caspase-3 

also cleaves DNA repair proteins such as Ul-70 kDa (involved in splicing of RNA) and 

DNA-PKcs (involved in DNA double-strand break repair), as well as protein kinase C 

(cleaved to its active form during apoptosis), Rb (cell cycle regulator protein), and 

SREBP-1 and -2 (sterol regulatory element binding proteins). 

Poly (ADP-ribose) polymerase (PARP) is an enzyme involved in genome 

surveillance and DNA repair (Satoh and Linddahl, 1992), and is a target of caspase-3 

cleavage during apoptosis (Tewari et al., 1995; Lazebnik et al., 1994). The cleavage of 

PARP by caspase-3 results in the separation of two zinc finger DNA-binding motifs (24 

kDa) from the C-terminal catalytic domain (89 kDa) (Nicholson et al., 1995). This 

cleavage renders PARP inactive, so that instead of DNA being repaired, the DNA is 

susceptible to fragmentation by specific enzymes. One such enzyme, caspase-activated 

DNase (CAD), is a 40 kDa endonuclease that cleaves chromatin at the boundaries 

between nucleosomes resulting in 200 basepair fragments. CAD normally remains bound 

to its inhibitor, ICAD, in the cytoplasm however once ICAD is cleaved and degraded by 

caspase-3 (Enari et al., 1998; Liu et al., 1997), CAD enters the nucleus and acts on 

chromatin (Enari et al., 1998). ICAD not only acts as an inhibitor, but also acts as a 
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chaperone to ensure proper folding of the CAD molecule (Enari et al., 1998; Liu et al., 

1998; Sakahira et zil., 1998; Sakahira et al., 1999). Caspase-3 cleaves ICAD at two sites: 

Asp-117 at the N-terminus and Asp-224 at the C-terminus, which is necessary and 

sufficient for CAD activation (Sakahira et al., 1998). 

Caspases can also cleave proteins resulting in cell surface alterations and 

cytoskeletal reorganization. For example, during apoptosis, caspase-6 can cleave nuclear 

lamins (Lazebnik et al., 1995). Nuclear lamina is a rigid structure that supports the 

nuclear membrane and organizes chromatin. Lamins are filament proteins that form the 

lamina. Once the lamins are cleaved by caspase-6, the lamina collapses and contributes 

to chromatin condensation in apoptosis. Caspase-6 can also cleave caspase-3 for the final 

execution of apoptosis. Furthermore, caspases cleave actin and actin-regulatory proteins 

(Mashima et al., 1997; Brocksted et al., 1998), which are involved in cell structure. 

Caspases also cleave bcl-2 and bcl-xL (Cheng et al., 1997; Clem et al., 1998) and the 

resulting fragments can further induce a positive feedback signal that enhances the 

apoptotic process. 

Although caspases have a strong effect on apoptosis, there are caspase inhibitors. 

Cowpox virus cytokine response modifier (CrmA) is a potent inhibitor of caspase-8 

(Nicholson and Thomberry, 1997; Cryns and Yuan, 1998), however, baculovirus p35 

protein is a broader inhibitor of caspases (Bump et al., 1995). In addition, apoptosis 

regulator with CARD (ARC) associates with and inhibits several initiator caspases 

(Koseki et al., 1998) such as caspase-9. Execution caspases also have inhibitors. 
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Inhibitors of apoptosis (lAPs) are a family of caspase inhibitors that repress apoptosis and 

inhibit caspases-3 and -7 (Dereraux et al., 1997; Roy et al., 1997). 

Bax-regulated Apoptosome Pathway of Apoptosis 

During apoptosis, a disruption of the electron transport chain, as well as altered 

oxidative phosphorylation and ATP production occurs in the mitochondria. The 

disruption in the electron transport chain occurs at the cytochrome b-cl/cytochrome c 

step (Scaife, 1966) and causes a release of cytochrome c into the cytosol (Liu et al., 

1996). The electrochemical gradient across the inner mitochondrial membrane breaks 

down, resulting in an uncoupling of oxidative phosphorylation. Proteins are released that 

trigger activation of caspase family proteases and alter cellular redox potential. Also, 

there is a generation of superoxide free radicals, a dumping of matrix-associated calcium 

into the cytosol, and a decrease in ATP production (Bossy-Wetzel et al., 1998). 

Overexpression of bcl-2 prevents the loss of the electrochemical gradient, the release of 

cytochrome c and the activation of caspases, whereas bax induces these changes (Yang et 

al., 1997; Zamzami et al., 1996; Nicolli et al., 1996). 

With a death stimulus, bax moves from the cytosol to the mitochondrial integral 

membrane as a homodimer. This dimerization of bax results in mitochondrial dysftmction 

(Gross et al., 1998) and apoptosis. This homodimer can also cause altered transmembrane 

potential and ROS production. Interestingly, the bcl-2 family is related to the pore-

forming domains of bacterial toxins, such as diptheria and cholicins, which form charmels 

in biomembranes for the transport of proteins and ions (Muchmore et al., 1996). Bax 

may mediate caspase-independent death by forming pores that promote the dissipation of 
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the mitochondrial electrochemical gradient and may cause puncturing of the 

mitochondrial outer membrane (Green and Reed, 1998; Narita et al., 1998) allowing 

cytochrome c to be released (Jurgenmeier et al., 1998). 

Once cytochrome c is released from these pores within the mitochondria, it forms 

a complex with Apaf-1 and procaspase-9 along with dATP, resulting in further caspase 

activation and cell death. This complex is called the "apoptosome" (Li et al., 1997). 

Apaf-I is a 130-kDa protein with three domains (Zou et al, 1997). The NH2 terminal 

region of Apaf-1 has a highly conserved CARD that binds to caspases having similar 

CARDs at their amino terminus (Hofinann et al., 1997; Zou et ai., 1997), such as caspase-

9. Cytochrome c is a required co-factor for Apaf-1 fimction (Liu et al., 1996; Zou et al. 

1997). In the presence of dATP, cytochrome c first binds to Apaf-1 (Liu et al., 1996; Zou 

et al., 1997) and then Apaf-1 interacts with procaspase-9 through the shared CARD 

domain which activates caspase-9 by proteolytic cleavage (Li et al., 1997). This active 

caspase-9 then cleaves and activates caspase-3. The dATP may induce a conformational 

change in the Apaf-1/cytochrome c complex that exposes the CARD domain of Apaf-1, 

allowing procaspase-9 to bind (Li et al., 1997). In cells depleted of ATP, cells undergo 

necrosis instead of apoptosis in response to apoptotic stimuli, but restored ATP levels 

promote apoptosis (Leist et al., 1997). Cytochrome c can bind to Apaf-1 in the absence 

of dATP (Zou et al., 1997), but will not bind to procaspase-9 unless dATP is present (Li 

et al., 1997). Cytochrome c also activates caspases -2, -3, -6, -7, -8 and —10 in the 

presence of active caspase-9 indicating that caspase-9 is required for all of these 

downstream caspase activation events (Slee et al., 1999). 
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Apoptosis and Zinc 

Zinc may have an influence in apoptosis and may be involved in some of the 

mechanisms and mediators of apoptosis. Several past studies have examined the effects 

of zinc deficiency on apoptosis in vivo and in vitro. In 1977, Elmes reported an increased 

amount of apoptotic bodies in the small intestinal crypt cells of zinc-deficient rats as 

compared to controls (Elmes, 1977). In another study, embryos from pregnant rats fed a 

zinc-deficient diet exhibited apoptotic death, as opposed to necrotic death (Rogers et al., 

1995). In addition, esophageal epithelium isolated fi-om zinc-deficient rats treated with a 

tumorigenic agent, NMBA, exhibited increased apoptosis as well as increased bax protein 

levels (Fong et al., 1998). In vitro studies have shown that human chronic-lymphocytic-

leukemia lymphocytes, rat splenocytes, rat thymocytes, mouse neuroblastoma cells 

(Neuro-2A), mouse cortical cultures, and normal human kidney cells (NK-72), treated 

with NNN'N'-tetrakis-(2-pyridylmethyl)ethylenediamine (TPEN), a membrane 

permeable zinc chelator, caused DNA fi"agmentation and increased apoptosis (Zalewski 

et al., 1993; Sakabe et al., 1998; Ahn et al., 1998; Kolenko et al., 1999). Other studies 

induced zinc deficiency using other methods besides zinc chelation to measure the effects 

of zinc status on apoptosis. In cardiac monocytes, diethyldithiocarbamic acid (DDC), an 

inhibitor of cytosolic zinc and copper, increased apoptosis and bax mRNA expression 

(Siwik et al., 1999). The increased bax gene expression suggests that this early inducer of 

apoptosis may be mediated by dietary zinc status. Moreover, in human lymphoid (Raji) 

and myeloid (HL-60) cells maintained in zinc-deficient media, apoptosis and DNA 

fragmentation were found to be increased as compared to controls (Martin et al., 1991). 
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Interestingly, increased apoptosis in the thymus of zinc-deficient rodents, as well as 

human thymocytes, and bone marrow cells, was due to increased glucocorticoids. This 

increase in glucocorticoids may have been induced by a zinc-deficient associated stress 

response (Fraker and Telford, 1997; Garvy et al., 1993; Telford et al., 1991). Overall, 

with zinc deficiency, both in vivo and in vitro, apoptotic cell death increased. 

Opposite effects on ap>optosis have been observed with zinc supplementation. In 

peripheral blood lymphocytes treated with hydrogen peroxide, and TPEN, DNA 

fragmentation and apoptosis occurred. With the replenishment of 10 |j.M zinc, DNA 

fragmentation was abolished and cells were rescued from death (Marini and Musiani, 

1998). When chronic lymphatic leukemia cells were treated with an apoptotic-inducer, 

colchicine, followed by 25 (aM zinc treatment, apoptosis was inhibited (Zalewski et al., 

1991), as was with rat thymocytes when treated with dexamethasone followed by 5 mM 

zinc (Barbieri et al., 1992). Treatment of human promyelocytic leukemia cells (HL-60) 

with etoposide, a chemotherapeutic agent, caused DNA fragmentation, but with the 

addition of 1 mM of zinc, DNA fragmentation was inhibited (Shimizu et al., 1990). Zinc 

supplementation has also shown to inhibit apoptosis in anterior and stromal keratinocytes 

in rabbits (Kuo et al., 1997) and neurons of the hippocampus in gerbils (Matsushita et al., 

1996). 

Much of the zinc and apoptosis work has been done in immune cells due to their 

responsiveness to altered zinc concentrations. Thymocytes treated with gamma-

irradiation followed by zinc treatment, inhibited radiation-induced apoptosis (Mathieu et 

al., 1996). In thymocyte cultures of young mice, high levels of zinc (75 to 600 ^M) 
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inhibited apoptosis, however, lower concentrations of zinc (7.5 to 15 jiM) induced 

apoptosis (Provinciali et al., 1995). In addition, DNA fragmentation and apoptosis 

induced in macrophages and T-blast spleen cells by mycotoxin spuridesmin, was 

inhibited by 1 mM zinc (Waring et al., 1990). 

The Ca- and Mg-dependent endonucleases that fragment DNA are also a target of 

zinc. In isolated thymic nuclei, 50 of zinc inhibited apoptosis, due to its inhibitory 

effect on endonucleases (Cohen and Duke, 1984). This inhibitory effect on the calcium-

dependent endonuclease was also demonstrated in isolated nuclei from the thymus gland 

(50 mM of zinc), (Lohmann and Beyersmann, 1993) as well as in isolated bovine liver 

nuclei (10 mM of zinc) (Lohmann and Beyersmann, 1994). Some of the zinc 

concentrations used in these studies were higher than attainable zinc levels in humans, 

and are considered pharmacologic. However, other studies have used zinc concentrations 

that are attainable in humans by oral supplementation. 

Other studies demonstrated the effects of zinc on some of the key regulators of 

apoptosis. In human premonocytic U937 cells treated with hydrogen peroxide, the 

addition of 1 mM zinc inhibited DNA fragmentation, apoptosis, decreased bax levels 

(causing an increase in the bcl-2/bax ratio), and inhibited caspase-3 activation 

(Fukamachi et al., 1998). This study indicated that zinc may play a direct role in the 

inhibition of bax-regulated apoptosis. Caspase-3, a major apoptotic executioner, is also 

greatly influenced by zinc. In HL-60 cells treated with geranylgeraniol (GGO), an 

apoptotic inducer, followed by zinc treatment, DNA fragmentation, caspase-3 cleavage, 

and caspase-3 activity were decreased, as well as cleavage of caspase-3 specifically by 
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caspase-9 (Aiuchi et al., 1998). Thus zinc status not only influences the activity and 

cleavage of caspase-3, but also may play a role in the activity and cleavage of caspase-9, 

an upstream activator of caspase-3. Molt4 leukemia cells treated with an etoposide, a 

chemotherapeutic agent, followed by zinc treatment, also inhibited caspase-3 activity and 

activation, and inhibited PARP proteolysis by caspase-3 (Perry et al., 1997). When HL-

60 cells were exposed to staurosporine, an apoptotic inducer, DNA fragmentation 

occurred. Once zinc was added to the induced cells, DNA fragmentation was completely 

inhibited and PARP cleavage was decreased (Wolf and Eastman, 1999). Similarly, in 

Jurkats cells treated with staurosporine and zinc, inhibition of DNA fragmentation and 

PARP cleavage occured (Wolf and Eastman, 1999). The addition of zinc to recombinant 

caspases-3, -6, -7 and -8 demonstrated that caspases were sensitive to increasing zinc 

concentrations with caspase-6 being the most sensitive (Stermicke and Salvesen, 1997). 

Moreover, in chicken DU246 cell extract, zinc inhibited the recombinant caspase-6 

cleavage of lamin A (Takahashi et al., 1996). 

The studies of zinc and apoptosis have demonstrated the effects of both zinc 

deficiency and zinc supplementation on apoptosis. However, the studies involving the 

regulators of the apoptotic cell death pathway consist mainly of zinc-supplementation 

studies. These studies usually involve very high concentrations of zinc, which may not 

be representative of physiological levels in humans. Furthermore, very few, if any, of the 

studies have examined the influence of zinc deficiency on these regulators of apoptosis. 
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Apoptosis and Atherosclerosis 

Regulation of endothelial cell death and survival plays a role in the development 

of atherosclerosis and angiogenesis (Cho et al., 1995). The endothelial cells are where 

the atherosclerotic lesion develops, and these lesions are characterized by a rapid and 

disruptive turnover of cells. This turnover is in part due to apoptosis. Accelerated 

apoptosis increases endothelial cell turnover, which alters the fimction and stability of the 

endothelium and further promotes atherosclerotic lesions (Hennig et al., 1999). 

Apoptotic endothelial cells have been detected on the luminal surface of atherosclerotic 

coronary vessels (Alvarez et al., 1997). These apoptotic endothelial cells have an 

increased expression of phosphatidylserine (Bombeli et al., 1997), an early indicator of 

apoptosis. Another study found a large number of apoptotic endothelial cells in coronary 

artery disease as well (Dong et al., 1996). Apoptosis has also been shown to be involved 

in early aortic intimal thickening during atherosclerosis (Bochaton-Piallat et al., 1995) as 

well as in advanced atherosclerotic plaques of the neointima (Cai et al., 1997; Kockx, 

1999). The apoptosis found in these plaques may reduce the neointimal response to 

injury, contribute to vascular wound regression, and increase the disruption of plaques. 

Apoptosis that occurs in endothelial cells may also compromise endothelial integrity and 

decreasing protective barrier functions (Karsan and Harlan, 1996). 

Endothelial cells are exposed to many cell-destablizing agents, such as lipids, 

inflammatory cytokines, and oxidants. Oxidized low-density lipoproteins (OxLDL) 

induce apoptosis in cultured endothelial cells (Sata and Walsh, 1998) and have been 

shown to induce the release of cytochrome c from mitochondria during endothelial cell 



apoptosis (Waiter et al., 1998). In endothelial cell apoptosis, increased cytochrome c 

release, and increased movement of bax from the cytosol to mitochondria enhance 

activation of multiple caspases, including 2, 3, 6, 7, 8 and 9 (Granville et al., 1999). Fatty 

streaks, which occur early in atherosclerotic development, contained increased bax and 

caspase-3 levels (Kockx et al., 1998), indicating high levels of apoptosis potential. 

Apoptosis has been detected in other diseases of the heart besides being found in 

atherosclerotic tissue. This indicates that with heart stress, apoptosis is induced. Patients 

with end-stage heart failure exhibited increased DNA fragmentation in myocytes, 

indicating that the apoptosis may worsen the effects of end-stage heart disease (Narula et 

al., 1996). These researchers also found increased cytochrome c release from the 

mitochondria and increased processing of caspase-3 (Narula et al., 1996), due to impaired 

mitochondrial permeability barrier ftmction. With arrhythmogenic right ventricular 

dysfunction, ventricular cardiomyopathy can lead to arrhythmias and sudden death. 

Individuals with right ventricular dysfimction had increased apoptosis and caspase-3 

activity in their cardiomyocytes (Mallat et al., 1996). Bax elevation in cardiomyocytes 

has been associated with heart failure as well (Fortuno et al., 1998). Researchers also 

examined apoptosis in the normal and diseased myocardium and found a high amount of 

apoptosis in the diseased myocardium (Olivetti et al., 1997). The increased levels of 

apoptosis found in these studies show a relationship between cell death and diseased 

heart. In addition, the balance between cell replication within a plaque and the death of 

endothelial cells along with repair in atherosclerosis is partly mediated by apoptosis. A 

thorough understanding of the nature of this apoptosis in atherosclerosis remains unclear. 
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CHAPTER THREE: 

Expression of the p53 tumor suppressor gene is upregulated by depletion of 

intracellular zinc in HepG2 cells 

ABSTRACT 

Expression and activation of the p53 tumor suppressor protein is modulated by 

various cellular stimuli. The objective of this work was to examine the influence of zinc 

depletion on the expression of p53 in HepG2 cells. A low-zinc (ZD) media, containing 

Chelex-lOO-treated serum, was used to deplete cellular zinc over one passage. Cellular 

zinc levels of ZD cells were reduced to 64% of their controls in the Chelex studies. p53 

mRNA abundance was more than 100% higher in ZD Chelex cells as compared to their 

respective controls. However, nuclear p53 protein and DNA binding activity were not 

different among treatment groups. These data suggest that expression of the p53 gene, a 

critical component in the maintenance of genomic stability, may be affected by 

reductions in cellular zinc in HepG2 cells. 

