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The etiology of most chronic angiogenic diseases such as rheumatoid arthritis, atherosclerosis,
diabetes complications, and cancer includes the presence of pockets of hypoxic cells growing behind
aerobic cells and away from blood vessels. Hypoxic cells are the result of uncontrolled growth and
insufficient vascularization and have undergone a shift from aerobic to anaerobic metabolism. Cells
respond to hypoxia by stimulating the expression of hypoxia inducible factor (HIF), which is critical
for survival under hypoxic conditions and in embryogenesis. HIF is a heterodimer consisting of the
O,-regulated subunit, HIF-10, and the constitutively expressed aryl hydrocarbon receptor nuclear
translocator, HIF-15. Under hypoxic conditions, HIF-1a is stable, accumulates, and migrates to the
nucleus where it binds to HIF-1/ to form the complex (HIF-1a + HIF-15). Transcription is initiated by
the binding of the complex (HIF-1a + HIF-1p) to hypoxia responsive elements (HREs). The complex
[(HIF-1a + HIF-18) + HRES] stimulates the expression of genes involved in angiogenesis, anaerobic
metabolism, vascular permeability, and inflammation. Experimental and clinical evidence show that
these hypoxic cells are the most aggressive and difficult angiogenic disease cells to treat and are a
major reason for antiangiogenic and conventional treatment failure. Hypoxia occurs in early stages
of disease development (before metastasis), activates angiogenesis, and stimulates vascular
remodeling. HIF-1a. has also been identified under aerobic conditions in certain types of cancer.
This review summarizes the role of hypoxia in some chronic degenerative angiogenic diseases and
discusses potential functional foods to target the HIF-1o pathways under hypoxic and normoxic
conditions. It is reported that dietary quinones, semiquinones, phenolics, vitamins, amino acids,
isoprenoids, and vasoactive compounds can down-regulate the HIF-1 pathways and therefore the
expression of several proangiogenic factors. Considering the lack of efficiency or the side effects of
synthetic antiangiogenic drugs at clinical trials, down-regulation of hypoxia-induced angiogenesis by
use of naturally occurring functional foods may provide an effective means of prevention.

KEYWORDS: Hypoxia; angiogenesis; bioreductive functional foods; vasoactive functional foods;
antiangiogenic functional foods; nutraceuticals

1. INTRODUCTION States and around the world, are staggering in the billions of
The “angiogenic switch” is the conversion of quiescent dollars. The Center for Disease Control and Prevention (CDC)
endothelial cells to a proliferative state whereby a tumor acquires @nd the American Cancer Society have identified cancer, from
the ability to recruit host blood vessels to grow and disseminate all sites, as the second leading cause of death among Americans.
throughout the host’s body. It has been recognized for its role Cancer is responsible for one of every four deaths in the United
in the progression and complications of several angiogenic States. In 2005, about 570 280 Americans are expected to die
diseases such as cancer, diabetic retinopathy, nephropathy, angf cancer from all sites, up 10 000 more from 2004 combined
angiopathy, atherosclerosis, HIV, AIDS, bowl disease, multiple cancer deaths. An estimated 1.4 million new cases were
sclerosis, chronic inflammation, and arthritis (1—4). diagnosed in 2004. Despite advances in medical interventions,
The direct m(_e_d|cal costs and lOSt. wquer productlwty a_nd it is also predicted that aging and the increasing size of the U.S.
burdens to families for these chronic diseases, in the United population will cause the total number of cancer cases to double
*To whom correspondence should be addressed. Tel: 225-578-3883. by 2050. The financial costs of cancer, for 2003, were estimated
Fax: 225-578-5300. E-mail: jlosso@agctr.lsu.edu. at more than $189 billion overall with $64 billion for direct
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medical costs and $125 billion for lost productivity. Arthritis, strategies were suggested to improve the efficacy of antiangio-
which comprises over 100 different diseases such as osteoargenic drugs: (i) inhibition of oncogene-mediated signal trans-
thritis, rheumatoid arthritis (RA), and gout, affects nearly 70 duction, (ii) use of hypoxic cell cytotoxins, and (i) vascular
million Americans with nearly two-thirds of people affected targeting agents (14).

younger than 65 years. From CDC statistics, in 1995, arthritis  The early stages of the angiogenic diseases are critical to the
cost U.S. medical care nearly $22 billion and loss of productivity spread of the diseases and could be used as targets in disease
cost the economy about $60 billion. The number is projected prevention (15,16). Several antiangiogenic factors, some
to increase dramatically and so will the cost. The National endogenous to tumor cells such as endostatin, angiostatin,
Institute of Diabetes and Digestive and Kidney Diseases of the thrombospondin-1 (TSP-1), tissue inhibitors of metalloprotein-
NIH estimated that in 2002, 18.2 million Americans or 6.3% ases (TIMPs), and others from dietary sources or synthesis, have
of the population had diabetes. The U.S. government statisticsbeen identified, characterized, and used in cell cultures, animal
show that, in 2002, diabetes cost the country $132 billion. models, and clinical trials16—21). Endostatin is a 20 kDa
Indirect costs, including disability payments, time lost from C-terminal proteoglycan fragment of collagen XVIII produced
work, and premature death, totaled $40 billion; direct medical by hemangioendotheliom&Z). Endostatin inhibits endothelial
costs for diabetes care, including hospitalizations, medical care,cell migration in vitro and experimental tumor growth in vivo
and treatment supplies, totaled $92 billion. (22). The ability of endostatin to bind Zhis essential for its

