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ABSTRACT 

Zinc is an essential component of biomembranes and is necessary for maintenance of membrane structure and function. 
There is evidence that zinc can provide antiatherogenic properties by preventing metabolic physiologic derangements of 
the vascular endothelium. Because of its antioxidant and membrane-stabilizing properties, zinc appears to be crucial for 
the protection against cell-destabilizing agents such as polyunsaturated lipids and inflammatory cytokines. Zinc also may 
be antiatherogenic by interfering with signaling pathways involved in apoptosis. Most importantly, we have evidence that 
zinc can protect against inflammatory cytokine-mediated activation of oxidative stress-responsive transcription factors, such 
as nuclear factor KB and AP- 1. It is very likely that certain lipids and zinc deficiency may potentiate the cytokine-mediated 
inflammatory response and endothelial cell dysfunction in atherosclerosis. Thus, the antiatherogenic role of zinc appears 
to be in its ability to inhibit oxidative stress-responsive factors involved in disruption of endothelial integrity and atherosclero- 
sis. We discuss antiatherogenic properties of zinc with a focus on endothelial cell metabolism. Nutrition 1996; 12:71 l-717 
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INTRODUCTION 

Zinc is a critical component of biomembranes and is essen- 
tial for proper membrane structure and function and the activity 
of numerous enzymes.’ Factors implicated in the pathogenesis 
of atherosclerosis include chronic and cumulative metabolic 
alterations of the endothelium by certain lipids and inflamma- 
tory cytokines.2-4 Little is known about the requirements and 
functions of zinc in maintaining the integrity of the vasculature, 
particularly the vascular endothelium. Because zinc is required 
for normal cellular repair processes and because atherosclerosis 
is believed to begin with endotbelial cell injury or dysfunction, 
a low zinc concentration in the plasma or vascular tissues may 
be involved in either initiation of cell injury, potentiation of 
oxidative stress and inflammatory response, or inadequate pro- 
tection against apoptosis (Fig. 1). These events may have im- 
portant implications during the inflammatory response in the 
patbogenesis of atherosclerosis’ and during times of infection 
and other stressors when plasma zinc is depressed because of 
possible redistributions of body zinc pools. 

Part of the etiology of atherosclerosis involves damage to 
or dysfunction of the vascular endothelium.6-s It is now widely 
recognized that the endothelium is not merely a passive blood- 

compatible surface but that it plays an active role in the physio- 
logic processes of vessel-tone regulation and vascular perme- 
ability. Endothelial cells are constantly exposed to the blood, 
which contains various kinds of cells, soluble components, va- 
soactive substances, toxic wastes, and factors involved in he- 
mostasis, thrombosis, and immune reactions. Various circulat- 
ing components, including “injurious” and “protective” nutri- 
ents, can interact with enzymes, receptors, and adhesion and 
transport molecules located on the luminal surface of endothe- 
lial cells, resulting in further “communication” between blood- 
borne cells and abluminal tissues. It is clear that maintaining 
an adequate and constant supply of protective nutrients to the 
tissues vulnerable to injury (e.g., the vascular endothelium) 
may make an important contribution to the protective mecha- 
nisms that prevent or reduce atherosclerosis. In general, while 
imbalance in certain blood lipids and inflammatory cytokines is 
implicated in the development of atherosclerosis, some selected 
vitamins and minerals, because of their physiologic functions 
as antioxidants and membrane stabilizers, may exhibit antiath- 
erogenic properties. 