INTRODUCTION 

p53 protein, a tumor suppressor gene product, is one of the most well-studied 

molecules in recent cancer research because more than half of all known human 

malignancies involve p53 mutations (Hollstein et al. 1991, Greenblatt et al. 1994). p53 

has been called the "guardian of the genome" (Lane 1992) because of its ability to cause 

ceil cycle arrest in response to certain types of DNA damage, thereby allowing DNA 
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repair to occur prior to cell cycle progression (Kastan et al. 1991). Furthermore, 

following DNA damage in some cell types, p53 can trigger genetically-altered cells to be 

eliminated by inducing apoptosis (Lowe et al. 1993). In addition to its DNA-damage 

response, p53 is also involved in responding to abnormal or stress conditions such as 

hypoxia (Graeber et al 1994), oxidative stress (Yin et al. 1998), the presence of genotoxic 

chemicals (Sun et al. 1995), and depletion of ribonucleotides (Linke at al. 1996). 

Therefore, normal p53 expression and function is crucial in order to prevent the 

propagation of genetically damaged cells and also to reduce proliferation of cells under 

stress conditions. 

p53 is a 393-amino acid transcription factor that binds its consensus DNA 

sequence through high-affinity interactions to control the transcription of several sets of 

genes. Some of the genes regulated by p53 include regulators of apoptosis, such as bax, 

and also inhibitors of cell cycle progression such as p21 and gadd45. p53 can also 

transactivate genes involved in the metabolism of reactive oxygen species (Yin et al. 

1998). In addition to its transactivation properties, p53 can also repress a number of 

positive regulators of cell growth or survival, such c-fos, c-jun and bcl-2 (reviewed in 

Donehower and Bradley, 1993). 

The earliest report to show that suboptimal zinc and apoptosis may be linked was 

published in 1977 by Elmes who found significantly increased numbers of apoptotic 

bodies in the small intestine of zinc-deficient rats (Elmes 1977). Subsequently, several 

investigators have used zinc-depleted culture medium or zinc-chelators to show that low 

cellular zinc induced apoptosis in several different cell lines (reviewed in Fraker and 
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Telford 1996). These data led to speculation that a labile pool of intracellular zinc might 

influence the propensity of cells to undergo apoptosis; however, the mechanism(s) 

responsible for the induction of apoptosis by zinc deficiency remains unclear. 

Because of the prevalence of marginal zinc deficiency in certain subpopulations 

of the U.S. (Sandstead, 1995), the following study was designed to investigate how 

compromised cellular zinc status affects the expression of the p53 tumor suppressor gene 

in HepG2 cells. We have utilized a method of culturing cells in low-zinc media to 

deplete cellular zinc. This method does not expose cells to a chelating compound, and 

we think this method more closely resembles physiologic conditions. We also have 

considered the findings of numerous other investigators as well as extensive efforts in our 

own laboratory (Wu et al., 1998) in selecting this model. Our model does not result in 

impaired cell growth or changes in morphology.. Therefore, our system may reflect a 

state of marginal zinc deficiency. 

In the present studies, we have examined the effects of zinc depletion on p53 

mRNA abundance and nuclear p53 protein levels. Using the human hepatoblastoma 

HepG2 cell line, that express moderate levels of wild-type p53, we show that zinc 

depletion increases p53 mRNA abundance. We propose, from our results, that the 

expression of p53 may be responsive to cellular zinc status under certain conditions. 

MATERIALS AND METHODS 

Cell culture and treatment The human hepatoblastoma cell line, HepG2, was 

purchased from the American Type Culture Collection (Rockville, MD). Cell culture 
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reagents were purchased from Life Technologies, Inc (Grand Island, NY). Cells were 

maintained in Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine 

serum (FBS), and antibiotics (100 U/mL penicillin, and 100 mg/L streptomycin). 

Medium was replaced every two days and approximately 6.5 d of culture constituted one 

passage. At the end of passage 80, nearly confluent cells were subcultured at a ratio of 

1:8 for the initiation of experimental treatments. 

Zinc was depleted from the media using a divalent ion chelating resin with a high 

affinity for zinc. Chelex 100 resin (BioRad, Richmond, CA) was used to deplete zinc 

from FBS before the FBS was combined with DMEM. The resin was mixed with FBS at 

a ratio of 1:4 and shaken for 2 hrs at 4°C as described previously (Flynn and Yen 1981, 

Messer et al. 1982). Chelex resin was separated from FBS by centrifugation followed by 

filtration through a 0.4 jxm filter for sterilization and removal of residual Chelex resin. 

The amount of zinc in treated sera was not above the background level of detection by 

flame atomic absorption spectrophotometry. Therefore, DMEM with 10% FBS treated 

with chelex was termed zinc-free basal treatment media. Cells cultured in the zinc-free 

basal media had slower growth when compared to cells grown in regular medium. 

Studies in our lab were performed with increasing amounts of media zinc in order to 

establish the optimal growth conditions for HepG2 cells (Wu et al. 1999). From these 

studies, it was determined that the zinc-free basal medium supplemented with 0.4 |amol/L 

ZnS04 was suitable to deplete cellular zinc without affecting overall growth. Thus, this 

concentration was used as the zinc-depleted medium (ZD). The zinc-normal (ZN) media 

contained 4.0 jamol/L ZnS04 added to the zinc-free basal media, and the zinc-adequate 
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group (ZA) contained 16 jamol/L ZnS04 added to the zinc-free basal media. The ZN 

media was used as a comparison to standard culture media, and ZA was used as a 

representative of human plasma zinc levels. Cells were grown for 6.5 d (one passage) in 

their respective treatment media and then harvested. 

Determination of cellular DNA and zinc levels. Cells and media were collected from 

each tissue culture plate and then centrifuged at 500 x g for 5 min at 4°C. Cell pellets 

were then washed twice with phosphate-buffered saline (PBS), resuspended in 1.5 mL 

PBS and sonicated. An aliquot of the sonicated cells was used to measure cellular zinc 

content by flame atomic absorption spectrophotometry (Hitachi) as previously described 

(Wu et al. 1999). The zinc concentration of the cells was determined based on standard 

curves generated with certified zinc reference solutions (Fisher Scientific, Fair Lawn, 

NJ). In addition, the certified zinc solutions were compared to bovine Liver Standard 

Reference (U.S. Department of Commerce, National Institute of Standards, Gaithersburg, 

MD). Appropriate blanks were employed for all measurements. An aliquot of the 

sonicated cells was also used to measure cellular DNA content by the method of 

Williams et al. (1986). Cellular zinc was expressed per microgram of DNA because a 

linear relationship between cellular DNA and cell numbers was previously established. 

HepG2 nuclear extracts. Nuclear extracts were prepared as previously described by 

Schreiber et al. (1989) with slight modifications. Cells were harvested with trypsin-

EDTA and 1 mL ice-cold Tris-buffered saline (TBS) was added to each flask to collect 

the cells. Cells were centrifiiged at 1500 x g for 5 min at 4°C. Pelleted cells were then 

washed with 10 mL ice-cold TBS, shaken vigorously for 30 sec and spun as described 



above followed by an additional wash. TBS was removed and the cell pellet was 

resuspended in 5 mL ice-cold buffer A (10 mmol/L HEPES pH 7.9, 10 mmol/L KCl, 0.1 

mmol/L EDTA, 0.1 mmol/L EGTA, 1 mmol/L DTT) with freshly added DTT and 

protease inhibitors (0.5 mmol/L PMSF, 0.5 mg/L leupeptin, 1 mg/L pepstatin A, 1 

mmol/L benzamidine-HCl) and mixed gently by pipetting. Cells were allowed to swell 

by incubating on ice for 15 min, afterwhich 312 ^L of 10% NP-40 solution were added 

for each 5 mL of buffer A and tubes were vortexed vigorously for 20 sec. Samples were 

transferred to 1.5 mL microfuge tubes and spun at 16,000 x g for 50 sec at 4°C. The 

supernatant fraction composed of cytoplasm and RNA was discarded and the nuclear 

pellet was resuspended in ice-cold buffer C (20 mmol/L HEPES pH 7.9, 0.4 mol/L NaCl, 

1 mmol/L EDTA, 1 mmol/L DTT, 1 mmol/L PMSF, 0.5 mg/L leupeptin, 1 mg/L 

pepstatin A, 1 mmol/L benzamidine-HCl) by vigorously shaking at 4°C for 15 min on a 

shaking platform. Nuclear extract was centifiiged at 16,000 x g for 15 min at 4°C and the 

supernatant fraction was frozen in aliquots at -80°C. Protein concentrations were 

determined by the method of Lowry (1951). 

Western blot analysis. Nuclear extract (20 ng) was combined with an equal volume of 

sample loading buffer (20% glycerol, 10% 2-mercaptoethanol, 5% SDS, 200 mmol/L 

Tris-HCl pH 6.7, 0.01% bromophenol blue), boiled for 3 min, and then subjected to 7.5% 

SDS-polyacrylamide electrophoresis. Following electrophoresis, gels were briefly 

equilibrated in transfer buffer (20% methanol, 192 mmol/L glycine, 25 mmol/L Tris-

aminomethane, 0.05% SDS) before transfer onto nitrocellullose membranes. Transfer 
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was performed at 30 V overnight at 4°C. Equal loading of samples was verified by 

staining a duplicate gel with Coomassie Brilliant Blue R-250 and scanning with a laser 

densitometer to compare optical density units between lanes. After blocldng (5% non-fat, 

dried milk, 10 mmol/L Tris-HCl pH 8.0, 150 mmol/L NaCl, 0.05% Tween 20) for at least 

I h, blots were washed twice in TBST (10 mmol/L Tris-HCl pH 8.0, 150 mmol/L NaCl, 

0.05% Tween 20) for 10 min each. Blots were then incubated with mouse anti-p53 

antibody (Clone Pab421; Oncogene Research Products, Cambridge, MA) diluted to 1 

mg/L in TBST 0.5% non-fat dried milk at room temperature for 1 h followed by two 10 

min washes in TBST. Incubation with horseradish peroxidase-conjugated goat anti-

mouse immunoglobulin G (Santa Cruz Biotechnology, Santa Cruz, CA), diluted to 0.1 

mg/L in TBST, was for 30 min followed by a 10 min wash in TBST and two 10 min 

washes in TBS (no Tween 20). Autoradiography was performed utilizing enhanced 

chemiluminescence (ECL) according to the manufacturer's instructions (Amersham, 

Arlington Heights, IL). p53 bands were verified by running p53-GST fusion protein 

(Oncogene Research Products) on a lane in each gel. Blots were also stained with Amido 

black and photographed to document equivalent protein loading. Laser densitometry 

(Molecular Dynamics, Suimyvale, CA) was used to quantify p53 bands after establishing 

linearity curves. 

p53 Gel Shift Assays. Gel shift assay conditions performed were similar to those 

described by Maiyar et al. (1996). The oligonucleotide 5'-

TGAGAGCAAACGCAAAAGCTTTCTTCCT-3', which corresponds to nucleotides — 

335 to -308 of the p53 promoter was annealed to its complementary oligo in TES buffer 
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(10 mmol/L Tris-HCl pH 7.8, 1 mmol/L EDTA, 100 mmol/L NaCI) in a heat block at 

94°C, 67°C, 37°C, 25°C, 4°C for 4 min at each temperature. Double-stranded oligos 

were end-labeled using T4 polynucleotide kinase in a 10 fxL reaction containing 7 [iL [y-

^"P]dATP (6000 Ci/mmol; Amersham, Piscataway, NJ), 1 jiL double-stranded oligo (10 

pmole), 1 ^L lOx kinase buffer (Promega, Madison, WI) and 1 ^iL (10 U/(iL) T4 

polynucleotide kinase (Promega). After a 10 min incubation at room temperature, 

unincorporated [y- P]dATP was removed by using a G-25 Sephadex column. The DNA 

binding reactions were a total volume of 20 (iL. Reactions contained 10 (ig nuclear 

extract proteins, 0.5 ng of labeled oligo probe, 500 ng poly (dIdC) and 7 of 2x binding 

buffer (20% glycerol, 20 mmol/L Hepes pH 7.9, 50 mmol/L KCl, 6.25 mmol/L MgC12, 

0.5% NP-40, 0.2 mmol/L EDTA, 4 mmol/L spermidine). DNA binding reactions were 

incubated at 4°C for 20 min followed by the addition of 1 jiL loading buffer (60% 

sucrose, 0.24% bromophenol blue in Ix binding buffer). Competition experiments were 

performed with up to 100-fold molar excesses of unlabeled oligo. The p53 consensus 

oligo 5'-GGACATGCCCGGGCATGTCC-3' (Maiyar et al., 1996) was also used as a 

competitor. Excess unlabeled oligo was added to the binding reaction prior to the 

addition of labeled probe. Supershifts were performed by adding mouse anti-p53 

antibody (Clone PAb421; Oncogene Research Products) to the DNA binding reactions. 

Antibodies (100 ng) were added to the binding reaction for a 60 min incubation prior to 

the addition of labeled probe. Protein-DNA complexes were electrophoresed on a 4% 

native polyacrylamide gel in 0.25 x TAE running buffer (40 mmol/L Tris acetate, 1 
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mmol/L EDTA pH 7.4) containing 0.05% NP-40. Electrophoresis was at 180 V at 4°C 

for about 2 hours after pre-running gels for 2 h for equilibration. Gels were dried and the 

protein-DNA complexes were visualized by autoradiography. 

RNase protection assays. Total cellular RNA was isolated from cells using a RNaqueous 

kit (Ambion, Inc., Austin, TX) according to the manufacturer's instructions and the 

integrity of each sample was checked by electrophoresis. The abundance of p53, MT-II, 

and cyclophilin mRNA were measured by RNase Protection Assays (RPA). The p53 

human probe antisense template was purchased from Ambion, Inc. The template 

consisted of a 300 bp cDNA fragment of the human p53 tumor suppressor gene, spamiing 

exons 2, 3 and 4. The human cyclophilin probe (Ambion, Inc.), which protects a 103 nt 

fragment in length, was used as an internal reference for normalization. To provide 

another representative for cellular zinc status and a positive control for zinc-regulated 

gene expression, metallothionein (MT)-II mRNA abundance was measured. The human 

MT-II antisense template was prepared by RT-PCR, as previously described (Sullivan 

and Cousins 1997, Wu et al. 1998). A pair of human MT primers, MT5 and MT3, 

corresponding to 5' and 3' regions of the human MT-II cDNA (Sullivan and Cousins 

1997) were synthesized. RT-PCR products were cloned into pGEM-T PCR cloning 

vector (Promega). Plasmid DNA was isolated from a correct clone, which contained a 

MT-II cDNA fragment in the antisense orientation with respect to T7 promoter. A pair of 

primers (puc/M13F and Rev-T), which correspond to upstream/downstream vector 

sequences, were used to prepare the final cDNA template for MT-II RPA probe synthesis 

in a PCR reaction. The resulting fragment was 354 nt in length and the PCR product was 
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used to synthesize labeled probe. The RNA probe transcribed from the T7 promoter was 

288 nt in length, which contained 201 nt of human MT-II antisense sequence. All RNA 

probes for p53, MT-II, cyclophilin and RNA century size markers (Ambion, Inc.) were 

synthesized using MAXIscript in vitro transcription system kit (Ambion, Inc.) with T7 

RNA polymerase. These probes were labeled at predetermined specific activities, by 

changing the ratio of a-P^"-UTP to cold UTP in the labeling reaction, to provide roughly 

comparable band intensities in the final RPA gel. 

RPA were done using the RPA-II Kit (Ambion, Inc.). Forty (ig of HepG2 RNA 

were combined with a molar excess of labeled RNA probe. The RNA and labeled 

antisense probes were co-precipitated with ammonium acetate and ethanol and then 

resuspended in hybridization buffer at 43.5°C for 10 h. RNase cocktail was then added 

and samples were incubated at 37°C for 30 min. The RNase digestion was then stopped 

by adding inactivation/precipitation buffer and samples were precipitated at -80°C. 

Protected fragments were separated by PAGE on 6% acryiamide/8M urea gels. Controls 

for the digestion step were included in which yeast RNA replaced HepG2 RNA. No 

protected bands appeared in these lanes indicating that the digestions were complete. 

Conversely, controls were also included in which reactions were prepared as the other 

samples but were not digested with RNase. Without digestion, only full-length probes 

were observed. RPA gels were dried and exposed to film. Band intensities of protected 

signals were quantified by a laser densitometer (Molecular Dynamics). The relative 



97 

mRNA abundance in each sample was expressed as the arbitrary units of the p53 or MT-

II band per arbitrary unit of cyclophilin in the same RPA reaction. 

p53 Flow Cytometry Apoptosis Analysis. To detect cells in the early stages of apoptosis, 

flow cytometry was used as described by Casciola-Rosen et al., (1996). During harvest, 

both adherent and floating cells were collected from 100mm plates. Adherent cells were 

removed with exposure to trypsin-EDTA briefly and rinsed with PBS. Cells were then 

collected in conical tubes, centrifuged at 500 x g for 5 min at 4°C, and cell pellets were 

washed two times with ice-cold PBS and counted using a hemocytometer. The Annexin-

V-FITC kit (Pharmingen, San Diego, CA) was used to examine apoptosis. Resuspension 

of 1 X 10^ cells in 100 fiL binding buffer [0.1 mol/L Hepes (pH 7.4), 1.4 mol/L NaCl, 

and 25 mmoI/L CaCh] was performed followed by an incubation with 5 jiL FITC-

conjugated annexin V dye for 15 min at room temperature in the dark. Cells were 

washed with 300 jiL Ix binding buffer and stained with 16 faL of 50 mg/L propidium 

iodide (PI), a DNA binding dye. Flow cytometry was performed on the cell suspension 

using a FACScan flow cytometer (Becton Dickinson, Mountain View, CA) to detect 

early stages of apoptosis. The sorter was equipped with a single 488nm laser to excite 

stained cells. Human Jurkat cells treated with 0.25 mg/L anti-human Fas (clone CHI 1, 

Upstate Biotech) for 16 h was used as a control. Purified recombinant Annexin V (5 |xg) 

was used as a negative control because of its ability to block annexin-V FITC binding 

sites. Controls consisted of unstained cells, cells stained only with annexin-V-FITC, and 

cells stained only with PI. Data was expressed as a percentage of either annexin-V 
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positive only, PI positive only, or double positives of total cells sampled, to determine the 

percentage of apoptosis. 

Statistics. The data were analyzed using 1-way ANOVA, and the means were further 

analyzed by Duncan's new multiple range test (Jaccard and Becker 1990). Values are 

means ± SEM and differences were considered significant at a level of P < 0.05. 

