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in cel culturesin vitro. Thes obsewatiors have importart implicatiorns concerning
the mechanismwherely dietaly componerg affect health Proapoptott compounds
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in geneticaly damaged cells Proapoptoti compound could also contribute to age-
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age-relatd diseasesfor exampk macula degeneratio ard Parkinsons diseasgap-
pea to have oxidaive stres as an underlyirg componehthat interact with genetic,
dietary, and environmentéfactorsto determirerelaiverisk in anindividual. Oxidaive
stres acivates apoptosisand antioxidans proted againg apoptoss in vitro; thus a
centrdrole of dietaly antioxidans may beto prote¢ agains apoptosis However, little
in vivo dat are available to directly link diet with altered apoptoss as an underlying
determinanof diseaseMoreover, the possibe antagonist effects of differert dietary
componergard the uncertainy abou whethe proapoptoit compoundtha may pro-
ted againg cance could contribute to degeneratve disease ard vice versa indicate
tha there is agrea neal for bette in vivo assessmérof apoptoss and that caution
shoutl be exercisal when extrapolatirg in vitro daia on apoptoss to in vivo dietary
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INTRODUCTION

Apoptosis plays a fundamental role in maintenance of tissues and organ systems
by providing a controlled cell deletion to balance cell proliferation. Itis now clear
that altered rates of apoptosis are central to many disease processes. Accumulating
evidence shows that dietary factors can either activate or inhibit apoptosis. Thus,
dietary effects on apoptosis are likely to be among the central mechanisms under-
lying associations between diet and disease. In this brief review, we summarize
recent studies on dietary components and apoptosis in the context of some specific
disease processes.

DEFINITION AND FUNCTIONS OF APOPTOSIS

Controlled cell elimination or programmed cell death during development has been
known for at least a century. This process was later recognized to be morphologi-
cally similar to cell death seen under some pathologic and toxicologic conditions,
and it has been termed “apoptosis” to distinguish it from the common form of
tissue injury, known as “necrosis” (54).

Homeostasis in multicellular organisms is a balance between cell division and
elimination. Both processes are tightly regulated to allow development, acclima-
tization to new environmental conditions, and protection against toxicologic and
pathologic stresses. Factors that enhance the rate of apoptosis can contribute to
degenerative diseases such as Parkinson’s disease, whereas factors that inhibit
apoptosis can lead to proliferative diseases such as cancer (126).

During the past several years, the central biochemical pathway that mediates
apoptosis has been elucidated (102). This pathway involves proteolytic enzymes
known as caspases that cleave adjacent to aspartic acid residues in conserved amino
acid sequences of target proteins. The general mechanism is conserved in animal
species, and, in higher organisms, involves “initiator caspases” and “effector cas-
pases” that work together to form a proteolytic cascade (21; Figure 1). Caspases
exist in cells in precursor forms (procaspases) that have a low proteolytic activ-
ity. In response to various stimuli, initiator procaspases undergo selective pro-
teolysis with an associated increase in catalytic activity. Initiator caspases cleave
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Figure 1 Apoptotic pathways. ROS, Reactive oxygen speciescOgttochromee; TNF, tumor
necrosis factor.

and activate effector caspases, which then cleave target proteins and result in the
characteristic biochemical and morphologic changes of apoptosis. For instance,
cleavage of a DNase inhibitor allows DNA cleavage into oligonucleosome-length
fragments, cleavage of poly-(ADP-ribose) polymerase results in inhibition of DNA
repair, cleavage of nuclear lamins contributes to condensation of nuclei, cleavage
of cytoskeletal components allows bleb formation, and cleavage of fodrin con-
tributes to the appearance of the phagocytosis-signaling phosphatidylserine on the
cell surface (102). Cell-specific expression of different target proteins results in
some variation in characteristics so that not all cells with activation of caspases
share all of the morphologic features.

Regulation of apoptosis involves both proapoptotic and antiapoptotic compo-
nents. Genetic studies @aenorhabditis elegandentified ced-3 as essential for
apoptosis, ced-4 as involved in activation, and ced-9 as involved in inhibition of
apoptosis. At least 13 mammalian homologs of ced-3 (21), 2 homologs of ced-4
(67), and 12 homologs of ced-9 (1) have been identified. The basic features are
conserved in higher organisms, but more specialized systems with greater com-
plexity have evolved. Consequently, one can expect dietary effects on apoptosis
in human tissues and cell types to be selective owing to this complexity.