The involvement of zinc in the pathogenesis of atherosclero- 
sis is not clear. A decrease in the zinc/copper ratio was observed 
in the plasma of atherosclerotic men,’ and serum zinc concen- 
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trations were significantly decreased in rats with experimental 
atherosclerosis.” In addition, zinc concentrations were signifi- 
cantly lower in aortas obtained from hypertensive patients with 
aortic aneurysms than in control patients or those with hyperten- 
sive occlusive tissues.” Finally, concentrations of serum zinc 
appear to decrease with age, especially in patients with athero- 
sclerosis.” On the other hand, in subjects with significant core; 
nary artery atherosclerosis, no correlation was found between 
plasma zinc or copper with serum lipids or lipoproteins.i3 Also, 
higher levels of zinc have been reported in fibrous atheroscle- 
rotic plaques than in normal aortic tissues.14 A distinct basal 
expression of copper-zinc and extracellular superoxide dismu- 
tases was observed in normal aortic intima-medias, but no clear 
induction of these mRNAs was detected in atherosclerotic 
aortas.‘5 Even though the relationship between vascular concen- 
trations of zinc, lipids, and the pathogenesis of atherosclerosis 
is not clear, zinc appears to have distinct protective properties 
during the inflammatory response in atherosclerosis.‘6 Evidence 
suggests that zinc can act as an endogenous protective factor 
against atherosclerosis by inhibiting the oxidation of low-den- 
sity lipoprotein (LDL) by cells or iron.” Intravenous injection 
of acetylated LDL or lipopopolysaccharide (LPS) into mice 
induced a decrease in serum zinc levels, probably as a result 
of the release of interleukin-1 (IL-1).18 Interestingly, oral ad- 
ministration of probucol (a hypocholesterolemic agent with 
antioxidant properties) inhibited the LPS-induced fall in serum 
zinc levels.” In another study, exposure to LPS resulted in a 
significant fall in plasma zinc and an increase in hepatic zinc 
concentrations in normal mice but not in mice lacking expres- 
sion of metahothionein genes.” This suggests that metallothio- 
nein synthesis is essential for endotoxin-induced liver zinc ac- 
cumulation. However, plasma concentrations of metallothio- 
nein and superoxide dismutase appear not to be affected during 
zinc supplementation.” In cultured bovine aortic endothelial 
cells, zinc-induced tolerance to cadmium cytotoxicity also has 
been shown to occur without induction of metallothionein.*i 
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FIG. 1. A schematic diagram illustrating our hypothesis that certain 
lipids (e.g., fatty acids) can interact with and intensify inflammatory 
cytokine expression in vascular tissues, leading to disruption of endotbe- 
lial integrity and contributing to atherosclerosis. We also postulate that 
zinc is an antiatherogenic nutrient by providing protection against lipid/ 
cytokine-mediated endotbelial cell dysfunction. Bold bars represent 
pathways possibly inhibited by zinc. TNF, tumor necrosis factgl; 
IL, interleukin; ICAM-I, human intercellular adhesion molecule; 
ELAM-1, endotbelial-leukocyte adhesion molecule. 

The present review focuses primarily on recent research, 
which supports our hypothesis that zinc is a critical antiathero- 
genie nutrient by protecting and stabilizing vascular endothelial 
cells** (Fig. 1). It is likely that certain lipids (e.g., fatty acids) 
will intensify cytokine expression in vascular tissues, leading to 
endothelial cell dysfunction and contributing to atherosclerosis. 
Recent evidence suggests that zinc may provide antiatherogenic 
properties by interfering with mechanisms of lipid/cytokine- 
mediated endothelial dysfunction (Fig. 1) . 

ROLE OF ZINC IN MAINTAINING CELLULAR INTEGRITY 

In addition to being an essential component of biomem- 
branes, ’ zinc also participates extensively in protein, nucleic 
acid, carbohydrate and lipid metabolism, and in the control of 
gene transcription and other fundamental biologic processes.23 
For example, isolated lysosome membranes were protected 
from oxidative injury in the presence of zinc,24.25 and zinc 
deficiency resulted in oxidative damage to proteins, lipids, 
and DNA in rat testes.26 Zinc is an essential component of 
copper zinc superoxide dismutase and is associated with met- 
allothionein, a protein rich in thiolate groups.23*27 Zinc can also 
compete with copper and iron for membrane-binding sites, thus 
reducing the potential for hydroxyl radical formation via redox 
cycling. Recently, zinc has been demonstrated to decrease re- 
perfusion injury in isolated rat hearts, presumably by its ability 
to suppress significantly hydroxyl radical formation after re- 
gional ischemia.*’ Therefore, in addition to its function as a 
membrane stabilizer, zinc may have a physiologic role as an 
antioxidant by protecting sulfhydryl groups against oxidation 
and inhibiting the production of reactive oxygen by transition 
metals.26.29 Furthermore, dietary zinc deficiency was reported 
to decrease plasma concentrations of vitamin E,30 suggesting 
that dietary zinc deficiency may increase the nutritional require- 
ment for vitamin E necessary to maintain adequate plasma 
concentrations. 