RESULTS 

Zn-dejicient medium depleted cellular zinc. HepG2 cells were cultured for nearly one 

passage in the zinc-reduced media. Cellular zinc levels were expressed per cellular DNA 

to correct for any differences in cell numbers between plates. Growth was not affected 

by the medium zinc concentration since no significant differences in DNA were observed 

among treatment groups (data not shown). However, culture in the zinc-depleted media 

resulted in significant reductions in cellular zinc. This depletion of cellular zinc, without 

affecting growth, may mimic the common marginal zinc-deficient states in the U.S. 

population. Cellular zinc was reduced to 64%, as compared to their zinc-normal controls 

(Fig. 5). Cells cultured in medium containing 16 |iM zinc (ZA) had significantly higher 

cellular zinc than both ZN and ZD cells (Fig. 5). Because Chelex can reportedly bind 

copper under certain conditions, we also analyzed cellular copper level but found no 

differences among groups (ZN, 100 + 5.8%; ZD, 88.9 + 11.1%; ZA, 77.8 + 2.8%) (Fig. 

6). 

Effects of treatment on p53 and MT-H mRNA abundance. p53 mRNA abundance was 

higher in the ZD cells. ZD cells exhibited more than 100% higher levels of p53 mRNA 
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as compared to their ZN controls (Fig. 7). The use of the ZA medium tended to lower the 

p53 mRNA abundance although the differences between the ZA and ZN cells (74 + 25% 

vs. 100 + 5%, respectively), were not significant (Fig. 7). Nevertheless, the p53 mRNA 

abundance was significantly different between the ZA and ZD cells (74 + 25% vs. 216 + 

47%). The mRNA abundance of the zinc-responsive MT-II is also shown. MT-II mRNA 

levels were drastically lower in the ZD cells than those found in 2^ cells (Fig. 8). In 

addition, MT-II was also sensitive to increasing levels of cellular zinc as MT-II mRNA 

was more than 100% higher in ZA cells than 2^ cells (Fig. 8). 

Nuclear p53 protein levels and DNA binding activity was not altered by cellular zinc 

levels. Western blot analysis of nuclear extracts was used to quantify nuclear p53 protein 

levels in each of the studies. No significant differences were detected in nuclear p53 

protein among the treatment groups (ZN, 100 + 16%; ZD, 95 + 10%; ZA, 107 + 19%) 

(Fig. 9). Furthermore, gel shift assays of nuclear extract were also performed to quantitate 

p53 DNA binding activity. No significant differences were found among treatment 

groups (ZN, 100 + 7.2%; ZD, 100.6 + 13.6%; ZA, 65.1 + 12.5%) (Fig. 10). 

Effects of cellular zinc on Apoptosis in HepG2 cells. Apoptosis was measured in 

Chelex-treated HepG2 cells using flow cytometry. Annexin positive cells are an 

indication of cells undergoing early stages of apoptosis, whereas the PI positive cells 

indicate a death from necrosis. In ZD cells, from the total population of cells sampled, 

annexin positive cells were 10.4 ± 1.6%. The ZN annexin positive cells( 15.43 ± 5.85%) 

and ZA annexin positive cells (12.25 ± 2.84%) were not significantly different from the 

ZD group. However, the ZA cells had much fewer propidium iodide positive cells (10.80 
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± 1.48%) as compared to ZD (18.9 ± 0.89%) or ZN cells (17.31 ± 2.69%). This 

indicates that the ZA group, normal levels of zinc in human plasma, was protective and 

fewer cells died from necrosis more so than the ZN cells (Table 9). 
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FIGURE 5. Relative cellular zinc levek in zinc-normal (ZN), zinc-deficient (ZD) and zinc-

adequate (ZA) HepG2 cells. Cells were cultured for one passage in media containing Chelex-

treated serum with zinc added as a supplement. Cellular zinc was measured by atomic absorption 

spectrophotometry and DNA by the diphenylamine method. Cellular zinc levels were expressed 

as a percentage of ZN. Cellular zinc concentration in ZN cells was 1.57 ng Zn/fxg DNA. Values 

are means ± SEM from 6 (ZN and ZD) and 5 (ZA group) experiments. Different letters indicate 

different means, P < 0.05. 
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FIGURE 6. Relative cellular copper levels in zinc-normal (ZN), zinc-deficient (ZD) and 

zinc-adequate (ZA) HepG2 cells. Cells were cultured for one passage in media containing 

Chelex-treated serum with zinc added as a supplement. Cellular copper was measured by atomic 

absorption spectrophotometry and DNA by the diphenylamine method. Cellular zinc levels were 

expressed as a percentage of ZN. Values are means ± SEM from 3 experiments. 



103 

300 

U 
« O 

s = 
VS O 

"2 " 200 ss z. 
S 

sn CQ 

a 

S l 
•1̂  
in "5 
a. ^ 

«*5 V) 
Oi 

.S 100 

ZN ZD ZA 

0 

FIGURE 7. Relative p53 mRNA abundance in zinc-normal (ZN)« zinc-deficient (ZD) and 

zinc-adequate (ZA) HepG2 cells. Cells were cultured for one passage in media containing 

Chelex-treated serum with zinc added as a supplement. RNase protection products were 

separated on 6% acrylamide, 8 mol/L urea gels and quantitated by laser densitometry. 

Cyclophilin was used as an internal control and values were expressed as a percentage of ZN 

control. Representative samples of the pS3 protected fragment from each treatment group are 

shown in the inset. Values are means ± SEM from 3 experiments. Different letters indicate 

different means, P < 0.05. 



104 

300 

200 -

a 

a ri 

€ ® 

5 ^ 0 

ZN ZD ZA 

J~, I 
S &: 

FIGURE 8. Relative MT-II mRNA abundance in zinc-normal (ZN), zinc-deficient (ZD) and 

zinc-adequate (ZA) HepG2 cells. Cells were cultured for one passage in media containing 

Chelex-treated serum with zinc added as a supplement. RNase protection products were 

separated on 6% acrylamide, 8 mol/L urea gels and quantitated by laser densitometry. 

Cyclophilin was used as an internal control and values were expressed as a percentage of ZN 

control. Representative samples of the MT-II protected fragment from each treatment group are 

shown in the inset. Values are means ± SEM from 3 experiments. Different letters indicate 

different means, P < 0.05. 
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FIGURE 9. Relative nuclear pS3 protein levels in zinc-normal (ZN), zinc-deficient (ZD) 

and zinc-adequate (ZA) HepG2 cells. Cells were cultured for one passage in media containing 

Chelex-treated serum with zinc added as a supplement. Nuclear protein extracts were separated 

on 7.5% polyacrylamide-SDS gels, transferred onto nitrocellulose membranes and incubated with 

anti-p53 antibody. Autoradiography was performed using enhanced chemiluminescence and 

quantitated by laser densitometry. Values were expressed as a percentage of ZN control. 

Representative samples from each treatment group are shown in the inset. C, control using p53 

GST fusion protein. Values are means ±.SEM from 3 experiments. 
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FIGURE 10. Relative p53 DNA binding activity in zinc-normal (ZN), zinc-deficient (ZD) 

and zinc-adequate (ZA) HepG2 cells. Cells were cultured for one passage in media containing 

Chelex-treated serum with zinc added as a supplement. All reactions contained 20 )j.g nuclear 

extract that was incubated with a end-labeled oligo containing the p53 consensus binding 

sequence. Reaction products were electrophoresed on 4% polyacrylamide and quantitated by 

laser densitometry. Values were expressed as a percentage of ZN control. Representative samples 

from each treatment group are shown in the inset. P, protein/probe complex; FP, free probe. 

Values are means ± SEM from 3 ex|)eriments. 
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TABLE 9. Influence of zinc status on apoptosis in zinc-deficient (ZD), zinc-normal 

(ZN) and zinc-adequate (ZA) HepG2 cells. 

Live cells' Annexin cells' PI cells' 

Zinc deficient (ZD) (%) 38.66 ± 5.06% a 

Zinc-normal (ZN) (%) 52.92 ± 6.45% ab 

Zinc-adequate (ZA) (%) 70.03 ± 1.89% b 

10.40 ± 1.11% 18.90 ± 0.62% c 

15.43 ± 4.06% 17.31 ± 1.87% a 

12.25 ± 1.97% 10.80 ± 1.03% b 

'Values represent means ± SEM from 2 experiments with different letters indicating 

different means, P < 0.05. 



DISCUSSION 

In this study, we have used a method to deplete cellular zinc from HepG2 cells. 

This strategy was able to induce significant reductions in cellular zinc within one 

passage. Chelex 100 is a divalent ion chelating resin that has been used extensively in 

biological research for numerous applications (Flynn and Yen, 1981; Messer et al., 1982; 

Prasad et al., 1996). To avoid exposing cells directly to the chelating resin, FBS was 

incubated with Chelex and then removed by filter sterilization before FBS was used for 

the cell culture medium. This provided an effective, yet non-invasive technique to 

control medium zinc concentrations since serum is the major source of zinc in most 

culture medium. A separate experiment demonstrated that HepG2 cells cultured in ZN 

treatment medium (medium containing Chelexed FBS and ZnS04 added as a supplement) 

for three consecutive passages did not appear to be morphologically distinct from control 

cells cultured in normal medium (data not shown). Even though Chelex has a high 

affinity for zinc it has also been reported to sequester divalent metals under certain 

conditions (Prasad et al., 1986). Because of the divalent properties of copper and the 

interrelationships of copper and zinc we also measured intracellular copper levels in each 

group. No significant differences in cellular copper existed. Although we acknowledge 

that other divalent ions besides zinc may be affected by Chelex, levels of the ions would 

be the same for all groups. Therefore, we believe our findings are due to differences in 

cellular zinc status. 

As an additional marker of cellular zinc status, we also measured MT-II mRNA 

abundance. The regulation of the MT genes by 2dnc has been well-documented and is 
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mediated by metal responsive elements (MREs) located within their promoters (Hamer, 

1986). Indeed we found MT-II mRNA abundance was related to cellular zinc levels as 

ZN MT-II was higher than ZD cells and ZA MT-II mRNA abundance was significantly 

higher than ZN. 

HepG2 cells have been used extensively as a model to study p53 because of 

several key attributes that make them distinct from many other hepatic cell lines. Of 

seven hepatic cell lines recently examined, the hepatoblastoma-derived HepG2 cells were 

the only cell line in which the p53 gene and its expression appeared to be unaltered 

(Bressac et al. 1990). Other reports have indeed confirmed that HepG2 cells express a 

wild-type p53 protein (Hsu et al. 1993) that can be activated to elicit normal p53 fimction 

(Muller et al. 1977). Because of these characteristics and our ability to deplete cellular 

zinc from HepG2 cells, we believe this model could provide important information as to 

how a nutrient such as zinc may affect the expression of p53. 

In the current study, reductions in cellular zinc were associated with an increase in 

cellular p53 mRNA abundance. Culturing cells in ZA media did not significantly affect 

p53 mRNA abundance even though MT-II mRNA was elevated by the increase in zinc. 

Relative differences in cellular zinc from controls were comparable for the ZA and ZD 

cells (137 and 64%, respectively) in the study, however the regulation of p53 mRNA may 

be more sensitive to decreases in cellular zinc than to increases in cellular zinc. This is 

supported by findings that moderatly high and very high levels of zinc are required to 

modulate apoptosis (Fraker and Telford, 1996). However, because p53 is a stress-

response factor, one or more ceil stresses, sucn as oxidative stress or DNA damage, may 



have been imposed by the level of zinc depletion in our studies. The effects of this 

depletion may have upregulated p53 gene expression. 

Although data showed that p53 mRNA was higher in zinc-depleted cells, the 

mechanism responsible for these changes remains to be determined. Several 

investigators have reported that zinc deficiency is capable of inducing cellular oxidative 

stress depending on the severity of the deficiency and the model or cell line being used 

(reviewed by Bray and Bettger 1990). One factor that we suspect may be involved in the 

observed changes for p53 expression is the well-described factor NF-KB. Because NF-

KB is sensitive to cellular reactive oxygen species (reviewed by Schreck et al., 1992), and 

has been shown to bind to and regulate p53 promoter activity (Wu and Lozano 1994), it 

would seem to be a likely candidate as a regulatory factor in these conditions. 

Transfection experiments using p53 promoter sequences need to be performed under 

these zinc-deficient conditions to identify regulatory factors and elements affected by 

zinc status. 

With the increased propidium iodide-stained cells in both ZD and ZN cells, as 

compared to ZA cells, the increased p53 mRNA in ZD may indicate a stress response in 

these cells. More ZA cells were viable, with fewer dying cells. The ZA treatment most 

closely resembles the serum zinc levels found in humans. This zinc level may serve to 

protect against cell stress and death, whereas a zinc-deficient state in humans may render 

cells more susceptible to membrane damage and ultimately cell death, whether it be 

necrosis or apoptosis. 
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The finding that there was no significant difference in p53 protein or DNA 

binding activity between ZN and ZD cells was interesting and somewhat surprising. 

Indeed, the increase in p53 mRNA was less dramatic in Chelex ZD cells as compared to 

past studies using other zinc-depleted systems such as Opti-MEM (data not shown) and 

this smaller change in mRNA may be at least partly responsible for there being no change 

in p53 protein level. A distinct posttranscriptional regulatory mechanism, one that is less 

sensitive to zinc deprivation, may also be involved in controlling nuclear p53 protein 

levels. 

Cellular zinc is thought to exist either in stable, fixed pools or in more dynamic, 

labile pools. Many researchers believe that these labile pools regulate important cellular 

processes, including gene expression, and are influenced by zinc supplementation or 

deprivation. Many studies have used 2dnc chelators to show that zinc is critical for 

normal p53 function (Verhaegh et al. 1998, Hainaut and Milner 1993). At this point 

however, it is difficult to determine if these labile pools of zinc may be affected 

differently depending on whether a cell permeable chelator or a strategy such as the one 

utilized for these studies is used to deplete cellular zinc. Obviously, integrating findings 

from studies using membrane-permeable chelators with our present findings is difficult 

and each strategy has distinct advantages. However, we believe our strategy may better 

reflect suboptimal tissue or plasma zinc levels that may occur in marginal to moderate 

zinc deficiency. To the best of our knowledge this is the first reported use of a non-

chelator strategy (which did not involve the culture of cells with chelators) to examine 

how depletion of cellular zinc affects p53 gene expression. 
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In the present study, we examined the effects of zinc depletion on p53 mRNA 

abundance, p53 protein levels, p53 DNA binding activity, and apoptosis. We believe 

these initial studies have resulted in some interesting findings and that subsequent work 

may allow us to elucidate regulatory mechanism(s) of how compromised cellular zinc 

levels affect the expression and function of p53. Zinc may reduce the ability of p53 to 

protect cells from carcinogenic compounds or conditions such as radiation. Based on this 

study, it appears that zinc depletion alters normal p53 expression and work from other 

labs indicate that zinc is crucial to maintain wild-type p53 conformation. Therefore, 

compromised cellular zinc status may possibly enhance an organism's susceptibility to 

cancer by attentuating the activity of p53 tumor suppressor gene. 
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CHAPTER FOUR: 

Expression of p53 tumor suppressor gene, gadd4S, c-fos and activity of caspase-3 

are affected by cellular zinc status in human bronchial epithelial cells 

ABSTRACT 

Normal p53 tumor suppressor gene expression and function, as well as downstream 

targets of p53, are crucial for genomic stability and the prevention of carcinogenesis. 

This study was designed to examine the influence of zinc depletion and supplementation 

on the expression of p53 gene, target genes of p53, and caspase-3 activity in normal 

human bronchial epithelial cells (NHBEs). A serum-free low zinc media containing 0.4 

(imoI/L of zinc, was used to deplete cellular zinc over one passage. In addition, cells 

were cultured for one passage in media containing 4.0 jamol/L of zinc (ZN) which 

represents normal culture concentrations (Clonetics), 16 (imol/L of zinc (ZA) which 

represents normal human plasma zinc levels, or 32 fimol/L of zinc, which represents the 

high end of plasma zinc levels attainable by oral supplementation in humans. As 

compared to ZN cells, cellular zinc levels were 76% lower in ZD cells but 3.5-fold and 6-

fold higher in ZA and ZS cells, respectively. Abundances of p53 mRNA and nuclear p53 

protein were elevated in treatment groups as compared to controls (2^^. For p53 mRNA 

abundance, the highest increase (3-fold) was observed in ZD cells. In contrast, the 

highest increase (17-fold) in p53 nuclear protein levels were detected in ZS cells. 

Moreover, gadd45 mRNA abundance was moderately elevated in ZD and ZA cells, and 

was not altered in ZS cells as compared to ZN cells. Furthermore, the only alteration in 
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c-fos mRNA and caspase-3 activity was the 2-fold increase and the 25% reduction, 

respectively, detected in ZS as compared to 2^ cells. These results suggest that genes 

involved in cell cycle checkpoints, apoptosis, and cell proliferation, including p53 tumor 

suppressor gene, p53 target genes, and caspase-3, are modulated by both reduction and 

supplementation of cellular zinc in NHBEs. 

INTRODUCTION 

The p53 tumor suppressor gene has been termed the guardian of the genome 

(Lane, 1992) because of its importance in the regulation of cell proliferation, DNA repair, 

and cell death, and in the prevention of genomic alterations (Kastan et al., 1991; Lowe et 

al., 1993). p53 is a 393 amino acid transcription factor that regulates many downstream 

genes involved in DNA repair, cell cycle arrest, and apoptosis. p53 binds to the promoter 

region of p21, a cyclin-dependent kinase inhibitor (El-Diery et al., 1993; Xiong et al., 

1993) that is able to arrest cells in the G1 phase of the cell cycle. This arrest allows time 

for cells to repair DNA damage induced by cytotoxic stresses. p53 up-regulates growth 

arrest DNA damage protein (gadd45), which binds to proliferating cell nuclear antigen 

(PCNA) and inhibits DNA synthesis (Smith et al., 1994), allowing for DNA repair. p53 

can also induce apoptosis by up-regulating bax (Miyashita and Reed, 1995), an apoptotic 

potentiating factor, and down-regulating bcl-2, an anti-apoptotic protein. p53 has also 

been shown to repress regulators of cell proliferation, such as c-fos and c-jun (reviewed 

in Donehower and Bradley, 1993; Liu et al., 1999), both of which are early response 

nuclear oncogenes. 
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p53 is mutated in over 50% of human cancers (Greenblatt et al., 1994; Hollstein et 

al., 1991) and many of these mutations occur in the DNA binding domain of the p53 

protein. The DNA binding domain consists of a loop-sheet-helix structure and two beta-

sheets containing two loops. These loops are connected by a zinc atom bound to cysteine 

and histidine amino acids (Cho et al., 1994). This zinc atom is important in stabilizing 

DNA binding activity of p53 (Pavletich et al., 1993). When wild-type p53 is exposed to 

membrane permeable zinc chelators or a divalent cation resin, the wild-type protein 

adopts a mutant conformation and exhibits a decreased ability to bind DNA (Hainaut et 

al., 1993; Rainwater et al., 1995; Verhaugh et al., 1998). Furthermore, in zinc-depleted 

HepG2 cells, p53 mRNA and p53 nuclear protein were increased (Reaves et al. 2000) 

indicating that zinc influences the expression of p53. 