A variety of proangiogenic factors, which include hypoxia, antiangiogenic activityZ3). Angiostatin is a 38 kDa internal
growth factors, hormones, matrix metalloproteinases, serine Proteolytic fragment of plasminoged, 24). Metalloproteinases
proteinases, aspartic proteinases, cysteine proteinases, prote£ich as matrix metalloproteinase (MMP)-3, MMP-7, MMP-9,
some, signal transduction enzymes, proteins, cell adhesion2nd MMP-12 can generate angiostatin from plasminog@é. (
molecules, metals, and oncogenes, have been identified and'N€ antiangiogenic mechanism of angiostatin remains an
recognized for their ability to stimulate the angiogenesis €nigma, and it is difficult to predict the ultimate outcome of
machinery that leads to disease progression, metastasis, an@n90ing clinical trials because the mechanism of action of
death. The stimulators of angiogenesis have thus become thédngiostatin is not well-known (26). TSP-1 is a 450 kDa
subject of intense research efforts, to elucidate their mechanismd!omotrimeric extracellular matrix protein expressed by both

of action and allow rational design of effective and selective Normal and tumor cells7). TSP-1 has been shown to inhibit
inhibitors of angiogenesis. tumorigenesis, angiogenesis, and prevent metastasis in several

. . . tumor models including breast, skin, and lung carcinomas,
Tumor angiogenesis has become the focus of extensive . . .
. . o AT . melanoma, and malignant gliom28). Repression of TSP-1
biomedical investigations, and its inhibition is emerging as a

rational and potentially valuable new approach to cancer therapypromOtes tumor growtr(, 32). TIMPS are a family of closely

because anaiogenesis is required for tumor arowth and me_related 21-32 kDa proteins found in the extra cellular matrix
. gl0ge qur gre that regulate the activity of MMPs and have substantial influence
tastasis4—6). Activated endothelial cells are the primary targets

on the activation process of MMP zymogens. Four TIMPS

of antiangiogenic compounds. There are several advantages tc[TIMP-l (29 kDa), TIMP-2 (22 kDa), TIMP-3 (24 kDa), and
consider antiangiogenic therapy over conventional therapies. InTIMP-4 23 kDa)],have been identifi’ed to date3) '

healthy individuals, angiogenesis is normally restricted, with Despite early enthusiasm for many of the endogenous and

only about 0.01% of adult endothelial cells undergoing the synthetic inhibitors of angiogenesis, phase Ill trials have not
process of angiogenesis at any given time. Therefore, the side y glog ' P

e . X . yet demonstrated significant increases in overall survival, and
effects of inhibitors of angiogenesis on normal tissues should ; oy . . . .
be negligible 4, 7, 8). The inhibitors of angiogenesis affect In some cases, toxicity remains an ISS@)( This review
glig giog
R . ; . concentrates on hypoxia and the potential contribution of

tumor growth indirectly by targeting the steps involved in the f - b o - L

. ; unctional foods against hypoxia inducible transcription factor
process leading to the formation of new blood vessels and are athwavs
mainly cytostatic (9). The inhibitors of angiogenesis can be P ys.
classified in different categories: (i) endothelial growth factors
inhibitors, (ii) endothelial cell signaling transduction inhibitors,
(iii) inhibitors of the urokinase plasminogen activator system,  Hypoxia is a reduction in the normal level of tissue oxygen
(iv) inhibitors of matrix metalloproteinases, (v) inhibitors of cell  tension 6% O,) and is a feature of most malignant and benign
proliferation, (vi) inhibitors of endothelial cell survival, and (vi)  proliferative angiogenic diseases including cancer 86336).
inhibitors of endothelial bone marrow precursor cell®)( Tissue pQ can be measured by oxygen-detecting probes such
Although acquired resistance has never been demonstrated iras a polarographic needle microelectrode (Ependorf, Hamburg,
preclinical trials of antiangiogenesis therapy, clinical evidence Germany), a luminescence-based fiber optic sensor (OxyLite
has shown a gradual loss of activity by antiangiogenic drugs from Oxford Optronix, Oxford, United Kingdom), or the comet
such as STI571 or Gleevec when these compounds wereassay (37). As a tumor grows, the abnormal vascular system of
administered in monotherap¥X, 12). Potential factors involved  solid tumors (highly irregular, tortuous, and dilated, with
in the acquired resistance to antiangiogenic drugs include amongincreased vascular permeability and irregular blood flow) results
others: (i) antiapoptotic functions of activated endothelial cells, in reduced or even abolished @elivery to the neoplastic and
(i) genetic alterations such ab3, (i) redundancy of tumor  stromal cells. Chemicals such as nitrite, cobaltous chloride (iron
cell-secreted growth factors, (iv) impact of tumor microenvi- antagonist), and desferrioxamine (iron chelator) mimic one
ronment such as hypoxia and alteration of the hypoxia inducible aspect of hypoxia, which is the induction of hypoxia-inducible
factor-la(HIF-1a) pathway, (v) advanced stage of the disease factor-1 (HIF-1) 88—42). Anemia and the formation of meth-
and age of patients while preclinical data are often collected emoglobin or carboxyhemoglobin can reduce toansport
using young animals with relatively small tumods3). Vascular capacity and induce hypoxia (43). Anemia has been shown to
endothelial growth factor (VEGF) is one of the most potent induce or aggravate hypoxia and ischemic complications and
stimulators of physiological and pathological angiogenesis. is a poor prognostic factor in lymphoma, leukemia, and many
Hypoxia is one of the major stimulators for VEGF. Three types of cancer (44—46). There are two types of hypoxia:

2. HYPOXIA AND ANGIOGENESIS
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transient and chronic hypoxia. Transient hypoxia is a temporary 3. CLINICAL SIGNIFICANCE OF HYPOXIA
reduction in oxygen availability. The inadequate vascular

. . Clinically, the association of hypoxia to angiogenic diseases
geometry relative to the volume of oxygen-consuming tumor Y, yp glog

cells creates _diffusion-limited Ldelivery, which results in gﬁgri::rsys I\é?snee;:ezaiet;gegrzugg:g;gtgﬁ th?t:\In: I?l?gthh:rt ?gtzozlfc
chronic hypoxia (47). metastasis, genetic instability, and resistant phenoty@s (