Because of its unique properties, zinc may play a critical 
role in maintaining endothelial cell integrity. In our laboratory, 
we extensively studied methods to determine zinc deficiency 
in endothelial cells. These methods included cell culture in low- 
serum medium (where serum was the only source of zinc) and 
in media previously exposed to different types of chelating 
agents ( 1 , 1 0-orthophenanthroline or chelex ) . These techniques 
resulted in depletion of intracellular zinc levels and similar 
metabolic changes.31-33 

Zinc depletion and supplementation studies in cultured en- 
dothelial cells are usually complicated by the fact that most 
intra- and extracellular zinc is bound to proteins with varying 
degrees of affinity and that free zinc ion concentrations are 
very low. Thus, zinc levels used for supplementation studies 
(as well as deficiency studies, i.e., zinc transport or uptake and 
saturation into endothelial cells) will depend on the amount of 
serum in the culture media. For example, we found that when 
zinc is depleted by culture in 1% serum-containing media, cel- 
lular zinc levels can be replenished significantly by supplemen- 
tation with 10 ,uM zinc (Zn*+). Zinc acetate appears to be 
the best tolerated zinc preparation with the highest levels of 
absorption after oral intake in human studies.34 We also found 
that zinc acetate appears to be an effective form of zinc supple- 
mentation. Albumin also has been shown to modulate zinc 
transport into endothelial cells. 35 Endothelial cultures can also 
be supplemented with other divalent cations, such as calcium, 
magnesium, or cadmium, to demonstrate that zinc is unique in 
its protective function against lipid/cytokine insults. Cadmium 
has been shown to competitively inhibit zinc transport into 
endothelial cells, whereas equimolar concentrations of copper 
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and magnesium were ineffective.36 Furthermore, zinc supple- 
mentation was capable of inducing a tolerance to cadmium 
cytotoxicity in cultured vascular endothelial cells.37 Interest- 
ingly, cadmium and tumor necrosis factor (TNF) exhibited 
similar cytotoxicity, ‘* suggesting that TNF-mediated signaling 
pathways may also be shared by cadmium or zinc. 

Using several methodologies of zinc depletion and supple- 
mentation, we have shown that zinc is vital to endothelial integ- 
rity and that zinc deficiency causes a severe impairment of 
endothelial barrier function.32*33 In zinc-deficient endothelial 
cells, barrier function was significantly decreased compared 
with controls. Media supplemented with physiologic concentra- 
tions of zinc completely restored the cell integrity. Supplemen- 
tation with calcium or magnesium, however, did not restore 
this function, suggesting a unique role of zinc in maintaining 
normal endothelial integrity. Our data suggest that in zinc defi- 
ciency, disruption of endothelial barrier function is related to 
a change in cell membrane characteristics secondary to altered 
cytosolic compositional changes. This in turn may cause alter- 
ations in the activity of membrane-bound enzymes, particularly 
the ones that are zinc dependent. Indeed, we showed that the 
activity of the membrane-bound zinc-dependent angiotensin- 
converting enzyme (ACE) decreased in zinc-deficient endothe- 
lial cell cultures. 32 Furthermore, supplementation with zinc 
completely restored ACE activity. The observed decrease in 
ACE activity during zinc deficiency may be due to a total 
endothelial cell zinc loss or to a significant imbalance in the 
intracellular exchange among subcellular zinc po01s.~’ Such a 
redistribution of intracellular zinc may be sufficient to alter 
activity of membrane-bound enzymes. 

