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Abstract—Oxidative stress is known to be an important contributing factor in many chronic diseases. We tested the

hypothesis that in healthy normal volunteers zinc acts as an effective anti-inflammatory and antioxidant agent. Ten

normal volunteers were administered daily oral zinc supplementation (45 mg zinc as gluconate) and 10 volunteers

received placebo for 8 weeks. Plasma zinc, MDA, HAE, and 8-OHdG levels; LPS-induced TNF-a and IL-1h mRNA;

and ex vivo TNF-a-induced NF-nB activity in mononuclear cells (MNC) were determined before and after

supplementation. In subjects receiving zinc, plasma levels of lipid peroxidation products and DNA adducts were

decreased, whereas no change was observed in the placebo group. LPS-stimulated MNC isolated from zinc-

supplemented subjects showed reduced mRNA for TNF-a and IL-1h compared to placebo. Ex vivo, zinc protected MNC

from TNF-a-induced NF-nB activation. In parallel studies using HL-60, a promyelocytic cell line, we observed that zinc

enhances the upregulation of mRNA and DNA-specific binding for A20, a transactivating factor which inhibits the

activation of NF-nB. Our results suggest that zinc supplementation may lead to downregulation of the inflammatory

cytokines through upregulation of the negative feedback loop A20 to inhibit induced NF-nB activation. Zinc

administration to human subjects with conditions associated with increased oxidative stress should be

explored. D 2004 Elsevier Inc. All rights reserved.
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INTRODUCTION

The essentiality of zinc and its deficiency in humans was

first recognized in the early sixties of the past century

[1,2]. The current estimate is that a nutritional deficiency

of zinc may affect over 2 billion people in the developing

world. Growth retardation, immune dysfunctions, and

cognitive impairment are major effects of zinc deficiency

[3]. These effects are reversible with zinc supplementa-

tion. Conditioned deficiency of zinc is also known to

occur in many diseases, such as malabsorption syn-

drome, chronic liver and renal diseases, sickle cell

disease, tobacco smoking, excessive intake of alcohol,

cancer, and other chronic diseases [3,4].
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The role of zinc in modulating oxidative stress has

recently been recognized. Oxidative stress is an impor-

tant contributing factor in several chronic human

diseases, such as atherosclerosis and related vascular

diseases, mutagenesis and cancer, neurodegeneration,

immunologic disorders, and the aging process [5–7].

Together O2
S�, H2O2, and

S

OH are known as reactive

oxygen species (ROS) and these are produced continu-

ously in vivo under aerobic conditions. In eukaryotic

cells, the mitochondrial respiratory chain, microsomal

cytochrome P450 enzymes, flavoprotein oxidases, and

peroxisomal fatty acid metabolism are the most signifi-

cant intracellular sources of ROS [5–7]. The NADPH

oxidases are a group of plasma-membrane-associated

enzymes which catalyze the production of O2
S� from

oxygen by using NADPH as the electron donor. Zinc is

an inhibitor of this enzyme. The dismutation of O2
S� to

H2O2 is catalyzed by an enzyme superoxide dismutase

(SOD), which contains both copper and zinc. Zinc is
Free Radical Biology & Medicine, Vol. 37, No. 8, pp. 1182–1190, 2004
Copyright D 2004 Elsevier Inc.

Printed in the USA. All rights reserved
0891-5849/$-see front matter



Zinc as an antioxidant 1183
known to induce the production of metallothionein,

which is very rich in cysteine and is an excellent

scavenger of
S

OH [3,4]. Iron and copper ions catalyze

the production of
S

OH from H2O2. Zinc is known to

compete with both iron and copper for binding to the cell

membrane, thus decreasing the production of
S

OH [3,4].

Despite the known multiple biochemical roles of zinc

as an antioxidant, most studies have been done using cell

lines or animals and very few studies have investigated

the use of zinc in the management of oxidative stress in

humans. Most importantly, we are not aware of any study

that addresses the protective effect of zinc against

oxidative stress in normal healthy humans.