In response to chronic hypoxic conditions, cells in the hypoXic Chronic and transient hypoxia have been detected in animal
environment shift from aerobic (TCA cycle) to anaerobic tumor models, and both types occur in human cancers as well
metabolism (glycolysis, also known as Warburg effect) and (47). Hypoxia is often associated with low glucose concentra-
respond to low Q@levels by up-regulating the synthesis of HIF.  tion, high lactate levels, and low extracellular pb2}]. Hypoxia
The HIF family comprises the HIFel, HIF-13, HIF-2a, and can induce the production of stress proteins, which protect the
HIF-3a. subunits (48). HIF-1lecand HIF-2a, which are both  hypoxic cells against drugs such as methotrexate and doxoru-
regulated by cellular oxygen concentrations in a similar fashion, bicin (47). However, poor outcome of treatment is not neces-
have been identified as key transcription factors responsible for sarily indicative of hypoxia-associated intrinsic resistark®. (
gene expression in response to hypoxia and up-regulated inThe following paragraphs briefly illustrate the interplay between
many cancers4@). Theg-subunit of HIF, also known as aryl hypoxia and some major chronic angiogenic diseases.
hydrocarbon receptor nuclear translocator, is a constitutive 3.1. Tumor Hypoxia. HIF-1o overexpression, as a result of
nuclear protein present in normoxic cel0j. Under normoxic  €ither intratumoral hypoxia or genetic alteration, has been
conditions, the HIF-lasubunit is undetectable because it demonstrated in human cancers and leads to increased transcrip-

undergoes rapid ubugquitination and proteosomal degradaion (  tion of genes that encode angiogenic stimulators. The products
52). Under hypoxic conditions, HIFel is stabilized, ac- of these genes contribute to basement membrane degradation,
cumulates, translocates to the nucleus, and dimerizes with theMetastasis, and patient mortality, which are the defining features
HIF-1/ subunit to form the (HIF-& + HIF-18) complex. The of cancer cells3). HIF-1ais stabilized during hypoxia and is
complex binds to hypoxia response elements (HRES) to form & Major regulator of cell cycle arrest in primary cells during
the [(HIF-1a + HIF-1/ + HRES] complex. The latter complex hypo>.<|a 64,65). Low oxygen tension in tumors was associated
activates the expression of numerous hypoxia response gene ith increased HIF-& overexpression, metastasis, treatment

. . . . . . ailure, and/or mortality §0, 62). Hypoxia occurs in the early
of which products mediate angiogenesis, cell proliferation and . .
. o . ; stages of tumor development (before metastasis), may induce
survival, migration, and invasion (51).

o ) ) ) ) o angiogenesis, and is commonly observed in noninvasive tumors
Hypoxia is associated with the induction of HIF-Bativity such as intraductal breast cancer. Hypoxia within solid tumor
and expression of HIF-1genes including VEGF, angiopoietin-2  cells larger than 1 mAreduces the sensitivity of tumor cells to
(Ang2), erythropoietin, glycolytic enzymes, increased telomerase conventional (both radio- and chemotherapy) modalities, influ-
and carbonic anhydrase-9 and -12 activities, and increased MMPences growth, and may increase malignant progression within
and PKC activitiesX7, 50, 52—54). VEGF is mostly associated  nonirradiated tumors (1366). The oxygen diffusion limit
with angiogenesis and vascular permeability; erythropoietin is prevents diffusion of sufficient concentrations of many chemo-
associated with red blood cell production; glycolytic enzymes therapeutic drugs 160150 um from a functional vascular
are associated with glucose metabolism and energy; and carbonicapillary to be toxic to hypoxic tumor cells.
anhydrase is associated with pH and adaptation to oxidative HIF-1o expression can also occur under aerobic conditions
stress (4755). These genes participate in the normal adaptive in some human cancer cells. Zhong et &l7)( demonstrated
response of the cell to hypoxia. Under hypoxic conditions, a that human prostatic cancer lines DU 145, PC-3, PPC-1, and
mutation in the tumor suppressor gepe3 can lead to clonal TSU, most notably PC-3 cells, express HI&-protein and

selection of tumor cells with mutated53, which in turn HIF-1 DNA binding activity un(_ier aerobic condition_s, and
facilitates a more malignant phenotype and diminished apoptotic expression is further increased in response to hypoxia. Under
potential (55,56). normoxic conditions, growth factors such as the epidermal

growth factor (EGF) and insulin-like growth factor (IGF) induce

Hypoxia is not the only inducer of angiogenesis. Genetic : . .
alterations, such as loss of function of tumor suppressor genesthe expression of HIF-1¢68, 69). HIF-1ais also activated by

: I NK4a peptides such as insulin and interleukin-1 (IL-1) in human
suc_h as the von Hippel L_|ndaN’_(-|L), P53, andp16 or the hepatoma cell cultures (line HepG2) under aerobic conditions
activation of oncogenes includings, raf, HER2/erbB2neu), - . .
andsrc, result in increased expression of HIE-and HIF-1 (70). The growth factors bind to their receptors and activate

. . . respective tyrosine kinases, and the latter activate the phos-
inducible genes (5&7). HIF-1a.and HIF-2oare required for phatidyl-3-inositol kinase/Akt kinase/mammalian target of ra-

normal embryogenesis because they are central to 0Xygern,,yycin (PI3K/AKT/mTOR) pathway that contributes to the
homeostasis. HIF-1and HIF-2aknockout mice died early or - gy nression of HIF-1ander aerobic conditions (71). Park et al.
had syndromes of multiple organ pathology that included (72 showed that under aerobic conditions, HIFidactivated
retinopathy, cardiac hypertrophy, mitochondrial abnormalities, in gastric cancer. These authors also showed that infection with
hypoglycemia, altered Krebs cycle, and several biochemical Helicobacter pylori, which is associated with the initiation and
abnormalities (1749, 58, 59). However, HIF-1ais overex- progression of gastric cancer, stimulates reactive oxygen species
pressed in a large number of human tumors and its overexpres{ROS) production and stabilizes HIft1The ROS-mediated
sion correlates with poor prognosis, treatment failure, and stabilization of HIF-1x contributes to the transcriptional activity
mortality (51,60). HIF-1 is therefore an important target for of HIF-1c.