ZINC AND PROTECTION AGAINST LIPID-INDUCED 
ENDOTHELIAL INJURY OR DYSFUNCTION 

The endothelium that lines the arterial wall is exposed to 
high concentrations of lipoproteins that are rich in triglycerides 
and cholesterol.40 When these lipoproteins are elevated, hydro- 
lysis of triglycerides by lipoprotein lipase occurs in proximity 
to the endothelial surface.4’ Excessive local concentration of 
fatty acid anions may cause endothelial injury,42,43 allowing 
increased penetration of cholesterol ester-rich remnant lipopro- 
teins, derived from chylomicrons or very-low-density lipopro- 
teins, into the arterial wall. According to this hypothesis, the 
subsequent events leading to atherosclerotic lesion formation 
are initiated by the accumulation of these cholesterol-rich lipo- 
protein remnants in the arterial intima.43 

The effects of lipid (e.g., fatty acid) exposure on endothelial 
barrier function in culture can be expressed indirectly in terms 
of the movement of a macromolecule (e.g., albumin or LDL) 
across cultured endothehal cell monolayers.“A5 We investi- 
gated the effects of oleic acid ( 18:1n-9)44 and other fatty acids 
on endothelial permeability to albumin.46 Albumin-bound pal- 
mitic ( 16:0) and stearic acid ( 18:0) had little effect on endothe- 
lial permeability, but exposure of cell monolayers to linoleic 
acid (18:2n-6) produced an even greater increase in albumin 
transfer than did equal concentrations of oleic acid.” Endothe- 
lial cell exposure to linoleic acid also affects activities of mem- 
brane-bound enzymes, such as Ca*+-ATPase,” induces peroxi- 
somes, 48 stimulates oxidative stress, and depletes cellular gluta- 
thione levels.4g In addition, oxidation derivatives of unsaturated 
fatty acids may be potent disruptors of endothelial barrier func- 
tion. Indeed, the linoleic acid-mediated increase in transendo- 
thelial movement of albumin was greatly exacerbated in the 
presence of oxidation derivatives of unsaturated fatty acids.” 
In addition to a marked increase in albumin transfer, exposure 
of cells to linoleic acid hydroperoxide resulted in a rapid release 

of lactate dehydrogenase into the culture medium. This suggests 
that oxidation of fatty acids significantly increases their cyto- 
toxicity. We reported similar results with cholesterol and its 
oxidation derivatives.5’~52 Pure cholesterol, even at high concen- 
trations, did not decrease endothelial barrier function, whereas 
even small amounts of cholesterol oxidation derivatives, pure 
or incorporated into LDL, significantly increased endothelial 
permeability properties to albumin?‘~‘* 

To test the hypothesis that zinc may protect endothelial cells 
against fatty acid-induced injury, we exposed endothelial cells 
to selected fatty acids using media with and without supplemen- 
tal zinc. Injury to endothelial cells induced by 90 PM linoleic 
acid was prevented when culture media were supplemented 
with zinc but not’with calcium or magnesium.*3 The mechanism 
of zinc protection is not clear and may be be accounted for in 
part by its antioxidant property. 

ZINC AND PROTECTION AGAINST CYTOKINE-MEDIATED 
ENDOTHELIAL INJURY OR DYWUNCTION 

Plasma levels of cytokines are elevated during inflammation, 
infection, or cell injury. In addition, inflammation is an integral 
part of the development of atherosclerosis. Therefore, inflam- 
matory cytokines, in particular TNF-c~, may play a critical role 
in atherogenesis. TNF has been detected in human atheroma, 
and increased TNF synthesis and accumulation of TNF have 
been reported in intimal thickening compared with normal in- 
tima. TNF may act as a potent endothelial-activating factor, 
and the action of TNF, like those of other inflammatory cyto- 
kines (e.g., IL- 1, IL-6, and IL-8 ) , may serve to promote coagu- 
lation and inflammation.” TNF-activated endothelial cells show 
distinct time-dependent patterns for expression of various leu- 
kocyte adhesion molecules, and recent studies provide evidence 
of increased adhesion molecule expression in hyperlipidemic 
models of atherosclerosis. In addition, endothelial cell integrity 
may be directly compromised by TNF. TNF can directly injure 
endothelial cells and initiate events that result in increased en- 
dothelial permeability.56 One of the mechanisms of endothelial 
barrier dysfunction may be via TNF-mediated induction of en- 
dothelial cell apoptosis.57 