A few investigators have reported that inflammatory

cytokines such as TNF-a and IL-1h, generated by

activated monocytes–macrophages, are also known to

produce increased amounts of ROS [8,9]. Increases in

these cytokines are associated with decreased zinc status

in patients with cutaneous leishmaniasis [10] and

increased lipid peroxidation products are associated with

decreased zinc status in children with chronic giardiasis

[11]. Although limited information is available on the

association of decreased zinc status and in vivo gene-

ration of oxidation by-products, the majority of studies

reflect disease vs. control conditions and do not address

the effect of supplemental zinc on these parameters.

NF-nB is involved in the expression of a variety of

responsive-specific genes and is activated by several

stimuli such as cytokines, radiation, and oxidative stress

[6]. NF-nB exists in the cytoplasm as a p50 and p65

heterodimer complexed with an inhibitory protein, InB
[12,13]. In vitro activation of NF-nB by TNF-a in

mononuclear cells (MNC) has been shown to be an

excellent model of an oxidative stress-sensitive trans-

activating factor and has been used to evaluate the efficacy

of compounds in protecting cells from oxidative stress [6].

Zinc has been shown to inhibit NF-nB activation in

prostate cancer cells, thus enhancing anti-cancer therapy

[14], and in bovine cerebral epithelial cells [15] as well as

reducing increased levels of activated NF-nB in diabetic

CD1 mice [16] and a zinc-deficient cultured human

hepatocellular carcinoma-derived cell line [17].

The paradox that zinc can inhibit NF-nB activity, i.e.,

DNA binding, and yet is necessary for DNA binding

underscores the difficulty in understanding the mecha-

nism of the action of zinc as an antioxidant. The induction

of the NF-nB activation pathway seems to be cell specific

and is counterbalanced by concomitant activation of NF-

nB activation inhibitors. One such inhibitor of NF-nB
activation is A20, a zinc-finger transactivating factor

which also binds to DNA producing A20 protein, which

inhibits TNF-a-induced NF-nB activation [18–22]. A20

plays an important role in reducing IL-1h- and TNF-a-

induced NF-nB activation [18–22].
Our data reported here provide evidence that zinc

supplementation in normal healthy subjects (a) lowers

the oxidative stress-related by-products MDA, HAE, and

8-OHdG generated by cells and released into the plasma;

(b) inhibits the induction of TNF-a and IL-1h mRNA in

MNCs; and (c) exhibits a protective effect against TNF-

a-induced NF-nB activation in isolated MNCs. In

addition, we provide evidence to show that in the

promyelocytic leukemia cell line HL-60, which diffe-

rentiates to the monocyte–macrophage phenotype in

response to PMA, zinc increases the expression of A20

and the binding of A20 transactivating factor to DNA,

thereby enhancing the inhibition of induced NF-nB
activation.

MATERIALS AND METHODS

Human subjects

This study was approved by the Human Investigation

Committee ofWayne State University (Detroit, MI, USA).

Twenty normal, ambulatory, healthy human subjects (9

males and 11 females, ages 19-50 years) employed at the

Detroit Medical Center and Wayne State University

School of Medicine were recruited for this study. Subjects

were randomly assigned equally into placebo or zinc

group. Ten subjects received oral placebo and 10 subjects

received oral zinc (45 mg zinc as zinc gluconate) daily for

8 weeks. Both zinc and placebo capsules were supplied by

Labcatal (Paris, France). Blood was drawn before and

after 8 weeks for the measurement of plasma zinc

concentration, lipid peroxidation, DNA oxidation prod-

ucts, NF-nB–DNAbinding, and RT-PCR assays of TNF-a

and IL-1h mRNAs.