cancer therapy. Tumors can also contain areas of more severe Efforts to develop therapies against the hypoxic regions of
hypoxia (0.1% @) or anoxia 0.1% Q). Under these condi-  tumor cells include among others (i) restoring tumor normal
tions, cells undergp53-dependent apoptosigl). The mech- oxygenation; (ii) targeting the biological responses to hypoxia
anisms for survival under anoxia are Hle-independent and,  and the pathways leading to hypoxia tolerance through the use
thus, differ from the hypoxic response. of bioreductive compounds, which are selectively active against
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hypoxic tumor cells, and hypoxia specific gene delivery systems new trends in the therapy for diabetes nephropatB).(
by exploiting the reduced pH of hypoxic environment; (i) using However, graft hypoxia-induced ROS production in the early
inhibitors of glycolysis; and (iv) antiangiogenic compounds and stages of islet transplantation has been identified as the major
vascular targeting agent85, 64). Vascular targeting is based factor associated with the failure of this promising therapy for
on the finding that vessels within a tumor are phenotypically type | diabetes (81).
different from those in normal tissue and are therefore selectively ~ 3.3. Hypoxia and Obesity Hypoxia, in adipocytes, stimulates
recognizable by antibodies or ligands of the target molecules the HIF-1opathway and enhances the expression of proangio-
(73). Vascular targeted antiangiogenic compounds are based orgenic factors such as leptin, VEGF, MMP-2, and MMP82 (
the dependence of angiogenesis on a functional blood vesseB3). Using differentiated 3T3-F442A adipocytes exposed to
system for survival, proliferation, and metastasis. Vascular- hypoxia mimics, Lolmede et al.88) demonstrated rapid
targeting agents aim at compromising the integrity and func- accumulation of HIF-1laprotein levels in nuclei and the up-
tionality of the tumor vessel to force a shutdown of the tumor regulation of the expression of leptin, VEGF, and MMP-2 and
vascular system and consequently cell death. However, atMMP-9. Wound and tissue hypoxia were common in obese
present, the narrow therapeutic window of these agents (vascularpatients in the perioperative period and most pronounced during
targeting activity is achieved only at doses approaching or surgery, and supplemental oxygen tissue did not restore oxygen
exceeding their maximum tolerated dose) has prevented theirtension to a level free of infection risi84).
development (73). It has been reported that inhibition of HIF-1 ~ 3.4. Hypoxia and Atherosclerosis Atherosclerosis, a pro-
alone will not eradicate tumor growts1). gressive disease of large arteries, is the principal cause of heart
Cells expressingsrc and ras oncogenes up-regulate and attack, stroke, and peripheral_vasculard!sease and is the primary
stabilize HIF-1 under both hypoxic and aerobic conditions, ( cause of 50% of all mortality cases in the western world.
75). Farnesyl transferase inhibitors block farnesylation and canAtherosclerosis can develop as early as the second decade of

prevent the translocation of the matuess protein to the cell  life and progress into clinical disease over time. The etiology
surface membrane, thereby reduciras signaling that can of the disease is complex; however, epidemiological studies have
promote the growth and proliferation of cancer cel®6)( delineated genetic (family history, obesity and diabetes, elevated
Bioactive compounds that inhibit the activity cfs oncogene levels of low-density lipoproteins/very low-density lipoproteins,
andsrc kinase may inhibit HIF-1. and others) and environmental (diet, smoking, antioxidant levels,

lack of exercise, and infectious agents) risk fact@@, 88).

Oxidative stress causes inactivation of antioxidant enzymes andSeveraI factors that stimulate atherosclerotic lesion initiation

favors disease progression by a rapid degeneration of endotheliadand progression todf'l.)rolusd plaqugds are assocftlated \t’;/]'t? atnglo-
cell function. Malignant cells in general are under intrinsic 9€NESIS 1N VIVO and Include a wide range of growth tactors

oxidative stress and, thus, are more vulnerable to damage b VEGF, angiopoietin-1, platelet-activating factaxs-integrin,

. Col A A lucose transporter 1, HGF, MMP-2, MMP-3, MMP-7, MMP-
ROS generating agents. The intrinsic oxidative stress in primary g ) ’ N o ’ P
human leukemia and ovarian cancer cells was associated With9’ and IL-8) family of proteins&7—90). Atherosclerosis, like

the up-regulation of superoxide dismutase (SOD) and catalase'any other angiogenic diseases, develops cells that grow away

protein expression for £ elimination, likely as a mechanism from blood vessels and under low oxygen&@% oxygen)

: conditions, i.e., hypoxic cells.
0 ;O;erﬁjplcr)‘iir:ajﬁg i%i;:gséh(;?ié hyperglycemia, in 3.5. Hypoxia and Chronic Inflammation. Hypoxia regulates

. . ) i ical . ith biochemi Ithe expression of certain inflammatory mediators. Hypoxia
diabetic patients, is a critical factor associated with biochemical j¢acts the production of IL-2, IL-4, and interfergn-The early
changes leading to chronic vascular complications such as

- . . > o steps of RA are characterized by an alteration in blood vessel
retinopathy and nephropathy in concert with alteration in the yensin, and prominent neovascularization. These steps are

expression of several growth factors and their receptors (78). o|1owed by chronic destruction involving thickening of the
Growth factors such as VEGF, IGF-|, platelet-derived growth gy 6| membrane lining the joints, inflammation and hyper-
factor (PDGF), hepatocyte growth factor (HGF), basic fibroblast yojiteration of synovial cells, proinflammatory cytokines
growth factor (bFGF), transforming growth factbrTGF-f5), cascade, leukocyte infiltration, and tissue damage and bone
and EGF have be_en assomated_ W|t_h either the early stage Olresorption. In RA, angiogenesis may not keep pace with synovial
the late stages of diabetes complications and lead to e”dOthe“abroliferation which leads to regions of hypoperfusion and

cell migration and proliferation, basement membrane thickening, hypoxia (91). VEGF is elevated in the serum of RA patients
pericytes loss, microaneurysms, and retinal capillary nonper- (92).