Pathologic conditions related to increased activity of TNF, 
such as inflammation or infection, may signihcantly influence 
zinc metabolism. It is known that during inflammation or infec- 
tion, there is an internal redistribution of zinc, with zinc being 
lost from some tissues, such as plasma, and accumulating in 
other tissues, such as liver. The endothelium may be one tissue 
from which zinc is lost during the acute-phase response. One 
may suggest that similar depletion of zinc in endothelial cells 
may occur in atherosclerosis. To support this hypothesis, it was 
demonstrated that zinc concentrations were significantly lower 
in atherosclerotic plaques of abdominal aortas of deceased pa- 
tients with ischemic heart disease and acute myocardial in- 
farction?* Moreover, our data indicate that there is a depletion 
of cellular zinc in association with TNF-mediated endothelial 
cell injury that may lead to disruption of normal membrane 
integrity.31 

The nutritional status of the endothelium is likely to influ- 
ence its response to TNF, I6359 and a marginal status of protective 
nutrients (e.g., zinc) may increase the susceptibility of the en- 
dothelial cell toward TNF-induced injury. In fact, we have 
evidence that a disruption of endothelial cell monolayer integ- 
rity by TNF can be prevented by pre-enriching cells with zinc31 
However, the specific target cells for zinc and mechanisms of 
action are still uncertain. For example, in different cell systems, 
zinc has been reported to both decrease and increase the expres- 
sion of the adhesion molecule ICAM- .“),6’ Zinc also has been 
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shown to diminish the ability of human monocytes to be acti- 
vated by LPS.62 Our data support the hypothesis that zinc may 
prevent TNF-induced endothelial cell dysfunction, at least in 
part, due to its antioxidant properties. TNF has been shown to 
induce endothelial cell oxidative stress and reduce intracellular 
reduced glutathione (GSH) levels.63 Because many antioxidant 
systems work in concert, depletion of GSH may further com- 
promise cellular antioxidant defense systems. For example, 
GSH has been shown to maintain cu-tocopherol (vitamin E) 
levels through its regeneration from the tocopheryl radicala 
Although this hypothesis requires further clarification, it is pos- 
sible that supplementation with zinc can provide an adequate 
antioxidant protection and prevent oxidant- (such as TNF) me- 
diated depletion of cellular antioxidants. 

INHIBITION OF NUCLEAR FACTOR (NF-KB) A NEW MECHANISM 
OF ANTIATHEROGENIC EFFECT OF ZINC 

Mechanisms of lipid- and cytokine-mediated endothelial 
cell activation or dysfunction, adhesion molecule expression, 
and the relationship of these events to atherosclerosis are only 
speculative at the present time. However, one common mecha- 
nism of how diverse stimuli could activate stress-related genes 
in endothelial cells may be the generation of reactive oxygen 
intermediates. Lipid oxidation products cause endothelial cell 
injury, 65 and cytokines such as TNF can also induce the pro- 
duction of reactive oxygen species in endothelial cells.‘j6 Fur- 
thermore, biologically modified LDL increase the adhesive 
properties of endothelial cells.67 A transcription factor impli- 
cated in many endothelial cell activation responses to injury 
and stress is NF-KB.~~ Zinc may play a role in NF-KB binding 
to DNA.69 NF-KB is a critical transcription factor in regulating 
the cytokine network and hence its activation may be a major 
consequence toward the pathogenesis of atherosclerosis. 
Many target genes in endothelial cells contain NF-KB or 
NF-KB -like sites on genes coding for adhesion molecules “,” 
and inflammatory cytokines. Stimuli known to activate the 
NF-KB complex include TNF, IL-l, and LPS, with the com- 
mon denominator apparently being reactive oxygen species.72 
We have exciting new evidence showing that certain lipids, 
such as linoleic acid, can activate NF-KB.~~ A significant acti- 
vation of NF-KB by linoleic acid was achieved after a 6-h 
exposure to the fatty acid, which is the time point where 
we observed maximal depletion of cellular glutathione. This 
provides evidence that reactive oxygen intermediates may be 
important in the role of lipid- or inflammatory cytokine-medi- 
ated disruption of endothelial barrier function. Modulation of 
NF-KB by antioxidants may have a significant impact on the 
overall inflammatory cytokine response and endothelial cell 
dysfunction. We now have evidence that zinc deficiency can 
activate NF-KB in endothelial cells. In addition, zinc supple- 
mentation attenuated TNF-mediated activation of NF-KB.‘~ 