One of the best-characterized activation mechanisms is associated with mito-
chondria (17). Apoptosis is activated when mitochondria release cytochzome
which binds to the Ced-4 homolog Apaf-1 (67). This binding, in the presence of
dATP, facilitates cleavage of the initiator procaspase-9. Caspase-9 cleaves effec-
tor caspases to execute apoptosis. The process is blocked by homologs of Ced-9,
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such as Bcl-2 and Bcl-xL, which are antiapoptotic members of the Bcl-2 family
(102). Regulation of this antiapoptotic function involves an antagonistic action of
proapoptotic members of the Bcl-2 family, such as Bax (1) or associated proteins
such as Bid (73). These proapoptotic proteins can function to amplify an apoptotic
signal and also can activate apoptosis directly by inducing mitochondrial swelling
(67) and release of cytochrormér3). Dietary agents such as ceramide can activate
apoptosis by inducing cytochronegelease from the mitochondria (113).

A second well-characterized activation mechanism involves death receptors
in the plasma membrane. These receptors are members of the tumor necrosis
factor (TNF) superfamily that contain a “death domain.” At least five receptors of
this type are known, with the Fas receptor being among the best characterized (4).
Fas-mediated apoptosis occurs when binding of an appropriate extracellular ligand
promotes trimerization of the receptor. This oligomerization facilitates binding
of intracellular signaling molecules into a complex that includes adaptor protein
FADD (Fas-associated death domain) and a protein termed FLASH that has a
sequence similar to that of Ced-4 (49). Recruitment and cleavage of the initiator
procaspase 8 by this complex activates the caspase cascade.

Regulation of this activation mechanism is complex. Both Fas and the phys-
iological Fas ligand (FasL) are under transcriptional regulation with increased
expression after exposure to oxidants (50,120). Thiol antioxidants, suidh as
acetylcysteine and glutathione, block this increase and inhibit apoptosis. Because
antioxidants interact with each other in these effects [e.g. glutathione level is in-
creased in association with increased ascorbatetocopherol (51, 52)], antiox-
idants are likely to suppress Fas-mediated apoptosis. A variety of other indirect
effects of dietary factors are possible owing to control mechanisms that involve
viral proteins and systems that integrate cell cycle control and other aspects of
intracellular signaling (31).

CARCINOGENESIS

Epidemiologic and animal studies have identified associations between certain
diets and cancer risk (11). Carcinogenesis is a multistage process in which a nor-
mal cell is transformed into a lineage with a malignant phenotype (see Figure 2).
Cells are initiated by the acquisition of an activating mutation in an oncogene or
an inactivating mutation in a tumor suppressor gene. A promotion phase confers
a growth advantage to initiated cells, and cells accumulate abnormal character-
istics, ultimately progressing to a metastatic tumor. Diet can affect the overall
process of carcinogenesis by different mechanisms. Because apoptosis provides a
physiologic mechanism for elimination of abnormal cells, dietary factors affecting
apoptosis could have important effects on carcinogenesis.

Activation of apoptosis in precancerous cells offers a mechanism for dietary
prevention of cancer. An initiated cell does not always go on to become a ma-
lignant cancer cell; most initiated cells are deleted and never form a tumor (126).
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Figure 2 Multistage model of carcinogenesis.

Genetic mutations that affect cell growth and proliferation are normally recognized
by the cell at one of several cell cycle checkpoints. The tumor suppressor gene
p53activates the apoptotic pathway in response to DNA damage or dysregulated
expression of cell cycle genes (8, 61). Anticarcinogenic dietary components may
function to increase expression of proapoptotic components in initiated prolifer-
ating cells and thereby prevent or delay development of a tumor.

Inhibition of apoptosis can allow tumor development. In animal models, most
chemical initiators do not cause tumors unless a promoter is given subsequent to the
application of the initiator. Many tumor promoters inhibit apoptosis in vitro (131).
Thus, a generalized way in which diet can affect cancer is to inhibit apoptosis in
preneoplastic cells. This would allow these cells to survive, proliferate, and further
acquire more aggressive growth characteristics. The potential antagonistic effects
of different dietary factors poses a major challenge for extrapolating results from
single dietary components studied in vitro to recommendations for consumption
of foods to reduce cancer risk.