Lipid peroxidation and DNA oxidation

Plasma lipid peroxidation products, MDA and HAE,

and plasma DNA oxidation product 8-OHdG were

assessed in 16 subjects. MDA and HAE were determined

using a lipid peroxidation assay kit (Oxford Biochemical

Research, Oxford, MI, USA) and 8-OHdG was deter-

mined using an ELISA kit (Japan Institute for the Control

of Aging, Fukuroi, Shizuoka, Japan) according to the

manufacturers’ protocols.

Ex vivo studies with MNC

Isolation of peripheral mononuclear cells. Fifty milli-

liters of heparinized peripheral blood was obtained via

venipuncture from each human subject before and after

placebo or zinc supplementation. Plasma was collected

for zinc analysis, MDA, and HAE and plasma DNA

oxidation product, 8-OHdG. Zinc was analyzed according

to our previously established procedure [23]. MNC were

separated from granulocytes and red cell components by

discontinuous density gradient using Histopaque 1077
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(Sigma Chemicals, St. Louis, MO, USA). After isolation,

cells were washed once in PBS and resuspended in 10 ml

RPMI 1640 medium supplemented with 10% FBS, 1%

penicillin/streptomycin. Five milliliter aliquots (1 � 10
6

/

ml) each were placed into two culture plates. One set of

MNC was used for RT-PCR assay and the other set was

used for NF-nB binding assay.

RT-PCR for TNF-a and IL-1b mRNAs. To induce

mRNA for TNF-a and IL-1h in monocytes, isolated

MNC from all 20 subjects were stimulated with 100 Ag/
ml LPS for 24 h. Total cell RNA was extracted as

described previously [13]. cDNAs were generated from

2 Ag total RNA by reverse transcription at 428C for 30 min

in a 20 Al reaction, using the GeneAmp RNA PCR kit

(Perkin–Elmer) according to published techniques [24].

The TNF-a, IL-1h, and h-actin cDNA PCRs were

conducted in all 20 subjects. Primers used to generate

TNF-a, IL-1 h, and h-actin cDNAs are listed in Table 1.

NF-jB binding assay. To generate oxidative stress,

MNC were stimulated with TNF-a (50 ng/ml) for 15

min after which nuclear proteins were isolated and

prepared for gel-shift assay for NF-nB DNA binding.

Preparation for and the performing of the NF-nB gel-

shift assay were done according to previously published

techniques [12,13].

Effects of zinc on A20 in HL-60 cells

Cell culture. HL-60 (ATCC, No. CCL-240), a pro-

myelocytic leukemia cell line, when differentiated to the

monocytic lineage by PMA, exhibits characteristics of

peripheral monocytes [25–27]. We utilized this cell line,

differentiated by PMA, to investigate in more depth the

effects of zinc on NF-nB activation. This cell line has been

found to be responsive to zinc status in our laboratory [28].

HL-60 cells were maintained in RPMI 1640 culture

medium as described above [12,13,28]. To initiate an

experiment, cells were separated into two groups. One set

of cells was incubated in zinc-deficient medium (1 AMZn)

and the other set of cells in zinc-sufficient medium (15 AM
Table 1. PCR Primers

cDNA Primer M

TNF-a 5V-GGACGTGGAGCTGGCCGAGGAG 94
3V-CACCAGCTGGTTATCTCTCAGCTC

IL-1h 5V-AAACAGATGAAGTGCTCCTCCAGG 94
3V-TGGAGAACACTTGTTGCTCCA

h-Actin 5V-ATCTGGCACCACACCTTCTACAATGA 94
3V-GGTCATACTCCTGCTTGCTGATCCACA

A20 5V-CTGCCCAGGAATGCTACAGATAC 95
3V-GACTTTAGGCTCGACAAGGTG

18S 5V-AGGAATTGACGGAAGGGCAC 95
Zn) for 10 d. Preparation of zinc-deficient/zinc-sufficient

media and the length of time necessary to obtain zinc-

deficient HL-60 cells have been described in detail

elsewhere [12,13,28]. The zinc-deficient and zinc-suffi-

cient cells (2� 10
6

/ml) were stimulated with 5 ng/ml PMA

or 100 Ag LPS for 6 h. The cells were then harvested for

RT-PCR for A20 mRNA.