fusion (78, 79). Retinal capillary closure causes hypoxia, which
in turn leads to retinal neovascularization. 4, THERAPEUTIC STRATEGIES FOR HYPOXIA-INDUCED

The therapeutic strategy to prevent diabetes-induced renalANGIOGENIC DISEASES
damage involves (i) oral administration of antidiabetic agents  Angiogenesis inhibitors or chemotherapeutic agents cannot
for glycemic control and the use of angiotensin-converting efficiently kill hypoxic tumor/diseased cells because such cells
enzyme (ACE) inhibitors as primary prevention in patients with proliferate slowly, are usually distant from profused blood
no clinical and biochemical signs of renal damage; (ii) blood vessels, and may have resistant phenotyp2sl({, 93). Efforts
pressure, glycemic control, and antihypertensive agents otherto develop therapies that exploit the hypoxic environment of
than ACE inhibitors as secondary prevention to slow or prevent tumor cells include (i) targeting the biological responses to
the progresssion from micro- to macroalbuminuria; and (ii) hypoxia and the pathways leading to hypoxia tolerance with
blood pressure control, a slightly hypoproteic diet, and dyslipi- bioreductive alkylating agents that are toxic to hypoxic cells
demia control as tertiary prevention to reduce the rate of renal and hypoxia specific gene delivery systems and exploit the
failure (80). Endothelin blockage, amelioration of hypoxia by reduced pH of the hypoxic environment; (ii) inhibitors of
correcting reduced hemoglobin levels, an interference with the glycolysis, since hypoxic cells solely rely on this metabolic
formation and accumulation of advanced glycosylation end pathway for ATP production; and (iii) antiangiogenic com-
products (AGE), and gene therapy are among the promising pounds and vascular targeting agents @41,95).

Oxidative stress is a common feature of hypoxisd)(
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4.1. Bioreductive Alkylating Drugs. The nuclear translo-  pyruvate to lactic acid, also inhibits glycolysis. Cells under
cation of HIF-1aand the dimerization process may be desirable hypoxic conditions succumb to 2-DG or oxamate treatment
targets for the inhibition of HIF-1 activity7(l). Bioreductive because these inhibitors shut off ATP synthe&i0]. Sodium
alkylating drugs are compounds that are reduced by enzymesfluoride (NaF), a component of toothpaste, at a concentration
such as flavoproteins, NADPH:cytochrome P450 reductase, as low as 1.0 mM, completely inhibits glucose uptakél).
NAD(P)H:quinone oxidoreductase (NQO1, DT-diaphorase, EC Glycolytic inhibitors could be used to specifically target the
1.6.99.2), or nitric oxide synthase (NOS). Under hypoxic slow-growing cells of a tumor and thereby increase the efficacy
conditions, these enzymes reduce bioreductive alkylating agentsof current chemotherapeutic and irradiation protocols designed
to cytotoxic, active metabolites, which can then damage andto kill rapidly dividing cells (12). Moreover, glycolytic
kill hypoxic malignant cells. Bioreductive compounds may be inhibitors could be particularly useful in combination with
catalyzed by one- or two-electron reductase. Those catalyzedantiangiogenic agents, which, a priori, should make tumors more
by one-electron reductase are oxygen sensitive and becomeanaerobic by reducing or eliminating blood supplie$2). This
effective only under hypoxic conditions. In the presence of in turn should lead to more anaerobically metabolizing tumor
oxygen, these compounds can be converted back to the inactivecells, which are naturally hypersensitive to glycolytic inhibitors.
parent molecule in a process termed “futile cycling”. Biore- Glycolytic inhibitors such as NaF, sodium citrate, and 2-DG
ductive compounds catalyzed by two-electron reductase utilize also minimize pH decline in muscle tissue. Most tumor cells
DT-diaphorase or NQO1, and in this case, the bioreductive have a lower pH value than normal cells. Treatment of prerigor
compound activation may be independent of oxygen level in muscle with sodium citrate or sodium fluoride maintained the
the tumor cells. So, the two-electron reductase is enzyme pH of the muscle at 6.18 and 5.93, respectively (113). Lactic
directed and generally not susceptible to futile cycling, whereas acid formation was prevented, and glycogen breakdown was
the one-electron reductase is hypoxia selective. Under hypoxicdelayed or inhibited. Meat tenderness increased. Treated muscle
conditions, NQO1 catalyzes the two-electron reduction of had more NADH than controls. A high NADH concentration
quinone to produce radical species that intercalate within DNA has been associated with improved muscle color stability.
and block topoisomerase Il and restore the bioreductive Fermented wheat germ, known under the trade name of Avemar,
compound through redox cycling (96—98). was shown to be a strong inhibitor of GBPDH and transketolase

Therapedtic initiatives to use bioreductive compounds against activities (L14). Both enzymes are involved in glucose conver-
hypoxia have been based on some naturally occurring quinonesgsion into the five-carbon nucleotide precursor ribose pool.
mitomycin C, and synthetic compounds such as tirapazamine,Avemar is also a strong inhibitor of de novo nucleic acid
AQNA4, or others co-administered with other drugs (84,99, synthesis. Although inhibition of glycolysis is an alternative to
100). However, synthetic bioreductive drugs are very toxic to kill hypoxic cells, glycolysis is the main route that provides
normal cells and mitomycin remains the only clinically approved energy to brain functioning. Inhibition of glycolysis may be
bioreductive compound (13,01). associated with the diminution of glucose metabolism observed