One of the main flmctions of p53 is to induce apoptosis. Zinc has been shown to 

influence apoptosis both in vivo and in vitro, and can modulate the activity of apoptotic 

regulators in the cell death pathway (as reviewed by Chai et al., 1999; Fraker and Telford, 

1996). Zinc supplementation has been shown to inhibit caspase-3 activitj', a major 

executioner of apoptosis, as well as other caspases (Perry et al., 1997; Stennicke and 

Salvesen, 1997; Fukamachi et al, 1998). Zinc has also been shown to increase the bcl-

2/bax ratio in U937 cells pretreated with hydrogen peroxide. This increased ratio is 

indicative of enhanced cell survival (Fukamachi et al., 1998). Overall, zinc plays a role 

as a cytoprotectant by stimulating cell proliferation and inhibiting apoptosis, and 

ultimately, acts as a regulator of mitosis and cell death in monitoring tissue growth (Chai 

et al., 1999). Marginal or subclinical zinc deficiency in certain segments of the U.S. 
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population have been shown to occur (Sandstead, 1973; Hambidge et al., 1985), and 

these alterations in a dietary factor, such as zinc, may have an impact on p53 fimction and 

expression, as well as overall cell growth and protection. 

The objective of this work was to examine the effects of cellular zinc status on the 

expression of p53 and p53-related genes. Our data suggest that cellular zinc levels in 

normal human bronchial epithelial cells are readily influenced and that p53 expression 

may be sensitive to these alterations in zinc. Optimal cellular zinc concentrations in the 

bronchial epithelial cells may be crucial in order for p53 to perform its protective role in 

maintaining genomic stability. 

MATERIALS AND METHODS 

Cell Culture and Treatment Media. The normal human epithelial bronchial cell line, 

NHBEs, was purchased from Clonetics (San Diego, CA) and was used as a representative 

of human lung epithelial cell behavior in response to different levels of zinc. All reagents 

used in cell culture were obtained from Clonetics and Life-Technologies Inc. (Grand 

Island, NY). NHBE cells with retinoic acid were maintained in Clonetics' recommended 

Bronchial Epithelial Growth Media (BEGM) which included supplements of 13 g/L 

bovine pituitary extract (BPE), 0.5 g/L hydrocortisone, 0.5 mg/L human recombinant 

epidermal growth factor (hEGF), 0.5 g/L epinephrine, 10 g/L transferrin, 5 g/L insulin, 

0.1 mg/L retinoic acid, 6.5 mg/L triiodothyronine, and 50 g/L gentamicin and 50 mg/L 

amphotericin-B (Clonetics). Media were replaced every other day. Cells reached 
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confluency in approximately 9 to 9.5 d, and nearly confluent cells were subcultured using 

trypsin-EDTA at a ratio of 1:8 at passage 3 for experimental treatment. 

A idnc-free BEGM baseline media in which Clonetics omitted the addition of 

ZnS04, was used as the zinc-depleted media. This media consisted of Bronchial 

Epithelial Basal Media (BEBM) with the added growth components, and contained 

residual amounts of zinc (0.4 (amol/L), as detected by flame atomic absorption 

spectrophotometry. The zinc-free basal medium of 0.4 ^mol/L ZnS04 was suitable 

without affecting overall growth in NHBEs, and was used as the zinc-depleted medium 

(ZD). For the other three treatment groups, zinc was added to the media in the form of 

ZnS04 so that the only difference between these media was the zinc concentration. For 

zinc-normal (2^ media, 4.0 jimol/L ZnS04 was added to the zinc-free basal media, the 

zinc-adequate media (ZA) contained 16 |amol/L ZnS04, and the zinc-supplemented 

media (ZS) contained 32 |amol/L ZnS04. The ZN media was used as a comparison to 

standard culture media and was used as the control group for experiments. The ZA 

treatment was used as a representative of human plasma zinc levels, and the ZS group 

was used to represent plasma zinc levels attainable by oral supplementation in humans. 

After NHBE cells were subcultured into one of the four assigned groups, the cells were 

cultured overnight in ZN media before changing to their respective media. Cells were 

then grown in ZD, ZN, ZA, or ZS for 9 d (one passage). The cells were harvested for 

cellular zinc and DNA content, total cellular RNA isolation, nuclear protein extraction, 

and cell lysate isolation. 



Cellular zinc and DNA content determination. Both cells and media were collected by 

scraping from lOOmm tissue culture plates. Cell suspensions were then centrifuged at 

500 X g for 5 min at 4°C, and cell pellets were washed twice with phosphate-buffered 

saline (PBS). Cells were resuspended into 1.5 mL PBS and sonicated for two 30 sec 

intervals. An aliquot of the sonicated cell suspension was used to measure cellular zinc 

content by flame atomic absorption spectrophotometry (Hitachi, San Jose, CA) as 

previously described (Wu et al., 1999). Zinc standard solutions (Fisher) ranging from 

0.05 ppm to 1.0 ppm were used to generate a linear standard curve. The zinc content of 

the cells was determined based on these zinc reference solutions. In addition, the 

certified zinc solutions were compared to bovine Liver Standard Reference (U.S. 

Department of Commerce, National Institute of Standards, Gaithersburg, MD). 

Appropriate blanks were employed for all measurements. From the same sample, a small 

aliquot of the sonicated cell suspension was used to measure cellular DNA content using 

diphenylamine (Williams et al., 1986). Data were expressed as cellular zinc per 

microgram of DNA because a linear relationship between cellular DNA and cell number 

was previously established (Williams et al., 1986). 

RNase protection assays. Total cellular RNA was isolated from NHBEs using the 

RNAqueous Kit (Ambion, Austin, TX), according to manufacturer's instructions and the 

integrity of the RNA was verified by electrophoresis. The mRNA abundance of human 

apoptotic genes including p53, gadd45, p21, c-fos, bax, bcl-x, bcl-2, and mcl-1 were 

measured by RNase Protection Assay (RPA) using a human-stress 1 multi-probe 

(Pharmingen, San Diego, CA). The human L32 and GAPDH probes were also included 
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in the multi-probe and were used as internal references for normalization. Labeled 

riboprobes were synthesized using In Vitro Transcription system kit with T7 RNA 

polymerase (Pharmingen), and [a-^^P]UTP (3000 Ci/mmol; NEN, Boston, MA). 

RPA were performed using the Pharmingen RPA Kit. Each sample contained 5 

}4.g total RNA from NHBE cells, and 2.9 x 10^ cpm/(j.L of the multi-probe. The RNA and 

labeled probe were co-precipitated with ammonium acetate and ethanol and then 

resuspended in hybridization buffer at 56°C for 13 h. The RNase digestions, were 

performed at 30°C for 45 min, followed by inactivation using a proteinase K cocktail, 

and subsequent precipitation. Protected fragments were separated by PAGE using 

Quickpoint nucleic acid polyacrylamide mini-gel (Novex, San Diego, CA). In controls 

without digestion, only fiill-length probes were observed. No protected bands appeared 

in controls in which yeast RNA replaced NHBE RNA indicating that digestions were 

complete. RPA gels were dried and exposed to film. Band intensities of protected 

signals were quantified by a laser densitometer (Molecular Dynamics). The relative 

mRNA abundance in each sample was expressed as the arbitrary units of the apoptotic 

gene bands per arbitrary unit of L32 in the same RPA reaction. 

NHBE nuclear extracts. Nuclear extracts were prepared as previously described by 

Schreiber et al. (1989) with slight modifications as detailed by Reaves et al. (2000). Cells 

were harvested with trypsin-EDTA and 1 mL ice-cold Tris-buffered saline (TBS) was 

added to each flask to collect the cells. Cells were centrifiiged at 1500 x g for 5 min at 

4°C. Pelleted cells were then washed with 10 mL ice-cold TBS and shaken vigorously 

for 30 sec and spun as described above followed by an additional wash. TBS was 
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removed and the cell pellet was resuspended in 5 mL ice-cold buffer A (10 mmoI/L 

HEPES pH 7.9, 10 mmol/L KCl, 0.1 mmol/L EDTA, 0.1 mmol/L EGTA, 1 mmol/L 

DTT) with freshly added DTT and protease inhibitors (0.5 mmol/L PMSF, 0.5 mg/L 

leupeptin, 1 mg/L pepstatin A, 1 mmol/L benzamidine-HCl) and mixed gently by 

pipetting. Cells were allowed to swell by incubating on ice for 15 min, afterwhich 312 

|iL of 10% NP-40 solution were added for each 5 mL of buffer A and tubes were 

vortexed vigorously for 20 sec. Samples were transferred to 1.5 mL microflige tubes and 

spun at 16,000 x g for 50 sec at 4°C. The supernatant fraction, composed of cytoplasm 

and RNA, was discarded and the nuclear pellet was resuspended in ice-cold buffer C (20 

mmoI/L HEPES pH 7.9, 0.4 mol/L NaCl, 1 mmol/L EDTA, 1 mmol/L DTT, 1 mmol/L 

PMSF, 0.5 mg/L leupeptin, 1 mg/L pepstatin A, 1 mmol/L benzamidine-HCl) by 

vigorously shaking at 4°C for 15 min on a shaking platform. Nuclear extract was 

centifiiged at 16,000 x g for 15 min at 4°C and the supernatant fraction was frozen in 

aliquots at -80°C. Protein concentrations were determined by the method of Lowry 

(1951). 

Western blot analysis. Western blots were performed as previuosly described by 

Gadvois and Lehnert (1997) with slight modifications. Nuclear extract (10 fig) was 

combined with an equal volume of sample loading buffer (20% glycerol, 10% 2-

mercaptoethanol, 5% SDS, 2(X) mmol/L Tris-HCl pH 6.7, 0.01% bromophenol blue), 

boiled for 3 min, and then subjected to 10% SDS-polyacrylamide electrophoresis 

(BioRad, Hercules, CA). Following electrophoresis, gels were briefly equilibrated in 

transfer buffer (20% methanol, 192 mmol/L glycine, 25 nmiol/L Tris-aminomethane, 
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0.05% SDS) before transfer onto nitrocellullose membranes. Transfer was performed at 

30V overnight at 4°C. Equal loading of samples was verified by staining a duplicate 

gel with Coomassie Brilliant Blue R-250 and scanning with a laser densitometer to 

compare optical density units between lanes. After blocking (5% dried non-fat milk, 10 

mmol/L Tris-HCI pH 8.0, 150 mmol/L NaCl, 0.05% Tween 20) for at least 1 h, blots 

were then incubated with anti-p53 antibody DO-1 (Santa Cruz Biotech, Santa Cruz, 

CA) diluted to 0.2 |ig/mL in TBST with 5.0% non-fat dried milk at 4°C overnight 

followed by four 10 min washes in TBST. Incubation with horseradish peroxidase-

conjugated goat anti-mouse immunoglobulin G (Santa Cruz Biotechnology), diluted to 

0.25 mg/L in TBST with 5% non-fat dried milk, was for 1 h followed by four 10 min 

washes in TBST. Autoradiography was performed utilizing enhanced 

chemiluminescence (ECL) according to the manufacturer's instructions (Amersham, 

Arlington Heights, IL). p53 bands were verified by running human p53-GST fusion 

protein (Oncogene Research Products, Cambridge, MA) on a lane in each gel. Blots 

were also stained with Amido black and photographed to document equivalent protein 

loading. Laser densitometry (Molecular Dynamics, Sunnyvale, CA) was used to 

quantify p53 bands after establishing linearity curves. 

Caspase-3 Activity Assay in Zn-treated NHBEs. Caspase-3 activity was measured with 

the ApoAlert™ CPP32 Colorimetric Assay Kit (Clontech Laboratories, Palo Alto, CA). 

This method uses a colorimetric assay to monitor cleavage of an Ac-DEVD-p-

nitroanilide substrate, which resembles the caspase-3 cleavage site (Kojima et al., 1996). 
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The cells were cultured in their respective zinc treatments for one passage. Briefly, 2 x 

10^ cells were iysed in lysis buffer on ice for 10 min. The cell lysates were then 

centrifuged at 200 x g for 3 min at 4°C to precipitate cellular debris. After centrifligation, 

50 |iL of 2x reaction buffer (Clontech), containing 10 mmol/L DTT, and 50 ^mol/L 

conjugated DEVD-p-nitroanilide (pNA) substrate were added to the supernatant 

fractions. The supernatant fractions were incubated at 37°C for 2 h, in a waterbath and 

measured in a colorimetric spectrometer at 405 nm. A negative control using 0.5 (iL 

DEVD-fmk, a caspase-3 irreversible inhibitor, was added to reactions to indicate 

specificity. Samples from Jurkat cells induced with 0.25 mg/L anti-himian Fas (clone 

CHll, Upstate Biotech, Lake Placid, NY) for 16 h, were used as a positive control for 

caspase-3 activity. A parallel control reaction that did not contain conjugated substrate 

was also used as was a sample from uninduced Jurkat cells. A calibration curve using 

concentrations ranging from 0 to 20 nmol of /7-nitroaniIide was established. Values are 

expressed as the concentration of Ac-DEVD-/7-nitroanilide cleaved over the course of a 2 

h incubation interval. 

Statistical analysis. Statistical analyses were performed using SAS Software Release, 

General Linear Models (GLM), version 6 (SAS Institute, Gary, NC). The data were 

analyzed using one-way ANOVA, and the means were fluther analyzed by Least 

Significant Differences (LSD). Values were expressed as means ± SEM with a statistical 

probability of P < 0.05 being considered significant. 
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RESULTS 

Zn-deficient medium depleted cellular zinc. NHBEs were cultured at 90-95% 

confluency for one passage in the zinc treatment media. We purchased basal epithelial 

media in which zinc was not added (Clonetics). The additive growth factors contained 

residual amounts of zinc, as determined by atomic absorption (data not shown), and 

increased the zinc concentration of the media to 0.4 jamol/L. When the cells were 

cultured directly in this basal medium containing 0.4 jimol/L of zinc, they were able to 

reach a confluent state that was comparable to cells cultured in the regular medium of 4.0 

famol/L of zinc. This indicates that cell growth was not affected by the low-zinc status of 

the basal medium, yet is able to maintain a zinc-depleted state. The supporting and 

supplementation levels of zinc for bronchial epithelial cells were determined by a dosage 

curve, with the DNA content per plate as the index of cell growth. From the zinc-depleted 

levels of zinc, to the higher dosage of zinc supplementation, the level of DNA content 

was essentially the same (Fig. 11). In contrast, the cellular zinc content exhibited a dose-

dependent increase as the zinc concentration in the media increased (Fig. 11). 

Culture in zinc-depleted media resulted in significant reductions in cellular zinc. 

In the ZD cells, cellular zinc concentration was reduced to 34% of their ZN controls (Fig. 

12). Cells cultured in medium containing 16 ^mol/L of zinc (ZA) had significantly higher 

cellular zinc concentrations than both ZN control and ZD cells (Fig. 12). Cells cultured 

in 32 |amol/L of zinc (ZS) had nearly 450% higher cellular zinc levels as compared to ZN 

controls. The zinc concentration of ZA and ZS were significantly different fi-om each 

other as well (340.0 ± 55.0% vs. 546.4 ± 61.4%). Cellular zinc levels were expressed per 



130 

cellular DNA to correct for any differences in cell numbers between plates. Growth did 

not appear to be affected by the medium zinc concentration since no significant 

differences in DNA were observed among treatment groups (Fig. 11). 

Zinc treatment altered p53 mRNA abundance and p53 nuclear protein. p53 mRNA 

abundance in the ZD cells was nearly 170% higher than the level found in ZN control 

cells (Fig. 13) and was also significantly higher than both ZA and ZS cells. Interestingly, 

the p53 mRNA abundance in the ZA group was also increased (184.0 ± 15.7%) as 

compared to the 2^ control group, but not different from the ZS group. Nuclear p53 

protein in ZD cells, as measured by Western Blot analysis, was significantly higher than 

the ZN controls (586.9 ± 65.9% vs. 100 ± 13.9%) (Fig. 14). The ZA cells also had 

increased p53 protein levels (778.3 ± 39.1%) as compared to control, but these levels 

were not significantly different from that of ZD cells (Fig. 14). Interestingly, the ZS 

group exhibited a drastic increase in the level of nuclear p53 protein (1712 ± 116.7%) as 

compared to 2^ control. This level was also significantly different from the ZD and ZA 

groups as well. 

Zinc treatment effects gadd45 and c-fos mRNA abundance. Gadd45 mRNA abundance 

closely resembled the trend of the p53 mRNA effects, with the ZD group being nearly 

100% higher than the ZN control group (Fig. 15). The ZA group was also significantly 

higher (160.9 ± 19.3%) than the ZN control group, but was not statistically different fi-om 

the ZD group (Fig. 15). The ZS cells were not different from the ZN or the ZA cells, but 

was significantly lower than the ZD cells (Fig. 15). For c-fos mRNA, only ZS cells had 

significantly different levels as compared to the other groups (Fig. 16). The mRNA 
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abundances of bcl-x, bcl-2, mcl-l, bax and p21 were not significantly different among 

treatment groups. 

Caspase-3 activity was depressed by zinc supplementation. Caspase-3 activity was 

measured in bronchial epithelial cells treated with different zinc concentrations for one 

passage and values are shown in Fig 17. Zinc depleted (ZD) cells were not significantly 

different from the ZN control or the ZA group. However, in the ZS group, caspase-3 

activity was significantly reduced as compared to the ZD, ZN, and ZA groups. These 

data suggest that supplementation of the media with 32 (imol/L of zinc, may exert a 

protective effect of zinc against apoptosis. 
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FIGURE 11. Cellular zinc levels and DNA content in zinc-depleted (ZD, 0.4 jimol/L zinc), zinc-

normal (ZN, 4.0 (imol/L zinc), zinc-adequate (ZA, 16.0 ^mol/L zinc), and zinc-supplemented 

(ZS, 32.0 p.mol/L zinc) normal human bronchial epithelial cells. Cells were cultured for one 

passage in Basal Epithelial Growth media with zinc added as a supplement to the ZD medium. 