RT-PCR for A20 mRNA. The zinc-deficient and zinc-

sufficient cells (2 � 10
6

/ml) were stimulated with

either 5 ng/ml PMA or 100 Ag/ml LPS for 6 h. The

cells were harvested for total RNA isolation, followed

by RT-PCR of A20 mRNA. RT-PCR conditions are

listed in Table 1.

A20-specific jB element DNA binding assay. HL-60

cells exposed to either zinc-deficient or zinc-sufficient

medium for 10 d were stimulated with either PMA or

LPS for 6 h. The cells were harvested for A20-specific

nB element DNA binding assay. This assay is a

modification of the NF-nB DNA binding assay

described above, differing only in the DNA target

sequence. Double-stranded A20-specific nB element

DNA sequence (5V-GTGACTTTGGAAAGTCCCGTG-
GAAATCCCCGGGCCTACAACCC-3V) [19] was syn-

thesized by XXIIDT Integrated DNA Tech, Inc.

(Coralville, IA, USA).

Statistical analysis

Statistical analyses were performed using Microsoft

Word Excel and Instat (version 3; Graph Pad, San Diego,

CA, USA). All experiments were conducted in triplicate.

Data are expressed as the means F SD. Statistical

significance was set at p V .05.

RESULTS

Plasma zinc, MDA, HAE, and 8-OHdG

Figure 1 shows that the plasma zinc concentrations

were significantly increased only in the zinc-supple-

mented group (p b .05). The baseline zinc concen-
and Conditions

PCR conditions

elting Annealing Extension Cycle

8C, 45 s 608C, 45 s 728C, 90 s 35

8C, 45 s 628C, 120 s 728C, 120 s 35

8C, 60 s 558C, 45 s 728C, 60 s 35

8C, 30 s 608C, 60 s 728C, 60 s 40

8C, 30 s 548C, 60 s 728C, 60 s 35
s



Fig. 2. Effects of zinc supplementation on plasma MDA and HAE and
8-OHdG in normal human volunteers. Eight subjects received 45 mg
zinc as gluconate orally for 8 weeks and the other group of eight
subjects received placebo for 8 weeks. The plasma was collected for
lipid peroxidation and DNA oxidation assays before and after
supplementation. The results show that zinc supplementation decreased
(A) the generation of plasma lipid peroxidation products and (B) plasma
DNA oxidation (8-OHdG) in normal human subjects (*p b .05).
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trations of both groups were comparable and were

within the normal range before supplementation.

Plasma MDA and HAE, representing lipid perox-

idation products, are shown in Fig. 2A. Plasma MDA

and HAE pre- vs. post-placebo supplementation were

not significantly different (mean F SD): 1.57 F 0.33

and 1.56 F 0.39 Amol/l (n = 8, paired t test, p N .05).

Plasma MDA and HAE pre- vs. post-zinc supplementa-

tion were (mean F SD) 1.52 F 0.64 and 0.93 F 0.15

Amol/l (n = 8, p b .05), respectively. Thus, we observed

a significant decrease in the in vivo generation of

oxidant by-products only in the zinc-supplemented

group. In Fig. 2B, the results indicate no change in

plasma 8-OHdG in the placebo group (mean F SD) pre-

vs. postsupplementation (0.52 F 0.39 vs. 0.51 F 0.31

ng/ml, paired t test, p N .05). The concentrations of

plasma 8-OHdG in the zinc-supplemented group were

(mean F SD) 0.62 F 0.25 and 0.39 F 0.19 ng/ml,

respectively, before and after zinc supplementation.

There was a significant decrease in plasma 8-OHdG

concentration only in the human volunteers supple-

mented with oral zinc (n = 8, paired t test, p b .05).