Phase 2 Enzyme Inducers as Activators of Apoptosis

Many carcinogens (or initiators) must be metabolically transformed into the ulti-
mate initiating species by Phase 1 enzymes such as cytochrome P450 (Figure 3).
Agents that increase the activity of cytochrome P450 isozymes can increase the ini-
tiation potential of a carcinogen. In contrast, Phase 2 enzymes such as glutathione-
Stransferase and UDP-glucuronosyltransferase detoxify and/or enhance elimi-
nation of toxic species. Agents that induce Phase 2 enzymes tend to suppress
initiation. Several Phase 2 detoxification enzyme inducers found in common
foods have been shown to be protective against carcinogenesis in animal models
(42,97,111, 115). However, recent evidence suggests that increased clearance of
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Figure 3 Bioactivation of carcinogens. Proximal Carcinogen
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genotoxic metabolites is not the only mechanism by which these compounds can
prevent cancer. In the human colon cancer cell line HT29, benzylisothiocyanate,
allyl sulfide, dimethylfumarate, and butylated hydroxyanisole induced apopto-
sis in the same concentration range that induced glutattiarensferase (55).
Isothiocyanates induced apoptosis via a caspase-3—dependent mechanismin HeLa
cells, Jurkat T cells, and human embryonic kidney 293 cells (20, 134). Sakamoto
et al found that allyl sulfides induced apoptosis in neoplastic human lung cells but
not in non-neoplastic lung cells (101). Thus, in addition to protection against ini-
tiation, these chemopreventive agents may also block the promotion/progression
stages of carcinogenesis by inducing apoptosis. Compounds with both activities
may be particularly potent as cancer preventive agents.

Butyric Acid

High-fiber diets are associated with decreased risk for colon cancer (11, 76). Al-
though there are several mechanisms whereby fiber could protect against carcino-
genesis, considerable interest has focused on a metabolic product of fiber, butyrate.
Fiber is metabolized by bacteria within the lumen of the gut to butyrate and other
short-chain fatty acids, such as propionate and acetate. Butyrate is a primary en-
ergy source for colonic epithelial cells (71), but its role in chemoprevention may
involve mechanisms that are unrelated to this function. Butyrate is an inhibitor
of histone deacetylase. Histone hyperacetylation and the resultant increased tran-
scription may account for butyrate induction of Phase 2 detoxification enzymes
(56). Alternatively, the transcriptional activation may be a secondary consequence
of oxidation of cellular thiol pools (56). At similar concentration ranges, butyrate
and its analog triglyceride have been found to induce apoptosis in cultured col-
orectal (32, 44, 55), lymphoid (80), and mammary carcinoma cells (43). Butyrate
also potentiated the apoptotic effects of the Phase 2 enzyme inducers discussed
above (55).
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Butyrate induces terminal differentiation in colorectal, prostate, and lymphoid
cells. Terminally differentiated cells accumulate mitochondria with altered ultra-
structures (74) that can, in principle, lead to mitochondrial depolarization, release
of cytochromet, and activation of apoptosis. A recent report showed that expres-
sion of Fas and FasL was increased after butyrate treatment and that chimeric solu-
ble Fas receptor protein inhibited butyrate-induced apoptosis (32). Thus, theresults
indicate that butyrate, and therefore fiber, could induce apoptosis by either a mito-
chondrial or a death receptor-dependent mechanism. Additional experiments are
needed to determine whether provision of butyrate or butyrate-producing foods en-
hances apoptosis in vivo and whether this preferentially targets precancerous cells.