Cellular zinc was measured by atomic absorption spectrophotometry, and DNA by the 

diphenyiamine method. Cellular zinc levels and DNA content were expressed as a percentage of 

ZN controls. Values are means ± SEM from 3 experiments. Different letters indicate 

significantly different means, P < 0.05. 
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FIGURE 12. Relative cellular zinc concentrations in zinc-depleted (ZD, 0.4 (imol/L zinc), zinc-

normal (ZN, 4.0 |j,mol/L zinc), zinc-adequate (ZA, 16.0 jimol/L zinc), and zinc-supplemented 

(ZS, 32.0 ^.mol/L zinc) normal human bronchial epithelial cells. Cells were cultured for one 

passage in Basal Epithelial Growth media with zinc added as a supplement to the ZD medium. 

Cellular zinc was measured by atomic absorption spectrophotometry, and DNA by the 

diphenyiamine method. Cellular zinc levels were expressed as a percentage of ZN controls. 

Cellular zinc concentration in ZN cells was 7.83 ± 0.32 ng Zn/(ig DNA. Values are means ± 

SEM from 3 experiments. Different letters indicate significantly different means, P < 0.05. 
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FIGURE 13. Relative p53 mRNA abundance in zinc-depleted (ZD, 0.4 fimoi/L zinc), zinc-

normal (ZN, 4.0 (imol/L zinc), zinc-adequate (ZA, 16.0 ^mol/L zinc), and zinc-supplemented 

(ZS, 32.0 ^mol/L zinc) normal human bronchial epithelial cells. Cells were cultured for one 

passage in Basal Epithelial Growth media with zinc added as a supplement to the ZD medium. 

RNase protection products were separated on a polyacrylamide gel and quantitated by laser 

densitometry. L32 was used as an internal reference, and values are expressed as a percentage of 

ZN controls. Representative samples from each treatment group are shown in the inset. Values 

are means ± SEM from 4 (ZD and ZA) and 3 (ZN and ZS) experiments. Different letters indicate 

significantly different means, P < 0.05. 
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FIGURE 14. Relative p53 nuclear protein levels in zinc-depleted (ZD, 0.4 mnol/L zinc), zinc-normal 

(ZN, 4.0 (imol/L zinc), zinc-adequate (ZA, 16.0 nmol/L zinc), and zinc-supplemented (ZS, 32.0 nmol/L 

zinc) normal human bronchial epithelial cells. Cells were cultured for one passage in Basal Epithelial 

Growth media with zinc added as a supplement to the ZD medium. Nuclear protein extracts were separated 

on 10% polyacrylamide-SDS gels, transferred onto nitrocellulose membranes and incubated with anit-p53 

antibody. Augoradiography was performed using enhanced chemiluminescence and quantitated by laser 

densitometry. Values are expressed as a percentage of ZN controls. Representative samples from each 

treatment group are shown in the inset. Values are means ± SEM from 3 (ZD and ZN) and 4 (ZA and ZS) 

experiments. Different letters indicate significantly different means, P < 0.05. 



136 

B 
cs 

e 

m ® 

< Z 
5 

0^ 'S 
s 

CQ 

CQ 
d£ 

ZD ZN ZA ZS 

FIGURE 15. Relative gadd45 mRNA abundance in zinc-depleted (ZD, 0.4 fimol/L zinc), zinc-

normal (ZN, 4.0 (j.mol/L zinc), zinc-adequate (ZA, 16.0 fimol/L zinc), and zinc-supplemented 

(ZS, 32.0 ^mol/L zinc) normal human bronchial epithelial cells. Cells were cultured for one 

passage in Basal Epithelial Growth media with zinc added as a supplement to the ZD medium. 

RNase protection products were separated on a polyacrylamide gel and quantitated by laser 

densitometry. L32 was used as an internal reference, and values are expressed as a percentage of 

ZN controls. Representative samples from each treatment group are shown in the inset. Values 

are means ± SEM from 4 (ZD and ZA) and 3 (ZN and ZS) experiments. Different letters indicate 

significantly different means, P < 0.05. 
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FIGURE 16. Relative c-fos mRNA abundance in zinc-depleted (ZD, 0.4 (omoI/L zinc), zinc-

normal (ZN, 4.0 nmol/L zinc), zinc-adequate (ZA, 16.0 jimol/L zinc), and zinc-supplemented 

(ZS, 32.0 (imol/L zinc) normal human bronchial epithelial cells. Cells were cultured for one 

passage in Basal Epithelial Growth media with zinc added as a supplement to the ZD medium. 

RNase protection products were separated on a polyacrylamide gel and quantitated by laser 

densitometry. L32 was used as an internal reference, and values are expressed as a percentage of 

ZN controls. Representative samples from each treatment group are shown in the inset. Values 

are means ± SEM from 4 (ZN and ZA) and 3 (ZD and ZS) experiments. Different letters indicate 

significantly different means, P < 0.05. 
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FIGURE 17. Caspase-3 activity in zinc-depleted (ZD, 0.4 nmol/L zinc), zinc-normal (ZN, 4.0 

fimol/L zinc), zinc-adequate (ZA, 16.0 p,mol/L zinc), and zinc-supplemented (ZS, 32.0 ^mol/L zinc) 

normal human bronchial epithelial cells. Cells were cultured for one passage in Basal Epithelial 

Growth media with zinc added as a supplement. Caspase-3 activity was measured using a 

colorimetric enzymatic assay as described in MATERIALS AND METHODS. Values are expressed 

as the concentration of the Ac-DEVDp-nitroanilide substrate cleaved after a 2-h interval and 

represents means ± SEM from 4 experiments. Different letters indicate different means, P < 0.05. 
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DISCUSSION 

The present study was designed to determine the influence of intracellular zinc 

concentrations on the expression of p53 and p53-regulated genes in human bronchial 

epithelial cells. We chose this particular cell line as our model for several reasons. 

Bronchial epithelial cells play an important role in airway defense mechanisms and in the 

pathogenesis of airway disorders (Takizawa, 1998) and are also considered to be the 

progenitors of human bronchial cancer (Auerbach et al., 1961; Coursen et al., 1997). 

They are more susceptible to developing cancerous tumors because of their direct contact 

with toxins, DNA damaging agents, and carcinogens, such as cigarette smoke. With 

exposure to cigarette smoke, increased proliferation of atypical cells, and a loss of cilia 

often occur in bronchial epithelial cells (Auerbach et al., 1961). In addition, with 

constant stress and exposure to cytotoxins, cell proliferation and renewal rates are high, 

squamous metaplasia occurs, and the risk of genetic instability increases (Willey and 

Harris, 1990). Thus, normal human bronchial epithelials (NHBEs) serve as a good model 

for studying target genes in human lung carcinogenesis (Lechner and LaVeek, 1985), as 

well as transformation by modulation in gene expression (Sabichi and Birrer, 1996). The 

usage of NHBEs may establish how p53, a major regulator in cell growth and genetic 

stability, functions in normal epithelial cells and provides information on how nutrients, 

such as zinc, play a role in p53 activity and expression. 

Lung cancer is the most prominent cancer death amongst both men and women in 

the U.S. (Boring et al., 1994) and the vast majority of the lung cancers arise from the 

bronchial epithelium (Willey and Harris, 1990). Often in lung cancer a loss of 
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heterozygosity usually occurs on I7p (Kok et £il., 1987) and p53, which is found on 

17pl3.1, is often mutated in lung cancer (Takahashi et al., 1989). p53 mutations in lung 

cancer consist of homozygous deletions and point mutations and also, p53 mRNA 

expression is often low in lung tumors (Takahashi et al., 1989). A high incidence of p53 

mutations have also been shown to occur in tobacco-related cancers, such as squamous 

cell carcinomas (Iggo et al., 1990; Lazarus et al., 1996), and in 50-80% of lung cancer 

cases from cigarette smokers, p53 is mutated (Hainaut and Hollstein, 2000). In non-small 

ceil lung cancer, the most common mutation in p53 consists of a GC to TA point 

mutation usually due to a carcinogen found in tobacco, benzo(a)pyrene, from cigarette 

smoke exposure (Puisieux et al., 1991; Denissenko et al., 1996). Because zinc is such an 

important component in p53 protein structure, DNA binding, and overall ftxnction, as 

well as low serum zinc levels are found in patients with bronchogenic carcinoma (El-

Ahmady et al., 1995; Voyatzoglou et al., 1982), the effect of zinc status on p53 gene 

expression and p53 target genes was determined in this study. 

To deplete zinc from the cells, cell permeable chelators or chelating resins were 

not used in the present studies. Instead, zinc was omitted in the preparation of the basal 

media, which provided an effective, yet non-invasive technique to deplete zinc from the 

cells. Interestingly, the zinc-depleted cells did not exhibit a decrease in cell growth, and 

morphologically, the cells did not appear to be different among the treatment groups. 

This depletion over one passage, without altered growth, may be representative of 

conditions that occur in a marginally zinc-defrcient state found in certain subpopulations 

of the U.S. (Sandstead, 1995). The cells treated with a zinc level of 16 fimol/L were used 
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for comparison to normal human plasma zinc levels. The supplementation group of 32 

fimoI/L of zinc represents a level of zinc that may be attainable for humans without 

pharmacologic concentrations being present (Sullivan and Cousins, 1997). The zinc-

depleted as well as the moderately zinc-supplemented NHBEs may provide insight as to 

how zinc affects the expression of the p53 tumor suppressor gene, and downstream genes 

of p53 as well. 

NHBEs were very responsive to the different zinc concentrations in the media. 

The zinc-depleted cells had a much lower concentration of zinc than controls, and with 

higher zinc levels, intracellular zinc concentrations increased dramatically. The 

intracellular zinc concentration in each treatment group was distinctly significant from 

each other indicating that in vitro epithelial cells are extremely sensitive to slight 

variations in zinc homeostasis. 

Our data suggest that zinc-depleted cells demonstrated a significant increase in 

p53 mRNA abundance. Gadd45 mRNA abundance was also higher in the ZD cells, 

however p21, bax, bcl-2, mcl-1, bcl-x and c-fos mRNA levels were not affected by the 

zinc depletion. p53 nuclear protein was also increased almost 500% in the ZD group as 

compared to the control group. Reaves et al., (2000) also found that in zinc-depleted 

HepG2 cells, using a low-serum media, p53 mRNA abundance and p53 nuclear protein 

were increased. However, the mechanism of how zinc deficiency upregulates p53 gene 

expression remains unclear. The ability of p53 to bind DNA and its confirmation is 

altered by zinc chelators (Meplan et al., 2000). Perhaps with zinc deficiency, these cells 

are undergoing oxidative stress (Bray and Bettger, 1990), and the oxidation of critical 
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cysteines that regulate DNA binding within the p53 protein may be ahered (Verhaugh et 

al., 1998). With zinc depletion, p53 mRNA is upregulated and there is a concomitant 

increase of p53 protein in the nucleus. p53 protein may then activate gadd45 (growth 

arrest and DNA damage-inducible protein) at the transcriptional level. The gadd45 

promoter contains p53 DNA-binding response elements in its regulatory regions, and 

once activated, it can bind to proliferating cell nuclear antigen (PCNA) and promote 

DNA excision repair (Smith et al., 1994) as well as G2 arrest (Zhan et al., 1998). With 

zinc depletion, p53 gene expression may be increased to induce DNA repair, but not to 

the extent to depress growth rate of these cells. This activation in p53 and gadd45 genes 

may be a pre-repair event. Interestingly, bronchial epithelial cells have been shown to be 

less-sensitive to effects of DNA damage compared to other cell types, and have a short

lived G1 and G2 cell cycle arrest response to insult (Gadbois and Lehnert, 1997). This 

may explain why cell growth was not affected in the ZD cells. 

The ZA group, which was used for comparison to normal zinc levels found in the 

human plasma, had significantly higher p53 mRNA abundance as compared to ZN 

control levels. This increase was accompanied by a dramatic increase (778% as 

compared to control) in p53 protein which may have been responsible for the increased 

gadd45 mRNA in these cells. These results are surprising being that 16 ^mol/L of zinc is 

considered normal plasma levels in humans. However, these cells are an in vitro system 

and may be pre-conditioned to lower zinc levels that are found in normal media. 

Mimicking in vivo conditions are difficult, and bronchial epithelial cells in vitro have 

demonstrated a sensitive response to zinc. Whether this may occur in vivo is uncertain. 
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Perhaps the level of zinc used in the ZA group is considered stressful to the cells and 

induction of p53 and gadd45 genes are necessary for repair. 

The zinc-supplemented cells also had an increase in both p53 mRNA and p53 

nuclear protein. The increased p53 protein is almost 20-fold, which indicates that the 

cells are accumulating large amounts of p53 in the nucleus perhaps as part of a stress-

response mechanism. Whether this p53 protein is functional and active is questionable, 

and these data are perplexing, yet interesting. Zinc supplementation may have a negative 

effect on mdm-2, a protein that degrades p53, however, no studies have examined the 

effects of zinc on mdm-2 gene expression. Further studies examining p53 conformation 

and DNA binding activity will have to be performed to understand the role of zinc in p53 

function and activation. 

Zinc may be signaling another factor that interacts with the p53 promoter to 

upregulate transcription and translation. A complex called Activator Protein-1 (AP-1) is 

a transcription factor that regulates cell growth and differentiation. It is formed from the 

dimerization of c-fos and c-jun. Once these dimerize, AP-1 can bind and activate the p53 

promoter (Kirch et al., 1999). AP-1 has been shown to be responsive to zinc (Hennig et 

al., 1999) and our supplementation may be inducing c-fos to dimerize with c-jun and 

activate p53 promoter activity, c-fos mRNA was increased in the ZS group, as was p53 

mRNA and p53 protein. At present, how zinc affects the relationship of c-fos and p53 is 

uncertain, and future research examining stress induced by zinc and its effect on these 

genes will help elucidate their interaction. 
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In the zinc-supplemented cells, caspase-3 activity was depressed as compared to 

the other three zinc-treatment groups. To the best of our knowledge this is the first report 

of zinc supplementation affecting caspase-3 activity in normal human bronchial epithelial 

cells. Zinc has been shown to inhibit caspase-3 and other caspases by others as well 

(Aiuchi et al., 1998; Meerarani et al., 2000; Steimicke and Salvesen, 1997). Perhaps zinc 

may be acting as a protectant against cell death to promote cell survival. 

In these studies, we have examined both zinc depletion and zinc supplementation 

on the expression of p53, p53-regulated genes, and apoptotic regulators. Using NHBEs, 

we have shown that in both zinc depletion and zinc supplementation, p53 gene expression 

was increased. In zinc depletion, gadd45 mRNA abundance was higher, whereas in zinc-

supplemented cells, c-fos mRNA abundance was increased and caspase-3 activity was 

depressed. Based on these results, p53 gene expression and down-stream targets of p53 

involved in cell repair and proliferation may be responsive to cellular zinc status. The 

mechanism(s) of how zinc influences p53 function and activity is still unclear. These data 

suggest that zinc may not only play an integral part in p53 gene expression, but also in 

downstream targets of p53 involved in cell stability and growth in NHBEs. 

REFERENCES 

Aiuchi, T., Mihara, S., Nakaya, M., Masuda, Y., Nakajo, S., and Nakaya, K. (1998) Zinc 

ions prevent processing of caspase-3 during apoptosis induced by gemanylgeraniol in 

HL-60 cells. J. Biochem. 124: 300-303. 



145 

Auerbach, O., Stout, A.P., and Hammond, E.C. (1961) Changes in bronchial epithelium 

in relation to cigarrette smoidng and in relation to lung cancer. N. Eng. J. Med. 256: 253-

257. 

Boring, C.C., Squires, T.S., Tong, T., and Montgomery, S. (1994) Cancer Statistics. CA: 

44; 7-26. 

Bray, T.M. and Bettger, W.J. (1990) The physiological role of zinc as an antioxidant. 

Free Radic. Biol. Med. 8: 281-291. 

Chai, F., Truong-Tran, A.Q., Ho, L.H., and Zalewski, P.D. (1999) Regulation of caspase 

activation and apoptosis by cellular zinc fluxes and zinc deprivation. A review. Immun. 

Cell Bio. 77: 272-278. 

Cho, Y., Gorina, S., Jeffrey, P.D., and Pavletich, N.P. (1994) Crystal structure of a p53 

tumor suppressor-DNA complex: understanding tumorigenic mutations. Science 265; 

346-355. 

Coursen, J.D., Bennett, W.P., Khan, M.A., Forrester, K., Pietenpol, J.A., and Harris, C.C. 

(1997) Differential effects of p53 mutations on the growth of human bronchial epithelial 

cells. Mol. Carcinog. 19: 191-203. 



146 

Dennisensko, M.F., Pao, A., Tang, M., and Pfeifer, G.P. (1996) Preferential formation of 

benzo(a)pyrene adducts at lung cancer mutational hotspots in p53. Science 274: 430-

432. 

Donehower, L.A. and Bradley, A. (1993) The tumor suppressor p53. Biochim. Biophs. 

Acta 1155: 181-205. 

El-Ahmady, O., EI-Maraghy, A., Ibrahim, A., and Ramzy, S. (1995) Serum copper, zinc 

and iron in patients with malignant and benign pulmonary diseases. Nutrition. 11: 498-

501. 

EI-Deiry, W.S., Tokino, T., Velculescu, V.E., Levy, D.B., Parson, R., Trent, J.M.. Lin, 

D., Mercer, W.E., Kinzler, K.W., and Vogelstein, B. (1993) WAFI, a potential mediator 

of p53 tumor suppression. Cell 75: 817-825. 

Fraker, P.J. and Telford, W. (1996) Regulation of apoptotic events by zinc. In: 

Nutrients and Gene Expression, Clinical Aspects. C.D. Berdanier, editor. CRC Press, 

Boca Raton, FL, pp. 189-208. 

Fukamachi, Y., Karasaki, Y., Sugiura, T., Itoh, H., Abe, T., Yamamura, K., and Higashi, 

K. (1998) Zinc suppresses apoptosis of U937 cells induced by hydrogen peroxide 

through an increase of the bcl-2/bax ratio. Biochem. Biophys. Res. Comm. 246: 364-

369. 