Ex vivo studies with MNC

In order to determine the effects of zinc and placebo

supplementation on the ability of MNC isolated from

these volunteers to modulate relative levels of TNF-a

and IL-1h mRNA in response to LPS stimulation (LPS

selectively stimulates monocytes), experiments were

carried out as described under Materials and Methods.

The results are shown in Fig. 3. There was no

significant difference in the relative levels of LPS-

induced TNF-a and IL-1h mRNA between the two

groups before supplementation (p N .05). However,

both LPS-induced TNF-a and IL-1h mRNAs were
Fig. 1. Plasma zinc concentrations. Plasma zinc levels were determined
in 20 subjects receiving either oral placebo (n = 10) or 45 mg oral zinc
as zinc gluconate (n = 10) for 8 weeks. A statistical increase in average
plasma zinc levels was observed only in subjects supplemented with
zinc (*p V .05).
significantly decreased (p b .05) only in the group

receiving zinc supplementation for a period of 8 weeks.

mRNAs for both TNF-a and IL-1h were below the

level of detection in non-LPS-stimulated MNCs from all

subjects (data not shown here).

Because in vitro TNF-a-induced activation of NF-nB
in MNC represents a model for induction of oxidative

stress [6], we have used this procedure to assess the

effects of zinc supplementation on ex vivo induced

oxidative stress in isolated MNC obtained from our

volunteers after 8 weeks of either placebo or zinc

supplementation. As seen in Fig. 4, there was a 50%

decrease in the NF-nB DNA binding in MNC isolated

from the zinc-supplemented group compared to the

placebo group (p b .05).

Effects of zinc on A20 in HL-60 cells

Figure 5A shows that the relative level of LPS- and

PMA-induced A20 mRNA was significantly decreased

(p b .05) in zinc-deficient HL-60 cells compared to that

in zinc-sufficient cells. There was no significant diffe-

rence in the relative A20 mRNA levels between PMA-



                 

Fig. 4. Effects of zinc or placebo supplementation on NF-nB binding in
TNF-a-stimulated MNC. MNC from 10 subjects from each group were
isolated 8 weeks after supplementation and stimulated with 50 ng/ml
TNF-a for 15 min. Nuclear extracts were harvested and samples were
subjected to gel-shift assay. The data shown here are representative of 5
subjects from each group. Lanes 1–5 and 6–10 represent nuclear
extracts from placebo and zinc supplementation samples, respectively.
Lane 11 represents the positive control (HeLa cells). Lane 12 represents
the competitive control. The results indicate that zinc supplementation
protects MNC from TNF-a-induced increase in NF-nB DNA binding
compared to that seen in placebo MNC (p b .05; n = 10).

Fig. 3. Relative levels of LPS-induced TNF-a and IL-1hmRNA inMNC
supplemented with zinc or placebo. IsolatedMNC from subjects pre- and
postsupplementation were stimulated with 100 Ag/ml LPS for 24 h. Total
RNAwas extracted and samples were subjected to RT-PCR analysis. The
data shown here are representative of three subjects from each group.
Lanes 1–3 (placebo) and 4–6 (zinc supplemented) represent the samples
(both pre- and postsupplementation). The results indicate that before
supplementation, there was no significant difference in relative LPS-
induced (A) TNF-a or (B) IL-1hmRNAbetween the two groups (p N .05;
n = 10). However, after 8 weeks of supplementation, both TNF-a and IL-
1h mRNAs were significantly reduced (*p b .05) only in subjects
receiving zinc.
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and LPS-simulated cells under either zinc-deficient or

zinc-sufficient conditions (p N .05). Figure 5B shows that

PMA- or LPS-induced A20-specific nB-element DNA

binding was also decreased in zinc-deficient cells

compared to zinc-sufficient HL-60 cells (p b .05).