Isoflavones

Consumption of diets that are high in soybeans is associated with decreased cancer
risk in human populations (105). High soy diets also inhibit tumor development

in animal models. Efforts to identify the active components of soy have identified
isoflavones such as genistein as likely candidates. Genistein inhibits tumor for-
mation in animal models of breast (6, 34), prostate (90), and bladder cancer (137).
In vitro, genistein induces apoptosis of lung cancer cells (70), breast cancer cells
(69), bladder cancer cells (137), and human prostate cancer cells (89, 136). Several
mechanisms have been proposed to explain the anticarcinogenic and proapoptotic
effects of genistein. Genistein is an inhibitor of protein tyrosine kinases (2), topoi-
somerase Il (79), and angiogenesis (136). Proapoptotic factors such as Bax and
p21WAF1/CIP1 are induced by genistein in breast cancer cells (69, 108) and in
prostate cancer cells (24). Furthermore, the antiapoptotic factor Bcl-2 is inhib-
ited by genistein in breast cancer cells (69, 22). Thus, isoflavones can inhibit the
promotion/progression stage of cancer, at least in part, by deleting damaged or
initiated cells. Although more specific in vivo experiments are needed to test this
hypothesis, such an effect may provide a mechanistic explanation for the observa-
tion that regular consumption of diets that are high in soy products is associated
with decreased risk of many different cancers.

Monoterpenes

Monoterpenes such as limonene and perillyl alcohol are abundant components of
citrus oils, cherries, and mint (7,23, 37). These compounds inhibit both initia-
tion and promotion in animal models of tumorigenesis and can induce regression
of established rodent mammary and pancreatic tumors. Mills et al (83) reported
that perillyl alcohol prevented hepatocarcinogenesis at the level of promotion and
that this inhibition was associated with an increased rate of apoptosis in the liver.
Proposed mechanisms for the chemotherapeutic and chemopreventive properties
include inhibition of protein prenylation and induction ofJun transforming
growth factorg (TGF-8), TGF-8 receptor, and mannose-6-phosphate/insulin-like
grrowth factor Il receptor (M6P/IGF2R). Each of these effects can potentially in-
fluence apoptotic pathways-Jun as part of the heterodimeric transcription factor
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AP-1, plays an important role in cell growth and cell death (65). Isoprenylation of
Ras and other proteins is required for normal signal transduction (35). fTiG&A
important growth factor that can induce apoptosis in transformed cells (41). Loss-
of-function mutations in thd16P/IGF2Rgene are associated with many tumors,
indicating that this gene is probably a tumor suppressor (88). Limonene induced
glutathioneStransferase and UDP-glucuronyl transferase at concentrations that
inhibited chemically induced tumors in rats (30), indicating that limonene may in-
hibit initiation by induction of Phase 2 detoxification enzymes, as discussed above.
However, the effects on promotion and tumor regression appear more likely to be
a consequence of enhanced apoptosis. Thus, inhibition of tumor formation in an-
imals by monoterpenes occurs through different mechanisms, which may include
induction of apoptosis in precancerous cells.

Dietary Fat

The relationship between dietary-fat intake and cancer incidence has been the sub-
ject of several epidemiological studies (60, 66, 71). Although there is some dis-
agreement among these studies, the strongest associations are between dietary fat
and colon, breast, and prostate cancer. Both the amount and type of fat consumed
are important determinants of cancer risk. For example, diets high in saturated fats
may increase the risk of cancer, whereas diets high in polyunsaturated fats that are
rich in omega-3 fatty acids (e.g. from fish and fish oil) may decrease the risk of
cancer (71, 127). Results from animal studies largely support the epidemiological
evidence; both the amount and type of dietary fat affect carcinogenesis. Reddy and
coworkers have described a role for apoptosis in colon cancer based on changes
in phospholipid turnover and arachadonic acid metabolism (reviewed in 71). Sat-
urated fats induce the release of arachadonic acid, a substrate for cyclooxygenase
(COX). Inducible COX-2 activity is associated with an inhibition of apoptosis.
Indeed, COX-2 expression is elevated in human colorectal carcinomas and in the
colonic mucosa and tumors of rats (71). Conversely, fish oil, which is rich in
omega-3 fatty acids, inhibits tumor development in animal models and increases
the rate of apoptosis (12, 19, 62). Thus, although the data are insufficient to draw
a strong causal link, accumulating evidence indicates that effects of dietary fats
on apoptosis may contribute to risk of colorectal cancer and indicate that more
detailed mechanistic studies are needed.