147 

Gadbois, D.M. and Lehnert, B.E. (1997) Cell cycle response to DNA damage differs in 

bronchial epithelial cells and lung fibroblasts. Cancer Res. 57: 3174-3179. 

Greenblatt, M.S., Bennett, W.P., Hollstein, M., and Harris, C.C. (1994) Mutations in the 

p53 tumor suppressor gene: clues to cancer etiology and molecular pathogenesis. Cancer 

Res. 55: 4855-4878. 

Hainaut, P. and Hollstein, M. (2000) p53 and human cancer: the first ten thousand 

mutations. Advances in Cancer Research 77: 81-137. 

Haiunaut, P. and Milner, J. (1993) A structural role for metal ions in the "wild-type" 

conformation of the tumor suppressor gene p5 3. Cancer Res. 53: 1739-1742. 

Hambidge, K.M., Krebs, N.F., and Walravens, P.A. (1985) Growth velocity of young 

children receiving a dietary zinc supplement. Nutr. Res. Suppl. 1: S306-S316. 

Hennig, B., Meerarani, P., Toborek, M., and McClain, C.J. (1999) Antioxidant-like 

properties of zinc in activated endothelial cells. J. Am. Coll. Nutr. 18: 152-158. 

Hollstein, M., Sidransky, D., Vogelstein, B., and Harris, C.C. (1991) p53 mutations in 

human cancers. Science 253: 49-53. 



148 

Iggo, R., Gatter, K., Barter, J., Lane, D., and Harris, A.L. (1990) Increased expression of 

mutant forms of p53 oncogene in primary lung cancer. Lancet 335: 675-679. 

Kastan, M.B., Onyekwere, O., Sidransky, D., Vogelstein, B., and Craig, R.W. (1991) 

Participation of p53 in the cellular reponse to DNA damage. Cancer Res. 51: 6304-

6311. 

Kirch, H.C., Flaswinkel, S., Rumpf, H., Brockmann, D., and Esche, H. (1999) 

Expression of human p53 requires synergistic activation of transcription from the p53 

promoter by AP-1, NF-kappaB and Myc/Max. Oncogene 18: 2728-2738. 

Kojima, H. and Datta, R. (1996) Involvement of a CrmA-insensitive ICE/Ced-3 like 

protease in ceramide-induced apoptosis. Oncol. Res. 8: 497-501. 

Kley, N., Chung, R.Y., Fay, S., Loeffler, J.P., and Seizinger, B.R. (1992) Repression of 

the basal c-fos promoter by wild-type p53. Nuc. Acids Res. 20: 4083-4087. 

Kok, K., Osinga, J., Carritt, B., Davis, M.B., van der Hout, A.H., van der Veen, A.Y., 

Landsvater, R.M., de Leij, L.F., Berendsen, H.H., and Postmue, P.E. (1987) Deletion of 

a DNA sequence at the chromosomal region 3p21 in all major types of lung cancer. 

Nature 330: 578-581. 



149 

Lane, D.P. (1992) Cancer. p53, guardian of the genome. Nature (London) 358: 15-16. 

Lazarus, P., Stem, J., Zwiebel, N., Fair, A., Richie, J.P., Jr., and Schantz, S. (1996) 

Relationship between p53 mutation incidence in oral cavity squamous cell carcinomas 

and patient tobacco use. Carcinogenesis 17: 733-739. 

Lechner, J.F. and LaVeck, M.A. (1985) A serum-free method for culturing normal 

human bronchial epithelial cells at clonal density. J. Tissue Culture Meth. 9: 43-48. 

Liu, G., Schwartz, J.A., and Brooks, S.C. (1999) p53 down regulates ER-responsive 

genes by interfering with the binding of ER to ERE. Biochem. Biophys. Res. Comm. 

264: 359-364. 

Lowe, S.W., Schmitt, E.M., Smith, S.W., Osborne, B.A., and Jacks, T. (1993) p53 is 

required for radiation-induced apoptosis in mouse thymocytes. Nature 362: 847-849. 

Meerarani, P., Ramadass, P., Toborek, M., Bauer, H.C., Bauer, H. and Hennig, B. (2000) 

Zinc protects against apoptosis of endothelial cells induced by linoleic acid and tumor 

necrosis factor alpha. Am. J. Clin. Nutr. 71: 81-87. 



150 

Meplan, C., Richard, M-J., and Hainaut, P. (2000) Redox signalling and transition metals 

in the control of the p53 pathway. Biochem. Pharmac. 59: 25-33. 

Miyashita, T. and Reed, J. (1995) Tumor suppressor p53 is a direct transcriptional 

activator of the human bax gene. Cell 80: 293-299. 

Pavletich, N.P., Chambers, K.A., and Pabo, C.O. (1993) The DNA binding domain of 

p53 contains the four conserved regions and the major mutation hot spots. Genes Dev. 7: 

2556-2564. 

Perry, D.K., Smyth, M.J., Stennicke, H.R., Salvesen, G.S., Duriez, P., Poirier, GO., and 

Hannun, Y.A. (1997) Zinc is a potent inhibitor of the apoptotic protease, caspase-3. J. 

Biol. Chem. 272: 18530-18533. 

Puisieux, A., Lim, S., Groopman, J., and Ozturk M. (1991) Selective targeting of p53 

gene mutational hotspots in human cancers by etiologically defined carcinogens. Cancer 

Res. 51: 6185-6189. 

Rainwater, R., Parks, D., Anderson, M.E., Tegtmeyer, P., and Mann, K. (1995) Role of 

cysteine residues in regulation of p53 function. Mol. Cell. Biol. 15: 3892-3903. 



151 

Reaves, S.K., Fanzo, J.C., Arima, K., Wu, Wang, Y.R., and Lei, K.Y. (2000) 

Expression of the p53 tumor suppressor gene is upregulated by depletion of intracellular 

zinc in HepG2 cells. J. Nutr. In press. 

Sabichi, A.L. and Birrer, M.J. (1996) Regulation of nuclear oncogenes expressed in lung 

cancer cell lines. J. Cell Biochem. Supp. 24: 218-227. 

Sandstead, H.H. (1973) Zinc nutrition in the United States. Am. J. Clin. Nutr. 26: 

1251-1260. 

Sandstead, H.H. (1995) Is zinc deficiency a public health problem? Nutrition 11: 87-92. 

Schreiber, E., Matthias, P., Muller, M.M., and Schafftier, W. (1989) Rapid detection of 

octamer binding proteins with 'mini-extracts', prepared from a small number of cells. 

Nucleic Acids. Res. 17: 6419-6421. 

Smith, M.L., Chen, I.-T., Zhan, Q., Bae, I., Chen, C.Y., Gilmer, T.M., Kastan, M.B., 

O'Connor, P.M., and Fomace, A.J. Jr. (1994) Interaction of the p53-regulated protein 

Gadd45 with proliferating cell nuclear antigen. Science 266: 1376-1380. 

Stennicke, H.R. and Salvesen, G.S. (1997) Biochemical characteristics of caspases -3, -

6, -7, and -8. J. Biol. Chem. 272: 25719-25723. 



152 

Sullivan, V.K. and Cousins, R.J. (1997) Competitive reverse transcriptase-polymerase 

chain reaction shows that dietary zinc supplementation in humans increases monocyte 

metallothionein mRNA levels. J. Nutr. 127: 694-698. 

Takahashi, T., Nau, M.M., Chiba, I., Birrer, MJ., Rosenberg, R.K., Vinocour, M., Levitt, 

M., Pass, H., Gazdar, A.F., and Minna, J.D. (1989) p53: A frequent target for genetic 

abnormalities in lung cancer. Science 246: 491-494. 

Takizawa, H. (1998) Airway epithelial cells as regulators of airway inflammation. Int. J. 

Mol. Med. 1: 367-378. 

Verhaegh, G.W., Parat, M.-O., Richard, M.-J., and Hainaut, P. (1998) Modulation of p53 

protein conformation and DNA-binding activity by intracellular chelation of zinc. Mol. 

Carcinog. 21: 205-214. 

Voyatzoglou, V., Mountokalakis, T., Tsata-Voyatzoglou, V., Koutselinis, A., and 

Skalkeas, G. (1982) Serum zinc levels and urinary zinc excretion in patients with 

bronchogenic carcinoma. Am. J. Surgery 144: 355-358. 

Willey, J.C. and Harris, C.C. (1990) Cellular and molecular biological aspects of human 

bronchogenic carcinogenesis. Crit. Rev. in Oncolgy/Hematology 10: 181-209. 



153 

Williams, D.L., Newman, T.C., Shelness, G.S., and Gordon, D.A. (1986) Measurement 

of apolipoprotein mRNA by DNA-excess solution hybridization with single-stranded 

probes. Methods Enzymol. 128:671-689. 

Wu, Wu, Y., Reaves, S.K., Wang, Y.R., Lei, P.P. and Lei, K.Y. (1999) 

Apolipoprotein A-I gene expression is regulated by cellular zinc status in HepG2 cells. 

Am. J. Physiol. 277: C537-C544. 

Xiong, Y., Hannon, G., Zhang, H., Casso, P., Kobayashi, R., and Beach, D. (1993) p21 

is a universal inhibitor of cyclin kinases. Nature 36: 701-707. 

Zhan, Q., Antinore, M.J., Wang, X.W., Carrier, F., Smith, M.L., Harris, C.C. and 

Fomace, A.J. Jr. (1999) Association with cdc2 and inhibition of Cdc2/cyclin Bl kinase 

activity by the p53-regulated protein Gadd45. Oncogene 18: 2892-2900. 



154 

CHAPTER FIVE: 

p53 protein levels, cyclin-dependent kinase inhibitor p21, bcl-2 family genes, and 

caspase-3 activity are altered by cellular zinc status in human aortic endothelial cells 

ABSTRACT 

Normal p53 tumor suppressor gene plays an active role in apoptosis, DNA repair, 

and cell cycle progression, and has been shown to play a role in the development of 

atherosclerosis. The objective of this work was to examine the importance of zinc status 

on the levels of p53 protein, p21 and bcl-2 family gene expression, and caspase-3 activity 

in human aortic endothelial cells (HAECs). A serum-reduced low-zinc media (ZD) was 

used to deplete zinc over one passage. Other treatments included zinc-normal control 

(ZN) with 3.0 nmol/L of zinc for comparison with a zinc level normally found in most 

culture media, zinc-adequate (ZA) with 16.0 (imoI/L of zinc for comparison to normal 

human plasma concentrations, and zinc-supplemented (ZS) with 32.0 |imol/L of zinc for 

comparison to optimal human plasma zinc levels attained by oral supplementation. 

Cellular zinc levels in the ZD cells were 64% of ZN controls, and the ZA cells were not 

different but ZS cells was significantly higher (40%) than ZN control cells. No 

significant difference in p53 mRNA abudnace was detected among all treatments. 

However, p53 protein levels were more than 100% higher in the ZD and ZS groups, and 

was almost 200% higher in the ZA group as compared to control levels. p21 mRNA 

abundance, a downstream target of p53 protein, was significantly increased in the ZS 

cells as compared to both the ZN control and ZD cells. In the ZS cells, bax and mcl-l 
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were also approximately 50% higher as compared to ZN controls whereas bcl-2 mRNA 

was increased as compared to the ZA cells. Moreover, caspase-3 activity of ZD cells was 

no different from ZN controls, but was reduced in the ZA and ZS cells. These data 

suggest that p53 protein, p53 downstream target genes, and bcI-2 family genes appeared 

to be modulated by intracellular zinc status in HAECs. 

INTRODUCTION 
The maintenance of the endothelium is important in the prevention of 

atherosclerotic development. Without this maintenance, endothelial dysflmction and 

injury as well as barrier disruption can promote atherosclerosis (Burrig, 1991; Levine et 

al., 1983). Endothelial cells maintain vessel tone and vascular capillary permeability, and 

act as a physical barrier to protect the intracellular space against reactive oxygen species, 

vasoactive substances, toxins, cytokines, and other stress-related factors (Hennig et al., 

1996; Meerarani et al., 2000). With injury to arterial endothelial cells, initiation and 

progression of atherosclerosis occurs (DiCorleto and Chisholm, 1986). Thus, cultured 

human aortic endothelial cells (HAECs) are usefiil in understanding mechanisms that 

involve endothelial cells in atherosclerosis and wound healing (Levine et al., 1983) 

allowing for the study of physiologic treatments under controlled conditions (Gimbrone, 

1976). 

Zinc has been shown to be vital to endothelial cells due to its role in the 

stabilization of membranes (Bettger and O'Dell, 1993), endothelial barrier defense 

(Hennig et al., 1992), maintenance of cellular integrity (Hennig et al., 1999), and 

prevention of oxidative stress-induced damage (Bray and Bettger, 1990). In zinc-
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deficient endothelial cells, barrier fiinction is significantly decreased, and with zinc re-

supplementation, barrier integrity is restored (Hennig et al., 1992). Zinc has also been 

shown to inhibit tumor necrosis factor (TNF)-induced damage in endothelial cells 

(Hennig et al., 1993) as well as inhibit the detrimental effects of oxidized LDL particles 

(Wilkins and Leake, 1994), a prominent factor in endothelial injury and plaque 

formation. 

Endothelial cell apoptosis may compromise barrier function and endothelial cell 

integrity, causing implications in pathogenesis of atherosclerosis by increasing 

endothelial cell turnover (Hennig et al., 1999). Zinc has been shown to regulate 

apoptosis both in vivo and in vitro as well as modulate apoptotic regulators in the cell 

death pathway (as reviewed by Chai et al., 1999; Fraker and Telford, 1996). Zinc may be 

vital to vascular endothelial integrity by its inhibition of apoptotic cell death (Meerarani 

et al., 2000). The prevalence of marginal or subclinical zinc deficiency in certain 

segments of the U.S. population have been shown to occur (Hambidge et al.. 1985; 

Sandstead, 1973), and these alterations in dietary zinc status may have ramifications on 

apoptosis, regulators of apoptosis, and ultimately the development of atherosclerosis. 

Zinc supplementation has been shown to inhibit caspase-3 activity, a major 

executioner of apoptosis, as well as poly (ADP-ribose) polymerase (PARP) proteolysis, a 

downstream target of caspase-3 (Fukamachi et al, 1998; Meerarani et al., 2000; Perry et 

al., 1997; Stennicke and Salvesen, 1997). Zinc has also been shown to increase bcl-2/bax 

ratio in U937 cells pretreated with hydrogen peroxide. This increased ratio is an 
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indicator of enhanced cell survival (Fukamachi et al., 1998). Ultimately, zinc can act as a 

regulator of mitosis and apoptosis in monitoring tissue growth (Chai et al., 1999). 

One of the major regulators of apoptosis is p53, the human tumor suppressor 

gene, which regulates cell proliferation, DNA repair and cell death. p53 acts as a 

transcription factor that can upregulate genes involved in apoptosis, such as bax 

(Miyahsita and Reed, 1995) and can downregulate bcl-2, a cell survival signal. p53 also 

regulates p21, a cyclin-dependent kinase inhibitor which is involved in cell growth arrest 

(El Deiry et al., 1993; Xiong et al., 1993). It has been shown that wild-type p53 protein 

accumulates in human atherosclerotic tissue (lacopetta et al., 1995; Speir et al., 1994) and 

this increased p53 protein may mediate cell proliferation or apoptosis in atherosclerosis 

(Isner et al., 1998). With increased p53 accumulation in atherosclerotic tissue, the cyclin-

dependent kinase inhibitor, p21, is up-regulated as well (Ihling et al., 1997). Researchers 

have also shown an accumulation of p53 in human atherosclerotic plaques with increased 

apoptosis as well (Ihling et al., 1998). It has also been shown that during endothelial cell 

apoptosis, mitochondrial cytochrome c is released into the cytosol, bax levels in the 

cytosol decrease, and caspases 2, 3, 6, 7, 8 and 9 are activated (Granville et al., 1999). 

However, the role of apoptosis and p53-dependent apoptosis in atherosclerosis is still 

unclear. 

Zinc has been shown to play a structural role in p53 (Pavletich et al. 1993) and is 

imperative for its stability as well as its DNA binding activity. When wild-type p53 is 

exposed to zinc chelators or divalent cation resins, the wild-type protein adopts a mutant 

conformation and p53's ability to bind to DNA decreases (Hainaut et al., 1993; 
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Rainwater et al., 1995. In zinc-depleted HepG2 cells, p53 mRNA abundance and p53 

nuclear protein levels have been shown to increase indicating that zinc has an influence 

on p53 gene expression (Reaves et al. 2000). The role of zinc in p53 is an important one. 

This may have an impact on endothelial cell integrity and its response to injury or stress, 

such as with zinc deficiency. 

The objective of the present work was to determine the influence of cellular zinc 

status on p53 protein and p53 downstream target genes involved in DNA repair, cell 

cycle arrest, and apoptosis, as well as caspase-3 activity in HAECs and its possible 

implications on atherosclerotic development. 

MATERIALS AND METHODS 

Cell culture and treatment media. The normal human aortic endothelial cell line, 

HAECs. was purchased from Clonetics (San Diego, CA) and was used as a representative 

of human aortic cell behavior in response to different levels of zinc. All reagents used in 

cell culture were obtained fi-om Clonetics and Life-Technologies, Inc (Grand Island, 

NY). HAEC cells were maintained in Clonetics' recommended Endothelial Growth 

Media (EGM) which included 10 mL fetal bovine serum (FBS), 3 g/L bovine brain 

extract (BBE), 1.0 g/niL hydrocortisone, 10 mg/L human recombinant epidermal growth 

factor (hEGF), and 50 g/L gentamicin and 50 mg/L amphotericin-B. Media were 

replaced every other day. Cells reached confluency in approximately 10 to 10.5 d, and 

nearly confluent cells were subcultured using trypsin-EDTA at a ratio of 1:8. The 



HAECs were subcultured for two passages to increase cell numbers and then treated with 

experimental media. 