However, there was no significant difference in A20-

specific nB-element DNA binding between PMA- and

LPS-stimulated cells under either zinc-deficient or zinc-

sufficient conditions (p N .05).

DISCUSSION

Studies in cell culture and animal models have

shown that zinc functions as an antioxidant. It has been

suggested that zinc may function as a site-specific

antioxidant by two mechanisms. First it competes with
Fe and Cu for binding to cell membranes and some

proteins, displacing these redox-active metals, and

second it binds to SH groups, protecting them from

oxidation [29]. In another study it was shown that high

zinc intake significantly reduced the severity of type I

diabetes in alloxan- and streptozotocin-induced diabetes

in CDI mice [16]. It was observed that zinc supple-

mentation inhibited NF-nB activation and decreased the

expression of inducible NO synthase, a downstream

target gene of NF-nB in pancreatic cells [16].

In zinc-deficient rats, increased concentration of

TBARS, indicating increased lipid peroxidation, was

detected in the liver, brain, and testes [30]. The

mechanism by which zinc may decrease oxidative stress

in animals, however, is not well understood.

Human lung fibroblast cells cultured under zinc-

deficient conditions not only undergo oxidative stress

and DNA damage but their ability to repair this

damage is also compromised [31]. Thus, zinc adequacy

is necessary for maintaining DNA integrity and may be

important in the prevention of DNA damage and

cancer. In zinc-deficient rat glioma C6 cells, the

abilities of the transcription factors p53, NF-nB, and

activator protein 1 (AP-1) to bind to consensus DNA

sequences were decreased [32]. Zinc deficiency in C6

cells increased the oxidative stress and also induced



Fig. 5. Effects of zinc on A20 mRNA in HL60 cells. The cells were
incubated either in zinc-deficient or in zinc-sufficient medium for 10 d,
followed by 6 h of either PMA or LPS stimulation. In (A), lanes 1 and 2
represent zinc-deficient and zinc-sufficient cells, respectively, without
stimulation. Lanes 3 and 4 represent zinc-deficient and zinc-sufficient
cells, respectively, with 6 h of LPS stimulation. Lanes 5 and 6 are the
zinc-deficient and zinc-sufficient cells, respectively, after 6 h of PMA
stimulation. The relative level of A20 mRNA to 18S ribosome RNA
was measured by RT-PCR. These data are representative of three
separate experiments. The results indicate that zinc-deficient cells
exhibit reduced relative level of A20 mRNA compared to that observed
in the zinc-sufficient cells (p b .05). (B) The effects of zinc on A20-
specific nB element DNA binding in HL60 cells. Lanes 1 and 2
represent zinc-sufficient and zinc-deficient cells, respectively, without
stimulation. Lanes 3 and 4 represent zinc-deficient and zinc-sufficient
cells, respectively, with 6 h of LPS stimulation. Lanes 5 and 6 are the
zinc-deficient and zinc-sufficient cells, respectively, after 6 h of PMA
stimulation. The results indicate that zinc deficiency reduced A20-
specific nB DNA binding in comparison to zinc-sufficient cells after
stimulation (p b .05).
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DNA repair protein expression [32]. After exposure to

TNF-a, zinc-deficient porcine pulmonary artery-derived

endothelial cells showed an increased oxidative stress,

increased activation of NF-nB and AP-1, and increased

production of IL-6 in comparison to zinc-sufficient

cells [33].

The effects of 30 mg zinc (as gluconate) supplementa-

tion on oxidative stress in 56 Tunisian adult subjects with

type 2 diabetes mellitus were recently evaluated [34].

Plasma zinc, plasma copper, plasma TBARS, Cu-Zn SOD

and glutathione peroxidase activities in red blood cells
were determined. After 6 months of zinc supplementa-

tion, plasma zinc increased and plasma TBARS were

significantly decreased, whereas the placebo group

showed no such changes [34].