Sphingolipids

Sphingolipids are prevalentin the diet and are important constituents of membranes
and other lipid-rich structures in the body (81, 129). There have been no epidemio-
logical or clinical studies addressing the relationship between dietary sphingolipids
and cancer. However, sphingolipids are high in dairy and soy products, both of
which have anticarcinogenic properties (91, 105). In animal models, sphingolipids
protect against colon cancer. In the colon, dietary sphingomyelin is converted
to ceramide and sphingosine by the successive actions of sphingomyelinase and
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ceramidase. Ceramide and sphingosine function as intracellular second mes-
sengers and, in general, promote growth arrest and apoptosis. In human and rat
colon tumors, sphingomyelinase expression is lower than in normal colonic ep-
ithelial cells. Therefore, dietary sphingomyelin would have to act on cancer
cells at an early stage of development, before sphingomyelinase expression is
down-regulated (71). Alternatively, ceramide or water-soluble ceramide analogs,
which induce apoptosis in transformed cell lines (129), may induce apoptosis at
later stages of tumor development. Clearly, clinical and epidemiologic studies are
needed to address the possible role of sphingolipid-induced apoptosis as a cancer
preventive mechanism.

NEURODEGENERATIVE DISEASES

An imbalance between apoptosis and mitosis probably contributes to the age-
related decline in function of most organ systems. The relative contributions
of declining mitosis and increased apoptosis remain unclear for many tissues.
However, some tissues, including regions of the brain, are largely postmitotic.
Such tissues could be adversely affected by even a small change in the rate of
apoptosis, especially over the course of a lifetime (25).

The role of apoptosis in the death of neurons in neurodegenerative diseases
has been the subject of several recent reviews (3, 14,27, 33,82,117,125). Neu-
rodegenerative diseases such as Parkinson’s disease, Alzheimer’'s disease, anc
amyotrophic lateral sclerosis are characterized by the loss of specific populations
of neurons (82). Although the evidence is not yet conclusive, postmortem exami-
nations, animal models, and cell culture experiments indicate that apoptosis is the
predominant mechanism of death in degenerating neurons.

Both genetic and environmental factors can affect the rate of neuronal apopto-
sis. For example, early onset Parkinson’s disease has a strong genetic component,
whereas late-onset Parkinson’s disease (age of eri&&years) is probably more
dependent on environmental factors (122). Similarly, familial and sporadic forms
of Alzheimer’'s disease are differentially dependent on hereditary factors (13).
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a contaminant in the pro-
duction of heroin, produces strikingly Parkinson’s-like symptoms in humans and
laboratory animals. MPTP has proven to be a useful laboratory tool in the study of
Parkinson’s disease and has highlighted the possibility that environmental toxins
could induce or accelerate the disease (95).

A great deal of evidence suggests that oxidative stress contributes to the de-
velopment of neurodegenerative diseases. Postmortem evaluation of brains from
patients with Parkinson’s disease reveals evidence of lipid peroxidation, protein
oxidation, and DNA oxidation. Also, increased iron, in the absence of an increase
in ferritin, and decreased glutathione concentrations suggest that the substantia
nigra is in a state of oxidative stress (5, 75). Mutations in the antioxidant enzyme
copper/zinc superoxide dismutase (SOD) are found20% of cases of familial
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amyotropic lateral sclerosis, and expression of these mutant SODs in PC12 cells
induced cell death that was typical of apoptosis (36). The amyloid beta pep-
tide, implicated in Alzheimer’s disease, induced oxidative stress and apoptosis
in cultured neurons (93, 133).

Mitochondria may represent the source of both oxidative species and mediators
of apoptosis in degenerating neurons. Parkinson’s disease is associated with a
defectin complex | of the electron transport chain in the mitochondria, which can
resultinthe increased release of reactive oxygen species from the mitochondria and
can modulate the opening of the permeability transition pore (124). 1-Methyl-4-
phenylpyridinium (MPP+), the active metabolite of MPTP, is a complex | inhibitor
that induces caspase-dependent apoptosis in cultured neurons by inducing the
mitochondrial permeability transition and the subsequent release of cytochrome
c into the cytosol (28, 29). Studies in transgenic mice have shown that MPTP-
induced neuronal apoptosis is inhibited in mice that express a dominant negative
mutant of interleukin-g-converting enzyme (57) and in mice overexpressing the
antiapoptotic protein Bcl-2 (132).