NQOL1 protects cells against the toxic effects of quino8ds ( in the brain of phenylketonuric patients and neurological
102). NQOL1 is elevated in tumor cells, but this might be less dysfunction found in these patientsl§). Therefore, functional
relevant if hypoxic one-electron reduction of quinones prevails food inhibitors of glycolysis may not be good candidates for
(103,104). It has been reported that the aerobic cytotoxicity of hypoxia-induced angiogenesis inhibition unless specific tissues
quinones and other prooxidant compounds such as the nitroaroOr organ sites can be targeted.
matic compounds increases with an increase in their potential 4.3. Antiangiogenic Compounds and Vascular Targeting
of single-electron reduction at pH 7.003 105. The reactivity Agents. The abnormal architecture of solid tumor cells offers
of quinones in NQO1-catalyzed reactions is strongly influenced an ideal target for antiangiogenic and vascular targeting agents
by their steric parameters and does not depend on their reduction(35). Synthetic inhibitors (such as thalidomide, Iressa, SU5416,
potential (05). Under aerobic conditions, oxygen can decrease and STI571) and antibodies to angiogenic factors or their
the reduction-dependent DNA damage produced by somereceptors (such as avastin, herceptin, or cetuximab) have also

quinones such as mitomycin C in intact cell9§). Antioxidants been designed. These inhibitors have all been characterized and
such as ascorbate and SOD may counteract the reactivities ofused in cell cultures, animal models, and/or clinical tridls (
quinones under aerobic conditior{). A vitamin C and K 6, 16,17,19,116—121). The success of avastin (also known

(1.5%:0.015%) mixture was orally administered 2 weeks before as bevacizumab), a humanized monoclonal antibody against
mouse liver tumor (TLT cells at Bpimplantation in C3H mice  VEGF in prolonging the lives of patients with metastatic
(108). Mice were sacrificed 42 days after tumor implantation. colorectal cancer, has established the validity of the antiangio-
Histological examination revealed 40% metastasis in control genic approach (122—124). The success of thalidomide in
animals and 27% metastasis in vitamin-treated mice. Co- certain types of cancers needs also to be mentioh2%, {26).
administration of these vitamins (in a ratio of 100:1, for C and Unlike the old generation of antiangiogenic compounds that
Ks, respectively) produced selective ovarian cancer cell death, were cytotoxic in some cases, the newly investigated compounds
and it was suggested that vitamins C angciuld be introduced  are cytostatic, have relatively mild side effects, and need to be
into human clinics as a new, nontoxic adjuvant cancer therapy administered in low dose and continually (metronomic dosing)
(109). in order to sustain the inhibition of vascular recruitment by
4.2. Inhibitors of Glycolysis. Hypoxic cells are extraordinar-  angiogenesis stimulatordZ7). Despite the broad enthusiasm
ily dependent on anaerobic glycolysis for survival. Hypoxic regarding some success with bevacizumab, cetuximab, ritux-
tumor cells are very sensitive to inhibitors of glycolysis because imab, trastuzumab, gefinitib, and imatinib mesylate, progress
these cells rely on glycolysis to produce ATP. 2-Deaxy-  with several other antiangiogenic compounds has been slow in
glucose (2-DG) competitively inhibits glycolysis and glyco- light of negative results observed in several large-scale phase
genolysis by competing directly with glucose for glucose Il and llI clinical trials in terms of prolonging the lives of
receptors found in the plasma membrane. Oxamate, an analogugatients with metastatic disease26—130). Cetuximab is used
of pyruvate, which blocks the step of glycolysis that converts against metastatic colorectal and head and neck cancers. Rituxan
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NORMOXIC CELL HYPOXIC CELL

Hypoxia-Induced
Neoangiogenesis

Hypoxia-Induced Angiogenesis

Figure 1. HIF-1ow degradation in normoxic cells (left) and HIF-1 o migration into the nucleus and stimulation of proangiogenic factors in hypoxic cells
(right).

is @ mAb used in non-Hodgkin's lymphoma. Trastuzumab or compounds could prove valuable in different ways. First,
herceptin is a mAb used in breast cancer. Gefinitib (ZD1839 epidemiological observations show that populations, such as the
or Irresa) is a small molecule used in non-small cell lung cancer. Japanese and Indians, who consume large amounts of bioactive
Imatinib mesylate (or gleevec) is a small molecule used againstcompounds such as epigallocatechin gallate (EGCG) in green
chronic myelogenous leukemia. Each one of these antiangio-tea, genistein, and the BowmaBirk inhibitor in soybean,
genic compounds mentioned above has to be used in combinavitamin K; in natto, and curcumin in turmeric regularly in their
tion with a chemotherapeutic drug for effectiveness. The first main diets, have lower incidence rates of certain chronic disease-
series of MMP inhibitors, such as marimastat, prinomastat, and associated disabilities such as age-related macular degeneration,
BAY 12-9566, failed to show clear benefit in patients with coronary artery disease, colon cancer, diabetes, and hip fracture
advanced metastatic diseasd2,(131, 132). The failure to than those in the Western world, who consume only small
recognize the role of MMPs in early stages of the disease asamounts of the above-mentioned bioactive compouh8s2Q,

well as the inadequacy of either the employed inhibitors or the 136—139). Second, the relative efficiency and safety of dietary
proteases to be targeted may explain the lack of success withantiangiogenic compounds would allow the classification of
these series of antiangiogenic compounds. Suggestions havehese compounds based on their cytotoxicity for hypoxic and
been made that the early steps of hypoxia or angiogenesis arexormoxic tumor cell biomarkers and for physiologically normal
good targets to develop more specific and effective types of cells. Third, suggestions could be made for dietary patterns that
therapy (35). Selective inhibition of a limited set of MMPs at may help reduce the ongoing epidemic of angiogenic diseases
early stages of tumor evolution may be much more effective sych as juvenile obesity and diabetes. Food-derived factors with
than using wide spectrum inhibitors active against most MMP potential inhibitory activities against hypoxic disease cells are

family members and administered to patients at late stages ofgiscussed in the following sections with the structures of the

of the angiogenic process may take months or years, sustained
ingestion of antiangiogenic compounds, referred to as metro-
nomic ingestion, would be an effective way of chronically
inhibiting vascular recruitment by proangiogenic factésls,
127). The introduction of novel concepts, such as tumor