The effects of vitamin C and zinc supplementation on

osmotic fragility and lipid peroxidation of erythrocytes

were studied in 34 zinc-deficient hemodialysis patients

[35]. Patients were randomized to receive vitamin C

(250 mg daily), zinc (20 mg daily), or a placebo

treatment for 3 months. Supplementation with vitamin

C and zinc improved osmotic fragility and decreased the

levels of the plasma lipid preoxidation product MDA.

Recently, in a large study organized by the National

Eye Institute, National Institutes of Health, it was

reported that zinc and antioxidants (vitamin C, vitamin

E, and h-carotene) significantly reduced the odds of

developing advanced age-related macular degeneration

(AMD) and prevented blindness in a high-risk group of

elderly subjects [36]. Although the mechanism of the

zinc effect was not defined, one may hypothesize that

zinc reduced the oxidative stress and was thus beneficial

in AMD.

Our present study demonstrates for the first time that

after zinc supplementation, oxidative stress as assessed

by lipid peroxidation, DNA oxidation, and ex vivo

TNF-a induced activation of NF-nB in isolated MNC

was significantly deceased compared to placebo-supple-

mentation in normal human subjects. This observation

thus underscores the relevance of zinc supplementation

in humans for decreasing oxidative stress.

The effect of zinc on NF-nB activation is cell-lineage

specific. We have reported that in HUT-78 cells (a Th0

malignant human lymphoblastoid cell line) maintained

under zinc-deficient conditions, the activation of NF-nB
and the level of newly synthesized IL-2 mRNA were

decreased in comparison to the cells maintained under

zinc-sufficient conditions [12,13]. We have also dem-

onstrated that in zinc-deficient HUT-78 cells, phos-

phorylated InB, IKK, and ubiquitinated InB levels and

binding of NF-nB to DNA were all significantly

decreased compared to zinc-sufficient HUT-78 cells

[12]. We further showed that the binding of recombinant

NF-nB (dimeric p50) to DNA in HUT-78 cells was zinc

specific [12].

In this study we show that in MNC, the TNF-a-

induced binding of NF-nB to DNA was decreased in the

zinc-supplemented subjects compared to that in the

placebo group, thus demonstrating the protective effect

of zinc on TNF-a-induced oxidative stress on cells. We

also observed that the expression of genes encoding

TNF-a and IL-1h (inflammatory cytokines known to

generate ROS) were decreased in zinc-supplemented

volunteers versus the placebo-supplemented group.

These results are in agreement with those reported



 

ig. 6. Zinc inhibition of NF-nB-induced TNF-a and IL-1h via
ctivation of the A20 pathway. In cells stimulated with TNF-a or LPS,
inc enhances the translocation and binding of NF-nB p50 subunits (in
lue boxes) to specific DNA binding sites, thus allowing for the
anscription of cell-specific targeted genes necessary for cellular
ifferentiation, proliferation, cytokine production, or cell death. In
onocytes–macrophages, p50 translocation and binding to NF-nB sites
n genes for inflammatory cytokines induce TNF-a and IL-1h mRNA.
50 translocation and binding to NF-nB sites on the A20 gene initiates
vents leading to the synthesis of A20 protein (blue ovals) which, in a
edback loop, serves to inhibit the continued activation of NF-nB. In
inc-sufficient cells, the A20 protein andA20DNAbinding are increased
ompared to those seen in zinc-deficient cells. A20 protein, when bound
TRAF1 or TRAF2 (purple half-circles) and TRAF6 or IRAK (beaded

urple half-circles), inhibits the ability of these factors to phosphorylate
lected components of the IKK (InB kinase, composed of IKKa, IKKh,
nd IKKg), which in turn phosphorylates InB and is required for NF-nB
ctivation (red bars indicate inhibitory pathways). In addition, zinc-
duced increase in A20 bound to TRAF2, TRAF6, or IRAK may also
egatively regulate NF-nB-inducing kinase (NIK), a component of the
itogen-activating protein kinase 3), which also can phosphorylate IKK,
ventually leading to NF-nB activation (expanded view) [45]. Thus, in
onocytes–macrophages, zinc inhibits NF-nB-induced expression of
flammatory cytokines by enhancing the A20 negative feedback loop,
locking phosphorylation of InB via at least two routes, through
hibition of IKK and NIK activity.
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earlier, which show that zinc supplementation in zinc-

deficient endothelial cells may decrease the activation of

NF-nB [37].