Antioxidants

Because oxidative stress can activate apoptosis, it is conceivable that increased
consumption of antioxidants could slow the rate of neuronal death and delay the
onset of symptoms. Vitamin E inhibited apoptosis of striatal neurons grown in
culture (48) and prevented neuronal degeneration induced by amyloid beta peptide
invitro (92, 133). A clinical trial in patients with Alzheimer’s disease showed that
vitamin E (2000 IU/day) delayed the progression of the disease by 6 months, but
had no effect on cognitive function (77). However, the same dose of vitamin E had
no effect on the progression of Parkinson’s disease (110). It has been proposed
that a combination of different antioxidants would be more effective (94).

AGE-RELATED MACULAR DEGENERATION

Age-related macular degeneration (ARMD) is another progressive chronic disease
that largely affects people >65 years old (63). Affected eyes have degeneration
of photoreceptors and their underlying retinal pigment epithelium (RPE) in the
macular area on the posterior pole of the eye. Clinically, ARMD is classified into
a nonexudative (dry) and an exudative (wet) form. The dry form of ARMD is
characterized by a slow and progressive degeneration of photoreceptors and the
RPE (termed geographic atrophy). The wet form is a much more severe form of
ARMD and usually leads to rapid loss of central vision from choroidal heovascu-
larization and the resultant hemorrhage and scar formation. The incidence of the
dry form of ARMD has been reported to bel0%—-30%, depending on the age.
The wet form of ARMD has a much lower incidence but almost all affected eyes
have various degrees of vision impairment.

The initial lesion of ARMD starts with the degeneration of RPE, although
vision loss at later stages is a result of photoreceptor damage in the central retina
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(38, 39,114). No apoptotic RPE cells have been detected from eyes with the dry-
form ARMD. This could be due to the slow progress of the dry-form ARMD
over years to decades, compared with the quick turnover rate and phagocytosis of
apoptotic cells in vivo. However, apoptotic RPE cells can be detected in choroidal
neovascular membranes (47), and a variety of stimuli can induce in vitro-cultured
RPE cells to undergo apoptosis (reviewed in 15), indicating that the apoptotic
machinery is functional in this particular type of epithelial cell.

To date, the etiology of ARMD is still largely unknown, and available treatment
is limited to only certain patients with the wet form of ARMD. There are strong
epidemiological data suggesting that oxidative stress is a major contributing risk
factor for ARMD (15), although a causal relationship has not yet been established.
Consumption of diets that are rich in antioxidants is associated with a substan-
tial decrease in risk (15, 112). In vitro studies show that oxidative stress induces
apoptosis in RPE cells in a process whereby mitochondrial membrane potential
declines, cytochromeis released, and caspase-3-like activity increases (16, 17).

Antioxidants

Glutathione or its constituent amino acids protected RPE cells against oxidant-
induced apoptosis. Plasma concentrations of glutathione are increased in asso-
ciation with increased dietary intake of antioxidants from fruits and vegetables
(52). Thus, in principle, fruits and vegetables that are high in antioxidants could
protect against ARMD indirectly by enhancing glutathione-dependent protection
against oxidant-induced apoptosis. Alternatively, fruits and vegetables also con-
tain dietary inducers of glutathione synthesis. Dimethylfumarate (DMF) is a non-
nutritive compound found in fruits such as apples. Treatment of in vitro-cultured
RPE cells with DMF or oltipraz increased the cellular glutathione and protected
against oxidant-induced apoptosis (85,119). Thus, in addition to antioxidants,
dietary agents that induce cellular glutathione synthesis prevent oxidant-induced
apoptosis in RPE cells.

Antioxidants most likely regulate the activation phase of oxidant-induced apop-
tosis. Oxidants can induce mitochondrial permeability transition and release of
mitochondrial intermembrane proteins, such as cytochmgrapoptosis inducing
factor (AlF), and mitochondrial caspases. By shifting the cellular redox potential to
a more reduced state, an increase of cellular glutathione inhibits the mitochondrial
permeability transition. Oxidative stress can also up-regulate Fas/FasL expres-
sion on RPE cells (50), increasing the probability that apoptosis will be induced
by this pathway. Glutathione was found to block the oxidant-induced Fas/FasL
expression and apoptosis (50).