A zinc-free EGM basal media, in which Clonetics omitted the addition of ZnS04, 

was used as the zinc-depleted media. This zinc-free media consisted of Endothelial Basal 

Media (EBM) with the added growth components and contained residual amounts of zinc 

(0.8 {imoI/L), as detected by flame atomic absorption spectrophotometry. The zinc-free 

basal medium of 0.8 f^mol/L ZnS04 was suitable without affecting overall growth in 

HAECs, and was used as the zinc-depleted medium (ZD). For the other three treatment 

groups, zinc was added to the media in the form of ZnS04 so that the only difference 

between these media was the zinc concentration. For zinc-normal (ZN) media, 3.0 

|amol/L ZnS04 was added to the zinc-free basal media, the zinc-adequate media (ZA) 

contained 16.0 ^mol/L ZnS04 media, and the zinc-supplemented media (ZS) contained 

32.0 (amol/L ZnS04. The media was used as the control for experiments and as a 

comparison to standard culture media. The ZA group was used as a representative of 

human plasma zinc levels, and the ZS group was used for comparison to himian plasma 

zinc levels attainable by oral supplementation. After HAEC cells were subcultured into 

one of the four assigned groups, the cells were cultured ovemight in ZN media before 

changing to their respective media. Cells were then grown in either ZD, ZN, ZA, or ZS 

for 10 d (one passage) and harvested for cellular zinc and DNA content, total cellular 

RNA isolation, nuclear protein extraction, and cell lysate isolation. 

Cellular zinc and DNA content determination. Both cells and media were collected by 

scraping from 100 mm tissue culture plates. Cell suspensions were then centrifriged at 
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500 X g for 5 min at 4°C, and cell pellets were washed twice with phosphate-buffered 

saline (PBS). Cells were resuspended into 1.5 mL PBS and sonicated for two 30 sec 

intervals. An aliquot of the sonicated cells was used to measure cellular zinc content by 

flame atomic absorption spectrophotometry (Hitachi, San Jose, CA) as previously 

described (Wu et al., 1999). Zinc standard solutions (Fisher Scientific, Fair Lawn, NJ) 

ranging from 0.05 ppm to 1.0 ppm were used to generate a linear standard cur\'e. The 

zinc content of the cells was determined based on these zinc reference solutions. In 

addition, the certified zinc solutions were compared to bovine Liver Standard Reference 

(U.S. Department of Commerce, National Institute of Standards, Gaithersburg, MD). 

Appropriate blanks were employed for all measurements. From the same sample, a small 

aliquot of the sonicated cells was used to measure cellular DNA content (Williams et al., 

1986). Cellular zinc per microgram of DNA are shown, because a linear relationship 

between cellular DNA and cell number was previously established (Williams et al., 

1986). 

NHBE nuclear extracts. Nuclear extracts were prepared as previously described by 

Schreiber et al. (1989) with slight modifications as detailed by Reaves et al. (2000). Cells 

were harvested with trypsin-EDTA and 1 mL ice-cold Tris-buffered saline (TBS) was 

added to each flask to collect the cells. Cells were centrifuged at 1500 x g for 5 min at 

4°C. Pelleted cells were then washed with 10 mL ice-cold TBS and shaken vigorously 

for 30 sec and spun as described above followed by an additional wash. TBS was 

removed and the cell pellet was resuspended in 5 mL ice-cold buffer A (10 mmol/L 

HEPES pH 7.9, 10 mmol/L KCl, 0.1 mmol/L EDTA, 0.1 mmol/L EGTA, 1 mmol/L 
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DTT) with freshly added DTT and protease inhibitors (0.5 mmol/L PMSF, 0.5 mg/L 

leupeptin, 1 mg/L pepstatin A, 1 mmol/L benzamidine-HCl) and mixed gently by 

pipetting. Cells were allowed to swell by incubating on ice for 15 min, afterwhich 312 

|aL of 10% NP-40 solution were added for each 5 mL of buffer A and tubes were 

vortexed vigorously for 20 sec. Samples were transferred to 1.5 mL microfuge tubes and 

spun at 16,000 x g for 50 sec at 4°C. The supernatant fraction, composed of cytoplasm 

and RNA, was discarded and the nuclear pellet was resuspended in ice-cold buffer C (20 

mmol/L HEPES pH 7.9, 0.4 moI/L NaCl, 1 mmol/L EDTA. 1 mmol/L DTT, 1 mmol/L 

PMSF, 0.5 mg/L leupeptin, 1 mg/L pepstatin A, 1 mmol/T- benzamidine-HCl) by 

vigorously shaking at 4°C for 15 min on a shaking platform. Nuclear extract was 

centifliged at 16,000 x g for 15 min at 4°C and the supernatant fraction was frozen in 

aliquots at -80°C. Protein concentrations were determined by the method of Lowry 

(1951). 

Western blot analysis. Western blots were performed as previously described by Gadbois 

and Lehnert (1997) with slight modifications. Nuclear extract (5 ^ig) was combined with 

an equal volume of sample loading buffer (20% glycerol, 10% 2-mercaptoethanol, 5% 

SDS, 200 mmol/L Tris-HCI pH 6.7, 0.01% bromophenol blue), boiled for 3 min, and then 

subjected to 10% SDS-polyacrylamide electrophoresis (BioRad, Hercules, CA). 

Following electrophoresis, gels were briefly equilibrated in transfer buffer (20% 

methanol, 192 mmol/L glycine, 25 mmol/L Tris-aminomethane, 0.05% SDS) before 

transfer onto nitrocellullose membranes. Transfer was performed at 30V overnight at 

4°C. Equal loading of samples was verified by staining a duplicate gel with Coomassie 
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Brilliant Blue R-250 and scanning with a laser densitometer to compare optical density 

units between lanes. After blocking (5% dried, non-fat milk, 10 mmoI/L Tris-HCl pH 

8.0, 150 mmol/L NaCl, 0.05% Tween 20) for at least 1 h, blots were then incubated with 

mouse anti-p53 antibody DO-1 (Santa Cruz Biotech, Santa Cruz, CA) diluted to 0.2 

jig/ml in TBST with 5% dried, non-fat milk at 4°C overnight followed by four 10 min 

washes in TBST. Incubation with horseradish peroxidase-conjugated goat anti-mouse 

immunoglobulin G (Santa Cruz Biotechnology), diluted to 0.25 mg/L in TBST 5% with 

dried, non-fat milk, was for 1 h followed by four 10 min washes in TBST. 

Autoradiography was performed utilizing enhanced chemiluminescence (ECL) according 

to the manufacturer's instructions (Amersham, Arlington Heights, IL). p53 bands were 

verified by running human p53-GST fusion protein (Oncogene Research Products, 

Cambridge, MA) on a lane in each gel. Blots were also stained with Amido black and 

photographed to document equivalent protein loading. Laser densitometry (Molecular 

Dynamics, Sunnyvale, CA) was used to quantify p53 bands after establishing linearity 

curves. 

RNase protection assay. Total cellular RNA was isolated fi-om HAECs using the 

RNAqueous Kit (Ambion, Austin, TX), according to manufacturer's instructions, and the 

integrity of the RNA was verified by electrophoresis. The mRNA abundance of human 

apoptotic genes including p53, gadd45, p21, c-fos, bax, bcl-x, bcl-2, and mcl-1 were 

measured by RNase Protection Assay (RPA) using a human-stress 1 multi-probe 

(Pharmingen, San Diego, CA). The human L32 and GAPDH probes were also included 

in the multi-probe and were used as internal references for normalization. Labeled 



163 

riboprobes were synthesized using In Vitro Transcription system kit with T7 RNA 

polymerase (Pharmingen) and [a-^^P]UTP (3000 Ci/mmoi; NEN, Boston, MA). 

RPA were done using the Pharmingen RPA Kit. Each sample contained 5 |ag 

total RNA from HAEC cells, and 2.9 x 10^ cpm/fiL of the multi-probe. The RNA and 

labeled probe were co-precipitated with ammonium acetate and ethanol and then 

resuspended in hybridization buffer at 56°C for 13 h. The RNase digestions were 

performed at 30°C for 45 min followed by inactivation and precipitation. Protected 

fragments were separated by PAGE using Quickpoint nucleic acid polyacrylamide mini-

gel (Novex, San Diego, CA). In controls without digestion, only fiill-lengthed probes 

were observed. No protected bands appeared in controls in which yeast RNA replaced 

HAEC RNA, indicating that digestions were complete. RPA gels were dried and 

exposed to film. Band intensities of protected signals were quantified by a laser 

densitometer (Molecular Dynamics). The relative mRNA abundance in each sample was 

expressed as the arbitrary units of the apoptotic gene bands per arbitrary unit of L32 in 

the same RPA reaction. 

Caspase-3 Activity Assay in Zn-treated HAECs. Caspase-3 activity was measured with 

ApoAlert™ CPP32 Colorimetric Assay Kit (Clontech Laboratories, Palo Alto, CA). This 

method uses a colorimetric assay to monitor cleavage of an Ac-DEVD-/7-nitroanilide 

substrate, which resembles the caspase-3 cleavage site (Kojima et al., 1996). The cells 

were cultured in their respective zinc treatments for one passage. Briefly, 2x10^ cells 

were lysed in lysis buffer on ice for 10 min. The cell lysates were then centrifuged at 200 

X g for 3 min at 4°C to precipitate cellular debris. After centrifiigation, 50 |aL of 2x 
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reaction buffer (Clontech), containing 10 nimol/L DTT, and 50 (imol/L conjugated 

DEVD-p-nitroanilide (pNA) substrate were added to the supernatant fractions. The 

supernatant fractions were incubated at 37°C for two h, in a waterbath and measured in a 

colorimetric spectrometer at 405 nm. A negative control using 0.5 (j,l DEVD-fhik. a 

caspase-3 irreversible inhibitor, was used to show specificity. Samples from Jurkat cells 

induced with 0.25 mg/L anti-human Fas (clone CHll, Upstate Biotech, Lake Placid, NY) 

for 16 h were used as a positive control for caspase-3 activity. A parallel control reaction 

that did not contain conjugated substrate was also used, as was a sample fi-om uninduced 

Jurkat cells. A calibration curve using concentrations ranging from 0 to 20 nmol of p-

nitroanilide was established. Values are expressed as the concentration of Ac-DEVD-p-

nitroanilide cleaved over the course of a 2 h incubation interval. 

Statistical analysis. Statistical analyses were performed using SAS Software Release, 

General Linear Models (GLM), version 6 (SAS Institute, Gary, NC). The data were 

analyzed using one-way ANOVA, and the means were further analyzed by Least 

Significant Difference (LSD). Values were expressed as means ± SEM with a statistical 

probability of P < 0.05 being considered significant. 

RESULTS 

HAECs responded to zinc treatments. HAECs were cultured at 90-95% confluency for 

one passage in the zinc-treatment media. We purchased basal endothelial media in which 

zinc was not added (Clonetics). The addition of 2% FBS and other growth factors which 

contained residual amounts of zinc as determined by atomic absorption 



spectrophotometry (data not shown), increased the zinc concentration of the media to 0.8 

Hmol/L. When the endothelial cells were cultured directly in this basal media containing 

0.8 (amol/L of zinc, they were able to reach a confluent state comparable to cells cultured 

in regular medium of 3.0 (imol/L of zinc. This indicates that cell growth was not affected 

by the low-zinc status of the basal medium. The supporting and supplementation levels 

of zinc for endothelial cells were determined by a dosage curve, with the DNA content 

per plate as an index of cell growth (Figiire 18). From the zinc-depleted levels of zinc to 

the higher dosage of zinc supplementation, the level of DNA content was not 

significantly different among treatments (Fig. 18). In contrast, the cellular zinc content 

increased in a dose-dependent manner as the level of zinc in the media increased (Fig. 

18). The basal medium containing a low level of zinc, 0.8 |^mol/L, was able to support 

cell growth and maintain a zinc-depleted state, and the supplemented media (32.0 

l^mol/L) is also able to support endothelial cell growth. 

Culture in zinc-depleted media resulted in reductions in cellular zinc as compared 

to controls (63.9 ± 2.2% vs. 100.0 ± 11.7%) (Fig. 19). Cells cultured in media 

containing 16 jamol/L Zn (ZA) had significantly higher cellular zinc than ZD cells (Fig. 

19), but were not significantly different from the ZN control group. Cells cultured in 32 

jimol/L Zn were also significantly higher (140.9 ± 21.7%) in cellular zinc levels as 

compared to ZD and ZN cells, but not significantly different from the ZA group. Cellular 

zinc levels were expressed per cellular DNA to correct for any differences in cell 

numbers between plates. Growth did not appear to be affected by the medium zinc 
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concentration since no significant differences in DNA content were observed among 

treatment groups (Fig. 18). 

Zinc treatment effects nuclear p53 protein and p53 mRNA abundance. Western blot 

analysis of nuclear extracts was used to quantitate nuclear p53 protein levels in each 

treatment. Nuclear p53 protein in ZD cells was significantly higher as compared to ZN 

control (216.5 ± 40.0% vs. 100.0 ± 9.3%) (Fig. 20). The groups with higher zinc levels 

were also significantly different from control levels. The ZA cells were nearly 200% 

higher and the ZS cells were 100% higher than the ZN control cells (Fig. 20). There was 

no significant difference in p53 protein levels between the ZD, ZA and ZS cells. p53 

mRNA levels were relatively lower than the other genes measured, and there was no 

significant differences among treatments (data not shown). 

Zinc treatment alters pS3 protein downstream genes, p21, bax, mcl-I, and bcl-2 mRNA 

abundance. One of the major downstream targets of the p53 protein, p21, was also 

affected by zinc treatment. Although the ZD and ZN cells were not significantly 

different, they were lower than the ZS cells (166.3 ± 14.7%) which were not significantly 

different from the ZA cells (122.1 ± 17.2%) (Fig. 21). Bax, an apoptotic inducer and a 

downstream target of p53, was not different in the ZD, ZN, or ZA cells, however, the ZS 

cells had an approximately 50% higher mRNA abundance as compared to ZN or ZD cells 

(Fig. 22). Interestingly, mcl-1 mRNA abundance was also significantly higher in the ZS 

group as compared to the ZN control and ZD groups (140.6 ± 17.0%; 100.0 ± 14.5%; 

73.4 ± 5.9%, respectively), but not different from the ZA group (Fig. 23). Bcl-2 mRNA 

was increased in the ZS group as compared to the ZA group (138.9 ± 6.9% vs. 94.2 ± 
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19.9%), but was not significantly different from the ZD and ZN groups (Fig. 24). The 

abundances of bcl-x, c-fos and gadd45 were not significantly different among treatments. 

Caspase-3 activity fvas depressed with higher zinc concentrations. Caspase-3 activity 

was measured in endothelial cells exposed for one passage in different zinc treatments, 

including both zinc-depleted media and zinc-supplemented media. In the zinc-depleted 

group, caspase-3 activity was not significantly different from the 2^ control cells (Fig. 

25). However, caspase-3 activity was reduced in the ZA cells cultured in 16 ^mol/L of 

zinc and the ZS cells as compared to control ZN cells (Fig. 25). With increasing 

concentrations of zinc, caspase-3 activity decreased, indicating a protective effect of zinc 

in the inhibition of apoptosis. 
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FIGURE 18. Cellular zinc levels and DNA content in zinc-depleted (ZD, 0.8 fimol/L zinc), zinc-

normal (2^, 3.0 (i.mol/L zinc), zinc-adequate {ZA, 16.0 (imol/L zinc), and zinc-supplemented 

(ZS, 32.0 fi.mol/L zinc) human aortic endothelial cells. Cells were cultured for one passage in 

Endothelial Growth media with zinc added as a supplement to the ZD medium. Cellular zinc was 

measured by atomic absorption spectrophotometry, and DNA by the diphenylamine method. 

Cellular zinc levels and DNA content were expressed as a percentage of ZN control. Values are 

means ± SEM from 3 experiments. Different letters indicate significantly different means, P < 

0.05. 
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FIGURE 19. Relative cellular zinc concentrations in zinc-depleted (ZD, 0.8 |imol/L zinc), zinc-

normal (ZN, 3.0 |4.mol/L zinc), zinc-adequate (ZA, 16.0 (imol/L zinc), and zinc-supplemented 

(ZS, 32.0 fimol/L zinc) human aortic endothelial cells. Cells were cultured for one passage in 

Endothelial Growth media with zinc added as a supplement to the ZD medium. Cellular zinc was 

measured by atomic absorption spectrophotometry, and DNA by the diphenylamine method. 

Cellular zinc levels were expressed as a percentage of ZN control. Cellular zinc concentration in 

ZN cells was 8.38 ± 0.98 ng Zn/fig DNA. Values are means ± SEM from 3 experiments. 

Different letters indicate significantly different means, P < 0.05. 
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FIGURE 20. Relative p53 protein levels in zinc-depleted (ZD, 0.8 jimol/L zinc), zinc-normal (ZN, 

3.0 fimol/L zinc), zinc-adequate (ZA, 16.0 jimol/L zinc), and zinc-supplemented (ZS, 32.0 jj.mol/L 

zinc) human aortic endothelial cells. Cells were cultured for one passage in Endothelial Growth 

media with zinc added as a supplement to the ZD medium. Nuclear protein extracts were separated on 

10% polyacrylamide-SDS gels, transferred onto nitrocellulose membranes and incubated with anti-

p53 antibody. Autoradiography was performed using enhanced chemiluminescence and quantitated 

by laser densitometry. Representative samples from each treatment group are shown in the inset. 

Values are expressed as a percentage of ZN control. Values are means ± SEM from 4 (ZN) and 3 (ZD, 

ZA, and ZS) experiments. Different letters indicate significantly different means, P < 0.05. 



171 

fi ^ 
iS ® 
c s 
2 ® 

< Z 

Z o 

S ^ B M 

fS ' ' 

ZD ZN ZA ZS 

FIGURE 21. Relative p21 mRNA abundance in zinc-depleted (ZD, 0.8 p.mol/L zinc), zinc-

normal (ZN, 3.0 (imol/L zinc), zinc-adequate (ZA, 16.0 )imol/L zinc), and zinc-supplemented 

(ZS, 32.0 |j.mol/L zinc) human aortic endothelial cells. Cells were cultured for one passage in 

Endothelial Growth media with zinc added as a supplement to the ZD medium. RNase protection 

products were separated on a polyacrylamide gel and quantitated by laser densitometry. L32 was 

used as an internal reference, and values are expressed as a percentage of ZN control. 

Representative samples from each treatment group are shown in the inset. Values are means ± 

SEM from 4 (ZD and ZS) and 3 (ZN and ZA) experiments. Different letters indicate significantly 

different means, P < 0.05. 
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FIGURE 22. Relative bax mRNA abundance in zinc-depleted (ZD, 0.8 |imol/L zinc), zinc-

normal (ZN, 3.0 p.mol/L zinc), zinc-adequate (ZA, 16.0 (xmol/L zinc), and zinc-supplemented 

(ZS, 32.0 ^mol/L zinc) human aortic endothelial cells. Cells were cultured for one passage in 

Endothelial Growth media with zinc added as a supplement to the ZD medium. RNase protection 

products were separated on a polyacrylamide gel and quantitated by laser densitometry. L32 was 

used as an internal reference, and values are expressed as a percentage of ZN control. 