The role of zinc in regulation of the gene expression

of IL-1h and TNF-a has not been defined. The zinc-

finger protein A20 has been shown to inhibit NF-nB
signaling by TNF-a and IL-1h via the TNF receptor gene

(TRAF pathways) in endothelial cells [20,38]. A20 is

expressed in various types of cells in response to a

number of stimuli such as TNF-a, IL-1h, LPS, PMA,

and Epstein–Barr virus latent membrane protein [21].

A20 expression primarily protects cells from TNF-a-

induced cytotoxicity by inhibiting the activation of NF-

nB, which leads to decreased IL-1h and TNF-a gene

expression as has been demonstrated in endothelial cells

[21]. In this study we show that the A20 mRNA

increases in zinc-supplemented HL-60 cells. The cartoon

in Fig. 6 presents our hypothesized role for zinc in the

gene expression of TNF-a and IL-1h. We propose that

similar effects of zinc supplementation on the A20

pathway occur in primary cells. Further studies are

ongoing in our laboratory in order to understand the

mechanisms of zinc action.

Evidence is accumulating to indicate that oxidative

stress may be an important contributing factor in several

chronic human diseases. In view of the fact that TNF

neutralization in the treatment of septic shock [39,40]

and the use of IL-1Ra (IL-1 receptor antagonist) and

TNF antibody in the treatment of rheumatoid arthritis

[41,42] are well known, a trial of therapeutic levels of

zinc administration in many chronic diseases in which

oxidative stress is known to play an important role may

be clinically relevant because zinc decreases the gene

expression of both TNF-a and IL-1h.
It is evident from the AREDS study [36] that in order

to achieve antioxidant effect of zinc in vivo, the oral dose

of zinc administration must be several times higher than

the usual RDA amounts. Clearly, in these situations, one

is not attempting to correct a simple zinc deficiency,

rather one is using zinc as a therapeutic modality in order

to achieve an antioxidant effect. In humans, oral intake of

elemental zinc greater than 50 mg daily for more than 12

weeks most likely will induce copper deficiency [43,44].

In order to prevent this, in the AREDS trial, all subjects

were given 2 mg copper orally daily [36].

Our study provides molecular evidence for an anti-

oxidant effect of zinc in human subjects and shows that

zinc supplementation in vivo protected MNC against

oxidative stress. Although there are several possible

biochemical mechanisms by which zinc may decrease

oxidative stress in cells, our study shows that zinc

negatively regulates gene expression of inflammatory

cytokines such as TNF-a and IL-1h, which are known to

generate ROS, and this may be one additional mecha-
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nism by which zinc may be functioning as an antioxidant

in humans. Thus our study provides a rationale for the

use of zinc in therapeutic trials either alone or in

conjunction with other modalities in chronic diseases,

including chemoprevention of cancer in which oxidative

stress is known to play an important role.
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ABBREVIATIONS

HAE—hydroxyalkenals

IKK—InB kinase

IL-1h—interleukin-1h
IRAK—IL-1 receptor-associated kinase

LPS—lipopolysaccharide

MDA—malondialdehyde

NF-nB—nuclear factor-nB
RDA—recommended dietary allowance

RT-PCR—reverse transcription-polymerase chain

reaction

TBARS—thiobarbituric acid-reactive substance

TNF-a—tumor necrosis factor-a

TRAF—TNF receptor-associated factor

8-OHdG—8-hydroxy-2V-deoxyguanosine
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