ATHEROSCLEROSIS

Atherosclerosis is characterized by progressive growth of plaques on the luminal
surface of arteries. Plaques begin with the recruitment of inflammatory monocytes
into the arterial cell wall (86), probably as the result of injury to the endothelial
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cell barrier (100). The monocytes differentiate into tissue macrophages and,
on ingestion of oxidized lipids, become foam cells. The lesion, known as a
fatty streak at this stage, develops into an intimal thickening as smooth muscle
cells accumulate within the intima of the artery. This process is accompanied by
the further recruitment of inflammatory cells (T cells, macrophages, and mast
cells) and degradation and deposition of basement membrane (vascular remodel-
ing). The resulting atherosclerotic plaque can grow and eventually occlude flow
through the affected artery. However, the clinical manifestations of atherosclero-
sis, such as myocardial infarction, stroke, abdominal aneurysms, and lower-limb
ischemia usually arise from the sudden rupture of a plague and the ensuing throm-
bosis (9, 40, 86, 128). Therefore, there has been intense interest in determining the
factors that influence plaque stability.

Apoptotic smooth muscle cells, vascular endothelial cells, and foam cells have
been observed in atherosclerotic plaques (10, 58, 106, 128). This apoptosis could
be important both in plague development and plaque rupture. Therefore, dietary
factors affecting apoptosis could contribute to atherosclerosis and the associated
life-threatening vascular occlusions.

An advanced atherosclerotic plaque consists of an acellular, lipid-rich core and
a fibrous cap. The relative proportions of these two structures and the number of
smooth muscle cells in the fibrous cap are the key determinants of plaque stabil-
ity (40). Stable plaques tend to have substantial fibrous caps, whereas unstable,
rupture-prone plaques have thin fibrous caps with relatively few viable smooth
muscle cells. Vascular smooth muscle cells are essential for maintenance of the
stabilizing fibrous cap structure (86). The net loss of smooth muscle cells in the
cap region, resulting from an imbalance between proliferation and apoptosis of
these cells, can contribute to the thinning and, thus, destabilization of the plaque
(9). Foam cells, derived from macrophages that have engulfed large amounts of
oxidized LDL particles, surround the lipid-rich core, and apoptotic foam cells
tend to be found in rupture-prone shoulder regions of the plaques (40). The precise
contribution of apoptosis in the development and destabilization of atheroscle-
rotic plaques is unknown, but further research into this area will provide the basis
for new therapeutic strategies based on inhibition of apoptosis to enhance plaque
stability.

Antioxidants

Oxidized LDL particles contribute to the development of atherosclerotic plaques
(9,87). Macrophages take up oxidized LDL through scavenger receptors and a
putative oxidized LDL receptor and become foam cells. Additionally, oxidized
LDL can directly induce apoptosis (87) and can modulate inflammatory and
thrombogenic mediators (96). Thus, prevention of LDL oxidation by antioxidants
would be expected to inhibit disease progression. In addition, antioxidants are
known to directly inhibit apoptosis in many cell lines (15). Epidemiological stud-
ies have demonstrated a strong inverse correlation between vitamin E intake and
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atherosclerotic heart disease in men and women (99, 116). Vitamin E inhibits the
ex vivo oxidation of serum LDLs (96). In randomized trials, vitamin E supplemen-
tation to patients with proven coronary heart disease either protected (118) or had
no significant effect (98) on future occurrences of myocardial infarction. Addi-
tional studies are needed to determine whether protective effects involve inhibition
of apoptosis or only occur upstream via inhibition of oxidized LDL formation.

Cholesterol

Hypercholesterolemia, age, gender, hypertension, smoking, and diabetes are ma-
jor risk factors for atherosclerosis (128). Diets that are low in saturated fat and
cholesterol can lower serum cholesterol and have proven beneficial for those at
moderate atherosclerotic risk (53), whereas cholesterol-lowering drugs are com-
monly used to treat patients at high risk for coronary artery disease (53, 96). Blood
cholesterol levels, particularly the ratio of LDL cholesterol to HDL cholesterol,
affect plague development by affecting the growth and nature of the lipid-rich core
(72). Upon withdrawal of cholesterol and in the presence of high levels of HDL,
cholesterol may actually be removed from the plaque (59, 96). In addition, in
vitro studies show that 7-ketocholesterol, an oxidation product of cholesterol, can
directly induce apoptosis in smooth muscle cells and macrophages in vitro (87).
Thus, the well-established role of cholesterol in atherosclerosis may be mediated
in part by induction of apoptosis by cholesterol oxidation products.