5.2. Quinones.Quinones are a general term for naturally
occurring compounds found in plants, fungi, and bacteria, and
represent important components of the electron transport chains
involved in cellular respiration and photosynthesis. Quinones
may also be generated through metabolism of hydroquinones
Yind/or catecholsl@0). Quinones are Michael reaction acceptors,
and some quinones are potent redox active compounds. As
acceptors, the cytotoxicity of quinones is related to the genera-
gion of ROS after redox cycling and/or their reaction with
ellular nucleophiles such as glutathione (GSH) or cysteine
residues on proteins leading to the depletion of cellular GSH
levels and/or protein alkylation and/or oxidative stre$84).
Other quinones, such @sbenzoquinones, have the propensity
of reacting with nucleophilic amino groups on proteins or DNA
5.1. Introduction. The characteristics of useful bioreductive (141). The metabolic activation of quinones under hypoxic
functional foods should include (i) the ability to penetrate conditions occurs, in part, as a result of the bioreductive
forming and poorly vascularized hypoxic regions, (ii) the ability activation by the flavoprotein NAD(P)H:quinone-acceptor oxi-
to be enzymatically converted under hypoxic conditions to doreductase (NQO1) (EC 1.6.99.2). GSH reacts with some
cytotoxin whereas the presence of oxygen could not favor such quinones to form polyphenolieGSH conjugates whose toxicity
a conversion, and (iii) the ability to be minimally active or (neurotoxicity, hematotoxicity, and nephrotoxicity) sometime
completely nontoxic to normoxic cells. Antihypoxic dietary exceeds the reactivity of the parent quinoh42). Antioxidants

facilitate the identification of the relevant MMPs that must be
targeted in each individual cancer patietB8(). The use of
functional foods for targeting the early stages of chronic
angiogenic diseases in order to prevent pathological angiogenesi
and hypoxia-induced angiogenesis may be a valuable concep
and a further link between diet and health relationship.

5. BIOREDUCTIVE FUNCTIONAL FOODS
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Figure 2. Structures of food-derived bioactive compounds with inhibitory activities against hypoxic tumor cells.

such as desferrioxamine and GSH reductase protect against thenenaquinone (vitamin &, and menadione (vitamin 4K
cytotoxicity of quinones 142). NQO1 reduces quinones to Phylloquinone occurs in fish, algae, and foods of plant and
hydroquinones, which can be glucuronidated or sulfated for animal origin (50). Vitamin K; protects cells against oxidative
cellular excretion. NQOL1 is lowly expressed in normal cells stress induced by GSH depletidtb(, 152) (Figure 1). Reduced
but is expressed at high levels in organs such as the kidney andbhylloquinone is a cofactor fow-glutamylcarboxylase, an
liver that have high detoxifying activities. Individuals with low  enzyme that catalyzes the posttranslational synthesiscair-
or no NQO1 activity had a higher risk of lung, urological, and boxyglutamic acid (Gla) from glutamic acid in vitamin K-
hematological cancers than individuals with wild tyet2— dependent proteins. The-carboxylation reaction generates
146). Cruciferous vegetables such as broccoli and Brusselsphylloquinone epoxide, which in turn is reduced back to
sprouts up-regulate the activity of NQO14(7). The aerobic phylloquinone by thiols and epoxide reductase. However,
cytotoxicity of quinones increases with an increase of their warfarin inhibits the cycling and interrupts the activation of
potential of single-electron reduction potential at pH 7.0 (142). blood coagulation factord §3. MenaquinonesHigure 1) occur
However, the role of single- and two-electron reduction in the naturally in bacteria and occur in mammals as a product of
cytotoxicity of quinones is not well-known. Naturally occurring  conversion of phylloquinone by the intestinal flotkbé,155).
quinones are extensively used as components of multivitamin K vitamins are liposoluble. Vitamin Kis better absorbed as
formulation, dyes, platelet antiaggregation, inhibitors of throm- phylloquinone-fortified oil than from vegetables, and the average
boxane A, and clinically as antitumor drugs and antiallergens daily intake is 98-120ug/day for younger or older peopl&g6).
(148). Vitamin K bioavailability is suppressed by vitamins A and E
5.2.1. Naphthoquinones.Naphthoquinones constitute the (157). Vitamin K was less cytotoxic than vitamins;kand Kg
largest group of naturally occurring quinoné49). Among the against HSC-2 and HSG human oral tumor and promyelocytic
naphthoquiones, 2-methyl-1,4-naphthoquinones constitute aHL-60 leukemic cell lines under aerobic conditiod$8). The
family of vitamin K, which includes phylloquione (vitamingl bioreductive and nontoxic nature of some dietary quinones such
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as vitamin K (phylloquinone) suggests that these bioactive

Losso and Bawadi

Anthraquinones such as emodin, chrysophanol, and physcion

compounds may have antihypoxic and antiangiogenic activities. were identified in vegetables (peas, cabbage, lettuce, and beans)

The antitumor action of vitamin K has been investigated for

at concentrations between 0.04 and 36 mg/A®g8). Whereas

many years (159). Pretreatment of rat carotid rings with vitamin emodin was genotoxic, chrysophanol and physcion were not.

Kiat5x 1078 5 x 1077, and 5x 107® mol/L prevented the
inhibitory effect of hypoxia-induced reduction iB(max) in
intact rings (160).

However, the authors suggested that the average daily intake
of these anthraquinones did not pose a health threat in a balanced
human diet because of the protective effects of the food matrix.