As it was mentioned above, activated NF-KB can stimulate 
adhesion molecule expression or inflammatory cytokine pro- 
duction and thus potentiate the overall inflammatory response 
within the endothelium. Therefore, zinc-mediated inhibition of 
this transcription factor could attenuate an inflammatory reac- 
tion associated with cell injury and thus preserve endothelial 
cell integrity. 

ZINC AND PROTECTION AGAINST ENDOTHELIAL 
CELL AF’OPTOSIS 

Even though the influence of zinc on apoptosis in several 
cell systems has been reviewed recently,” little is known about 
the effect of zinc on apoptotic events in vascular endothelial 
cells. It is likely that zinc may be antiatherogenic by interfering 

with signaling pathways involved in apoptosis. TNF-induced 
oxidative stress can activate oxidative stress-responsive genes 
of the immediate early gene family, such as c-jun and c-fos. 
The Fos and Jun proteins, products of the c-jun and c-fos genes, 
create another potent transcription factor, AP- 1. The role of c- 
fos, c-jun, and AP-1 in endothelial cell metabolism is not fully 
understood, but they may be involved in TNF-mediated expres- 
sion of adhesion molecules, such as ICAM- 1 76 and TNF-in- 
duced apoptosis.” Recent investigations also indicate that the 
ceramide pathway (i.e., sphingomyelin hydrolysis to ceramide 
by a sphingomyelinase) is a critical signal transduction pathway 
in TNF-mediated apoptosis.76,78,79 Intemucleosomal DNA frag- 
mentation, which can lead to apoptosis, was induced by a syn- 
thetic cell-permeable ceramide analogue and inhibited by zinc 
ion.8o Two agents known to inhibit TNF-mediated cytotoxicity, 
zinc and 3aminobenzamide, were also shown to inhibit TNF- 
induced apoptosis in U937 tumor cells.81 Furthermore, zinc has 
been shown to significantly inhibit TNF cytotoxicity as well as 
DNA fragmentation in L929 target cells.** On the basis of this 
information, one may suggest that TNF-mediated endothelial 
barrier dysfunction may be in part due to initiation of endothe- 
lial cell apoptosis. Interestingly, recent evidence suggests that 
apoptosis is also involved in the regulation of aortic intimal 
thickening during atherosclerosis.83 We now have preliminary 
evidence that supplementation of cultured endothelial cells with 
zinc can inhibit TNF-induced AP-1 expression (unpublished 
data). Therefore, zinc-induced inhibition of AP-1 can be a 
critical mechanism that explains how zinc protects against pro- 
grammed cell death and, possibly, against disruption of endo- 
thelial integrity. 