Representative samples from each treatment group are shown in the inset. Values are means ± 

SEM from 4 (ZD and ZS) and 3 (ZN and ZA) experiments. Different letters indicate significantly 

different means, P < 0.05. 
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FIGURE 23. Relative mcl-l mRNA abundance in zinc-depleted (ZD, 0.8 ^mol/L zinc), zinc-

normal (ZN, 3.0 fimol/L zinc), zinc-adequate (ZA, 16.0 p.mol/L zinc), and zinc-supplemented 

(ZS, 32.0 |imol/L zinc) human aortic endothelial cells. Cells were cultured for one passage in 

Endothelial Growth media with zinc added as a supplement to the ZD medium. RNase protection 

products were separated on a polyacryiamide gel and quantitated by laser densitometry. L32 was 

used as an internal reference, and values are expressed as a percentage of ZN control. 

Representative samples from each treatment group are shown in the inset. Values are means ± 

SEM from 4 (ZD and ZS) and 3 (ZN and ZA) experiments. Different letters indicate significantly 

different means, P < 0.05. 
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FIGURE 24. Relative bcI-2 mRNA abundance in zinc-depleted (ZD, 0.8 ^.mol/L zinc), zinc-

normal (ZN, 3.0 (j.mol/L zinc), zinc-adequate (ZA, 16.0 fimol/L zinc), and zinc-supplemented 

(ZS, 32.0 fimol/L zinc) human aortic endothelial cells. Ceils were cultured for one passage in 

Endothelial Growth media with zinc added as a supplement to the ZD medium. RNase protection 

products were separated on a polyacrylamide gel and quantitated by laser densitometry. L32 was 

used as an internal reference, and values are expressed as a percentage of ZN control. 

Representative samples from each treatment group are shown in the inset. Values are means ± 

SEM from 3 experiments. Different letters indicate significantly different means, P < 0.05. 
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FIGURE 25. Caspase-3 activity in zinc-depleted (ZD, 0.8 (imol/L zinc), zinc-normal (ZN, 3.0 

fj.moI/L zinc), zinc-adequate (ZA, 16.0 (imol/L zinc), and zinc-supplemented (ZS, 32.0 (xmol/L 

zinc) human aortic endothelial cells. Cells were cultured for one passage in Endothelial Growth 

media with zinc added as a supplement to the ZD medium. Caspase-3 activity was measured 

using a colorimetric enzymatic assay as described in MATERIALS AND METHODS. Values 

are expressed as the concentration of the Ac-DEVDp-nitroanilide substrate cleaved after a 2-h 

interval and represents means ± SEM from 4 experiments. Different letters indicate different 

means, P < 0.05. 
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DISCUSSION 

The present study was designed to determine the effects of cellular zinc status on 

p53 protein and the regulation of p53 downstream genes in human aortic endothelial 

cells. Endothelial cell apoptosis may play a role in atherosclerosis by propagating lesion 

formation (Karsan and Harlan, 1996), and p53-induced apoptosis, p53 regulated genes, 

and anti-apoptotic genes which play roles in atherosclerosis, may be modulated by 

nutrients such as zinc. In determining the role of zinc as an effector of these important 

genes in cell stability, the pathogenesis of atherosclerosis may be better understood. 

Because endothelial cells are constantly exposed to not only damage-inducing 

agents, but also protective nutrients, cellular zinc may serve to protect against endothelial 

cell apoptosis and ultimately, atherosclerosis. HAECs have been used extensively as a 

model to study the influence of factors, both protective and damaging, on atherosclerotic 

development. Because of the significance in studying cell stress and atherosclerosis, as 

well as our ability to deplete cellular zinc from HAECs, we believe this model provides 

important information as to how zinc may affect p53 protein, p53 target genes and the 

regulators of apoptosis. 

In these studies, our depletion of zinc in the media did not involve the use of any 

cell permeable chelators, or a chelating resin. Instead, the idnc was excluded in the 

preparation of the basal media, which provided an effective, yet non-invasive technique 

to control the levels of zinc in the media. Using this low-zinc media, 2% FBS was added 



back as well as other growth factors that increased the zinc concentration to 0.8 ^mol/l. 

(as compared to 3.0 ^mol/L for normal media). Cells cultured in the media depleted of 

zinc for two consecutive passages did not appear to be morphologically distinct from 

control cells cultured in normal media. The growth rate and viability of the zinc-depleted 

cells were not altered as compared to control groups as well. We think this depletion of 

zinc represents the marginal zinc deficient states seen in certain subpopulations of the 

U.S. (Sandstead, 1995). 

The levels of zinc added back to the media included the ZN level for comparison 

to normal media (3.0 jj^mol/L) and the ZA level of 16.0 ^mol/L for comparison to the 

concentration of zinc found in human plasma. The supplementation group of 32.0 

j^mol/L of zinc represents a level of zinc that is attainable in humans but not 

pharmacologic (Sullivans and Cousins, 1997). The supplemented group provides 

information on how moderate zinc supplementation might regulate important cell 

processes, such as the expression of genes involved in growth, cell repair, cell stability 

and cell cycle arrest. 

HAECs are somewhat responsive to altering zinc concentrations in the media. The 

ZD cells had significantly lower zinc levels as compared to ZN control and ZS cells. The 

ZN control cells were not significantly different from the ZA cells possibly because of 

the adaptation of cultured cells to the levels of zinc found in media in vitro, as well as 

their conditioned response to adapt to the zinc levels found in human plasma in vivo. 

With increasing zinc levels, DNA content remained relatively the same indicating that 

differences in cell growth and division between treatment groups did not occur. 
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Our data suggest that zinc did not affect the abundance of p53 mRNA in HAECs. 

Normally, wild-type p53 protein and mRNA levels are constitutively low, however, when 

induced, the response is post-transcriptional (Kastan et al., 1991). Levels of p53 protein 

are increased and p53 is converted from its inactive to active form. p53 then translocates 

and accumulates in the nucleus, which is cell-type dependent (Midgley et al., 1995). 

Others have postulated that p53 is controlled only at the level of translation, and p53 is 

able to inhibit itself by auto-regulation (Mosner et al., 1995). It has been shown that p53 

is mainly regulated at the protein level by post-translational modification, protein 

localization, and protein degradation rates. We also did not find differences in p53 

mRNA abundance due to the treatments. In previous studies, we have found that in zinc-

depleted HepG2 cells, p53 mRNA is induced (Reaves et al., 2000). Perhaps the level of 

zinc depletion was insufficient to induce p53 mRNA in the HAECs because the cells 

were not were not exposed to chelators or chelating resins. 

Our data demonstrate that nuclear p53 protein levels were higher in the ZD, ZA 

and ZS cells when compared with ZN control cells. Marginal zinc deficieny could have 

induced stress, whether oxidative or cell proliferative in the HAECs and provoked signals 

that resulted in a post-transcriptional up-regulation of p53. However, this zinc-depletion 

may cause a loss of p53 function to regulate downstream genes possibly due to 

inadequate DNA binding or altered wild-type conformation. With zinc depletion, cells 

may be undergoing oxidative stress (Bray and Bettger, 1990) and this could result in 

changes in protein-zinc or proein-DNA interactions. In addition, oxidative stress results 
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in p53 adopting a mutant conformation that is unable to bind to DNA (Hainaut and 

Milner, 1993; Verhaegh et al., 1998). 

HAECs are normally cultured in regular media of 3.0 j^mol/L of zinc; the level of 

16 jj^mol/L of zinc in the ZA group could cause p53 protein to accumulate in the nucleus 

by translocation secondary to oxidative stress. This signal is also shown to occur in the 

ZS group of 32 ^mol/L as well. The ZS cells may induce another factor that increases 

the p53 protein or may stabilize the protein. Although there was no difference in cell 

growth and viability in the ZS group, the increased p53 protein induced relatively small 

increases in p53 downstream targets, including p21, bax, and bcl-2 mRNA, and also 

induced mcl-1 mRNA. These mRNA inductions could be pre-cell cycle repair events. 

p21 mRNA was increased in the ZS group. Normally, induction of p21 mRNA 

inhibits cyclin-dependent kinases and allow for cell cycle arrest at the G1 phase. Once 

ceils arrest at the G1 phase, damage to DNA can be repaired. With a high level of zinc in 

the HAECs, and the increased p53 protein, p21 mRNA may be transcriptionally up-

regulated in response to injury. Other researchers have shown that p21 mRNA was 

upregulated in human prostate carcinoma cell lines when treated with zinc (Liang et al., 

1999). Further studies will examine electrophoretic mobility shift assays and transfection 

experiments performed under zinc supplementation conditions to identify how zinc 

affects p53 DNA-binding response elements within p21 promoter sequences (El-Deiry et 

al., 1993). Furthermore, within the human partial promoter region of p21, there are five 

perfect metal-responsive elements (MREs), which are regulated by zinc. With zinc 

supplementation, MREs may be upregulated which in turn, increases p21 transcription. 



Bax mRNA was also increased in the ZS group. This bax gene is a pro-apoptotic 

member of the bcl-2 family, and is a p53-target gene whose expression is up-regulated 

through a p53 DNA-binding response element in its promoter (Miyashita and Reed, 

1995). Previously, it has been shown that zinc supplementation inhibits apoptosis (as 

reviewed by Chai et al., 1999) as well as bax protein (Fukamachi et al., 1998). Our 

results indicate that bax mRNA was increased, however, we did not evalulate bax protein 

levels or translocation of bax to the mitochondria. Furthermore, endothelial cell 

apoptosis is associated with decreased levels of bax in the cytosol (Granville et al., 1999). 

mRNA levels may not be an accurate measurement of bax protein levels in the cytosol or 

mitochondria. Bax mRNA abundance may also be enhanced to promote dimerization 

with bcl-2 and this dimerization is required for bcl-2 to block apoptosis (Yin et al., 1994). 

Zinc supplementation increased both mcl-1 and bcl-2 mRNA, both being anti-

apoptotic genes. However, p53 protein has been shown to repress bcl-2 (Miyashita et al., 

1994). Our findings are similar to Fakamachi et al., (1998) who found zinc 

supplementation increased bcl-2 protein and the bcl-2 to bax ratio. Bcl-2 and bax western 

blot analysis are needed to determine whether the level of zinc used in our study affects 

the protein levels, as well as the ratio of bcI-2 to bax. 

Interestingly, our levels of zinc both ZA and ZS did cause caspase-3 activity to be 

reduced as compared to controls. This follows other studies that found zinc 

supplementation decreased caspase-3 activity and its cleavage as well as overall 

apoptosis (Fukamachi et al., 1998; Meerarani et al., 2000; Salvesen and Stennicke, 1997). 

Although the ZS group had increased bax mRNA, all other indicators suggest cell 
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survival, including decreased caspase-3 activity, and increased bci-2, mcl-1, and p21 

mRNA. How p53, regulators of apoptosis, and ceil repair pathways are affected by zinc, 

as well as the role of zinc in both apoptotic cell death and growth are yet to be 

determined. 

In the present studies, we have examined both zinc depletion and zinc 

supplementation on p53 protein levels, p53-regulated genes, and apoptotic regulators. 

Using HAECs, we have shown that both zinc depletion and zinc supplementation 

increases p53 protein levels, however, only zinc-supplemented HAECs induced p21, bax, 

bcl-2 and mcl-1 mRNAs. Zinc-supplemented HAECs also depressed caspase-3 activity. 

Based on these results, we proposed that p53 protein and downstream targets and events 

of increased p53 may be responsive to cellular zinc status. Although p53 protein 

increased with zinc-depletion, its function or conformation may be altered, thus it may 

not be able to regulate target genes involved in cell cycle repair and apoptosis. These 

results imply that ZD cells may have a reduced ability to protect themselves from cell 

damaging agents. This zinc-depleted state may fluther enhance endothelial dysfunction 

and without p53 function and its ability to promote genome stability, endothelial barrier 

disruption may enhance atherosclerosis. These results also imply that with higher zinc 

supplementation, p53 protein levels accumulate and induce p53-target genes involved in 

cell cycle repair and anti-apoptosis. This enhancement of p53 tumor suppressor gene and 

suppressing activity of caspase-3 may promote repair mechanisms in endothelial cell 

homeostasis. 
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CHAPTER SIX: 

CONCLUSION 

Three cell lines, both normal and transformed, were used to examine the influence 

of zinc on p53 gene expression, downstream target genes of p53 such as p21, gadd45, c-

fos, bax, mcl-1, bcl-x and bcl-2, and caspase-3 activity. The effects of zinc on cell 

morphology, growth and survival were also determined. Human hepatoblastomas 

(HepG2s), normal human bronchial epithelials (NHBEs) and human aortic endothelial 

cells (HAECs) were used in these studies. 

HepG2 cells were depleted of zinc using a low-zinc media. The majority of the 

zinc was removed from the serum using a divalent chelating resin, CheIex-100. The zinc-

depleted group (ZD) of cells (0.4 ^mol/L of zinc) had a zinc concentration 64% of 

control cells (4.0 j^mol/L of zinc) (ZN). The ZN control cells contained a concentration 

of zinc comparable to normal cell culture media. Another group (ZA) used in this study 

consisted of 16 ^mol/L of zinc and was used for comparison to normal human plasma 

zinc concentrations. This group had a zinc concentration approximately 40% higher than 

controls. Cellular copper levels were also measured to determine if serum treated with 

chelex removed other major trace minerals. However, there was no significant difference 

in cellular copper concentrations between treatment groups. Metallothionein-II mRNA 

was measured as an additional marker of cellular zinc status. In the ZD group, 

metallothionein mRNA abundance was drastically lower than ZN controls, and the ZA 

group had a much higher level of metallothionein mRNA. These data indicate that the 

metallothionein mRNA was responsive to the different zinc treatments used in the HepG2 



cells. p53 mRNA abundance was 100% higher in the ZD group as compared to both 

controls and the ZA group. This zinc depletion may induce cellular stress that increases 

p53 transcription. However, p53 protein and p53 DNA binding activity remained 

unchanged. These cells were marginally deficient in zinc, not severly. The accumulation 

of p53 protein in the nucleus or its flmction as a transcription factor was not altered 

possibly due to the marginal zinc-depletion. The mRNA may also be more sensitive to 

changes in zinc, whereas a less-sensitive distinct posttranscriptional mechanism may 

control p53 protein levels. 

NHBEs were grown in a low-zinc media to deplete zinc over one passage. The 

zinc-depleted media did not contain any chelators or chelating resins, thus the zinc that 

was not added to the media when being processed was a less-invasive technique. The 

zinc-depleted cells (ZD) were grown in a 0.4 ^mol/L zinc media, and contained a zinc 

concentration that was 34% of ZN controls (4.0 j^mol/L of zinc). Three other treatment 

groups were examined including 4.0 ^mol/L of zinc (ZN), 16.0 j^mol/L of zinc (ZA), and 

32.0 ^mol/L of zinc (ZS). The ZN group was used for comparison to levels of zinc found 

in normal media, the ZA group was used to compare with normal human plasma zinc 

levels and the ZS group was used as an attainable concentration in humans by oral 

supplementation. The zinc concentration of ZA and ZS cells were 340% and 545% 

respectively, as compared to ZN control cells. p53 mRNA abundance was 200% higher 

in the ZD group than the ZN control group, and the ZA and ZS groups also had an 

increased p53 mRNA abundance. p53 nuclear protein weis also increased in the ZD, ZA 

and ZS groups. Gadd45 mRNA was significantly increased in the ZD and ZA groups. 
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but not the ZS group, c-fos mRNA was higher in the ZS group as compared to control. 

p21, bax, bcl-2, mcl-1 and bcl-x mRNA abundances were not changed among treatment 

groups. With zinc-depletion, p53 gene expression may be upregulated due to stress. This 

upregulation increases gadd45 mRNA, a repair gene involved in cell cycle arrest. With 

zinc supplementation, p53 gene expression is also increased. This increase surprisingly 

induces c-fos mRNA. Caspase-3 activity was decreased in the ZS group as compared to 

the ZN control group. With decreased caspase-3 activity, zinc may be protecting cells 

from apoptosis. The ZD cells may have a higher expression of p53, but whether this is 

stable and functional remains unanswered. The zinc supplementation also increases p53 

gene expression, but this increase indicates perhaps a proliferative effect, as opposed to 

cell cycle arrest or induction of apoptosis. 

HAECs were also grown in a low-zinc media to marginally deplete zinc over one 

passage. The level of zinc found in the media in the zinc-depleted group (ZD) as 0.8 

j^mol/L of zinc, which was only 64% of ZN control levels (3.0 j^mol/L of zinc). The 

zinc-supplemented group (ZS) (32.0 ^mol/L of zinc) were 140% as compared to controls 

and the zinc-adequate group (ZA) (16.0 ^mol/L of zinc) were not significantly different 

from ZN controls. p53 nuclear protein was increased in the ZD, ZA and ZS groups when 

compared to controls. However, p53 mRNA remained unchanged among groups. p21 

mRNA, bax mRNA, mcl-1 mRNA and bcl-2 mRNA abundances were increased in the 

ZS group as compared to the ZN control group. Furthermore, caspase-3 activity was 

depressed in both the ZA and ZS groups. With zinc-depletion, p53 protein levels are 

high, but the downstream target genes of p53 are not affected. This p53 protein may be 
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degraded, thus its ftmction as a transcription factor is altered. Zinc supplementation 

causes an accumulation of p53 protein in the nucleus and this in turn up-regulates p21, a 

cyclin-dependent kinase inhibitor that causes cell cycle arrest in the G1 phase of the cell 

cycle. Zinc supplementation also increases bax mRNA, a pro-apoptotic gene, as well as 

anti-apoptotic genes bcl-2 and mcl-1 mRNA abundances. Although growth and 

morphology were not altered in these cells, the induction of these genes may be pre-

apoptotic or pre-cell cycle arrest and repair events. 

Zinc status plays a role in p53 as well as regulators involved in the cell cycle and 

cell death. The mechanism(s) of how zinc influences p53 function and activity is still 

unclear. Zinc may act as a signaling molecule in the cell cycle for p53 activity. Besides 

acting as a signal, zinc may modulate the interaction of p53 with promoters of important 

genes containing p53 response elements and binding sites (Meplan et al., 2000). Zinc 

may also regulate p53 protein conformation and function. These roles of zinc require 

further investigation, including how dietary factors such as zinc regulate cell growth and 

death in diseases such as cancer and atherosclerosis. 
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