Zinc

Zinc has an antiapoptotic effect on a variety of cell types (18,121). Zinc also
functions as a membrane-stabilizing agent and as an antioxidant. Thus, zinc
status may affect the development and progression of atherosclerosis. Hennig
and coworkers have shown that the barrier function of cultured vascular endothe-
lial cells is disrupted by zinc deficiency (46) and that zinc supplementation protects
these cells from apoptosis induced by linoleic acid or by the inflammatory cytokine
TNF (45). Whether these effects on endothelial cell integrity have a role in the
development of atherosclerotic lesions is unclear, but may account for the presence
of inflammatory infiltrates and apoptosis seen in these lesions (26).

IMMUNITY

Apoptosis plays a critical role in the development and maintenance of the immune
system (103). T-cell development is dependent on both positive and negative
selection in the thymus, during which thymocytes expressing inappropriate T-cell
receptors are eliminated via apoptosis (104). As a defense against inadvertent
activation of an immune response, T-cell receptor stimulation in the absence of a
costimulatory signal induces apoptosis of mature T cells (103). Maturation of B
cells within germinal centers of the spleen is dependent on removal of inferior or
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Zinc

self-reactive clones via apoptosis (109, 123). Cells mediating nonspecific immune
responses, that is neutrophils and natural killer cells, are rapidly turned over.
Antigen-specific T cells and B cells rapidly proliferate via clonal expansion upon
infection. These clones are then deleted after the infection has been cleared (64).
Thus, factors that influence apoptosis in immune cells could have profound effects
on the ability to fight infections.

Animals fed a zinc-deficient diet are highly susceptible to infection by a wide
variety of pathogens (107, 135). Conversely, dietary zinc supplementation de-
creases both the rate of infection and the duration of infection in animal models.
Zinc deficiency can develop in humans owing to malnutrition or malabsorption,
or secondary to aging, obesity, or diabetes (18). Zinc appears to exert its ef-
fects on immunity at several different levels. Of particular importance, zinc has
a well-documented antiapoptotic effect in many cell types, and this effect could
be central to the changes in immune function observed during zinc deficiency and
zinc supplementation.

Invitro studies show that zinc deficiency induces, whereas zinc supplementation
inhibits, apoptosis in a wide variety of cell types (78, 121). In vivo, substantial
atrophy of the thymus, the site of T-cell development, is also observed in zinc-
deficient animals and humans (107). This atrophy is associated with increased
thymocyte apoptosis. Similarly, the number of developing B cells in the bone
marrow of zinc-deficient mice is significantly reduced. Thus, the deficitsin cellular
and humoral immunity caused by zinc deficiency may resultin part from a decrease
in the number of T cells and B cells caused by increased apoptosis. Skin lesions
are also common in animals that are fed zinc-deficient diets and in humans with
disordersin zinc absorption, and apoptosis probably plays arole in the formation of
these lesions (84). Most of the research on zinc and apoptosis has involved models
with profound changes in zinc; it remains unclear whether significant effects on
apoptosis occur under more moderate changes in zinc availability.

FUTURE DIRECTIONS

The major conclusions from this review are that induction of apoptosis is likely
to be an important mechanism in the cancer-preventive effects of diet and that
inhibition of apoptosis may provide a mechanism by which diet can protect against
certain disease processes associated with aging. However, improved methods are
needed to measure apoptosis in vivo, and mechanistic details for dietary effects on
apoptosis need to be further elucidated.

An additional feature emerges from this review that may have great practical
importance, namely, that the assessment of whether a dietary component is benefi-
cial cannot be based solely on in vitro studies. For example, an agent that activates
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apoptosis in precancerous cells may be good for an individual at risk for tumor
development but may not be so good for overall health if it also activates apoptosis
in postmitotic cells and contributes to a degenerative disease. Conversely, an agent
that inhibits apoptosis in postmitotic cells may not be useful in vivo if it also in-
hibits the normal physiologic mechanisms to eliminate precancerous cells. Thus,
as knowledge accumulates on the effects of dietary factors on apoptosis, there is an
increasing urgency for better methods and more studies to address dietary effects

on apoptosis in vivo.

Visit the Annual Reviews home page at www.AnnualReviews.org
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