LIPIDICYTOKINE-MEDIATED ENDOTHELIAL CELL INJURY 
OR DYSFUNCTION: A NEW AREA TO STUDY 

CELLULAR EFFECTS OF ZINC 

Endothelial cell injury mediated by selected Iipids (e.g., 
fatty acids) may increase the production and circulating cpn- 
centrations of cytokines involved in the atherosclerotic disease 
process. Thus, certain diet-derived lipids (pure or oxidatively 
modified) may cause endothelial cell injury or dysfunction that 
may lead to adhesion molecule activation and monocyte recruit- 
ment. These events may potentiate the overall inflammatory 
response to injury by increasing cytokine release in proximity to 
the endothelium, which may further disrupt endothelial barrier 
function. Recent evidence has suggested a direct link between 
generation and release of free fatty acids and TNF-(Y synthesis. 
It was shown that lipoprotein lipase, an enzyme associated with 
the luminal site of endothelial cells, can induce expression of 
the TNF gene and TNF production in macrophages.84~85 This 
suggests that the release of free fatty acids during lipoprotein 
lipase-mediated hydrolysis of triglyceride-rich lipoproteins may 
be accompanied by increased production of TNF. Thus, endo- 
thelial cells can be exposed simultaneously to high levels of 
free fatty acids and TNF. 

Certain lipids and cytokines can independently, but more 
markedly in concert, induce cellular dysfunction that leads to 
a disruption of endothelial barrier function.86 These events may 
be associated in part with an increase in oxidative stress or 
perturbation of calcium homeostasis. Our data suggest that 
when presented for 6 h to endothelial cells, linoleic acid alone, 
and especially in concert with TNF, can contribute to increased 
oxidative cellular stress.% These data provide evidence that 
certain lipids and cytokines may synergistically increase the 
generation of reactive oxygen species. Similar results were ob- 
served when studying the effect of lipids and cytokines on 
intracellular calcium changes. *’ Even though either linoleic acid 
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or TNF exposure alone caused a significant increase in intracel- 
lular calcium, the combination of linoleic acid plus TNF most 
markedly increased intracellular calcium. These data suggest 
that perturbations in calcium homeostasis are important events 
that lead to endothelial barrier dysfunction. Little is known 
about the possibility that zinc may be antiatberogenic by acting 
as a calcium antagonist. However, our findings about lipid/ 
cytokine-mediated increases intracellular calcium and the fact 
that zinc can protect against lipid/cytokine-mediated endothe- 
lial cell dysfunction supports this hypothesis. The cytoprotec- 
tive protective property of zinc, possibly as a calcium antago- 
nist, has been demonstrated in other cell systems.87-*9 Selected 
lipids, such as linoleic acid, also can affect TNF-mediated endo- 
thelial cell programmed cell death Although linoleic acid alone 
did not stimulate apoptosis in cultured endothelial cells, this 
fatty acid potentiated TNF-induced apoptotic cell death.go 

These findings suggest that zinc could be a crucial nutrient 
for the protection against cell-destabilizing agents such as cyto- 
kines and polyunsaturated lipids (Fig. 1). Zinc exerts both 
antioxidant and membrane-stabilizing properties and has been 
shown to attenuate programmed cell death. Moreover, zinc pro- 
tects endothelial cells against both fatty acid- or TNF-induced 
inWy.3’,53 However, the effectiveness of zinc in maintaining 
endothelial integrity against combined effects of selected fatty 
acids and TNF remains to be determined. 

71.5 

CONCLUSION 
Damage to or dysfunction of endothelial cells is considered 

to be a critical event in the causes of atherosclerosis. The 
vascular endothelium plays an active role in the physiologic 
processes of vessel-tone regulation, inflammatory responses, 
and vascular permeability. Endothelial cell dysfunction may 
disturb the normal communication of these cells with plasma 
components, blood-borne cells, and abluminal tissues. There 
is evidence that zinc is vital to endothelial integrity and that 
zinc can protect endothelial cells against lipid- or inflamma- 
tory cytokine-mediated insults (Fig. 1). These observed pro- 
tective properties may be due in part to the ability of zinc to 
act as an antioxidant and a membrane stabilizer. Most of all, 
zinc may have specific antiatherogenic properties by inhibiting 
oxidative stress-responsive transcription factors that are acti- 
vated during an inflammatory response in atherosclerosis. 
Thus, the continued discoveries of the unique properties of 
zinc as an antioxidant, membrane stabilizer, and inhibitor of 
signaling pathways involved in inflammatory response and 
apoptosis warrant further research ‘in the role of zinc in endo- 
thelial cell metabolism and atherosclerosis. 
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