Vitamin K supplementation has been hypothesized to protect °-3. Challenges to Dietary Quinones as Bioreductive

against neuronal damage associated with Alzheimer’s diseasd-unctional Foods.The ability of quinones to redox cycle and
and vascular dementid§1). Carrie et al. 61) provided in create ROS and their reactive electrophile characteristics, which

vivo evidence of the positive relationship between vitamin K cause them to form covalent adducts with cellular macromol-
(phylloguinone and menagquinone-4) supplementation and de-€Cules, are the basis of their potential pro-oxidant effects. The
layed age-related degeneration in the nervous system. relative contribution of oxidant and electrophilic properties to

5.2.2. Terpenoid QuinonesThymoguinone (Figure 2), a quinones is influenced by chemical structure, in particular

. ) . : substituent effectsl@9). Lame et al. {70) demonstrated, using
— 0,
terpen0|q qumone., IS th? major component (28 57. /) qf black human bronchial epithelial cells, that 1,4-benzoquinone and 1,4-
seed (Nigella sativa) oil (162). Black seeds or its oils are

- . i naphthoquinone caused direct arylation of critical cellular
fcommlqnly used in Southezst Asm,;heé\l/lld;jle E?Stf’l and Elt"mpemacromolecules such as proteins or DNA with potential for
or culinary purposes and as antioxidant, antiniammatory, - ce\ |y toxicity. Protein and nonprotein sulfhydryls are major
analgesic, anticarcinogenic, antimutagenic, antihepatotoxic

) X e i X L . X 'targets of reaction with quinones. The reaction is often
protection against colitis, antidiabetic, antimicrobial, antiulcer, . o<iqered protective to the body because the thiol function in

oxidative stress inhibitor, radical scavenger, and as cyto- and sy serves as a sacrificial nucleophile that spares critical
cardiovascular protective dietary compounds (163). Thymo- y,cleophilic sites on cellular macromolecules from irreversible
quinone easily dimerizes in water to form dithymoquinone. The mqification (L40). The capacity for GSH synthesis is insuf-
daily plasma concentration of thymoquinone, the concentration ficient to maintain GSH concentrations when tissues are exposed
at which thymoquinone becomes toxic to normal cells, and the {5 reqox cycling compounds such as quinones. GSH depletion

activity of thymoquinone under hypoxia are not known.
5.2.3. Ubiquinone.Ubiquinone (coenzyme g CoQiy) is a

may enhance quinone toxicity that may cause morbidity or death
(171). GSH deficiency is a characteristic of most chronic

lipid soluble essential cofactor of the electron transport chain angiogenic diseases. Dietary antioxidants such as vitamin C are
where it accepts electrons from complexes | and 1l and transfersknown to down-regulate the toxicity of quinones. Quinone co-

them one at a time to complex Il in the inner mitochondrial
membraneKigure 2). CoQois important in ATP synthesis and

supplementation with vitamin C, GSH, or cruciferous vegetables
may negate the toxic effects of certain quinones on normal cells.

acts in its reduced form (ubiquinol) as an important antioxidant GSH supplementation from fruits and vegetables, and not GSH

for cardiolipin in the mitochondrial64). CoQp is synthesized

from meat, was reported to have an inverse relationship with

de novo, increases with exercise and cold adaptation, butthe risk of oral and pharyngeal cancéi7g,173). GSH has a

decreases with aging (164). Antioxidation, immune stimulation,

short plasma half-life, and oral bioavailability is poor, suggesting

prevention of heart damage in patients on chemotherapy for that a constant replenishment and methods to enhance bioavail-
cancer, diabetes complications, and potential treatment for earlyability are needed.

Parkinson’s disease have all been ascribed to,gd@gan meat

Cardiotoxicity is the major side effect observed when

(heart, liver, and kidney), fish, nuts, soy, spinach, and yeast arealkylating agents such as quinones are used at high dose in

good sources. The maximum daily dose recommended;by Q
producers is 30 mg, and levels of up to 200 mg qf @Qere
associated with 6.1-fold increase in plasmay @@vels and
decreased lipid peroxidation in vivo (165). However, the
bioavailability of Qo supplements is not equally the sariég).
Food fortification with Qo may continuously protect the

combination with other cytotoxic agents against cancer and other
angiogenic diseases such as multiple sclerosis (175).
Toxicity may be associated with total dose, rate of administra-
tion, individual predisposition to cardiovascular disorder, and
combination with cytotoxic agents. However, cardiotoxicity by
quinones can be prevented by oral administration of taurine,

mitochondria against respiration-linked oxygen stress, with Which exerts an opposing effect on myocardial calcium content
preservation of the genomic and structural integrity of these @nd lipid peroxidation 176). Vitamin K, thymoquinone, and
energy-producing organelles and concomitant increase in func-Purpurin are not cardiotoxic (15963, 167).

tional life span. However, the potential bioreductive and
antiangiogenic activity of ¢ has never been documented.
Similarly, the utilization of Qo as a functional food, not as a

dietary supplement, has never been suggested.

5.2.4. Anthraquinones.Purpurin (1,2,4-trihydroxyanthraquino-

6. FLAVONOID AND PHENOLIC INHIBITORS OF HYPOXIA

6.1. Genistein.Genistein Figure 2), which has demonstrated
effectiveness in vitro and in clinical trials, has a structure similar
to semiquinonesl(77). The antiangiogenic activity of genistein

ne) is a dietary quinone red pigment isolated from madder root in pancreatic cancer was hypothesized to be mediated by the

(Rubia tinctorium). Several biological activities including an-
timutagenicity, inhibition of human cytochrome P450 1B1, 1A1,
and 1A2, antigenotoxicity, inhibition of DNA damage induced
by carcinogens, inhibition of xanthine oxidase, and inhibition
of trypanozome cruzi have been ascribed to purputi®?);
Purpurin (Figure 2) was a better inhibitor of Trp-P-2(NHOH)
mutagenicity than EGCG or chlorophyllin, both of which are
well-known antimutagenic and antiangiogenic dietary com-
pounds (167).

inhibition of HIF-1 and down-regulation of VEGF178).
Genistein, orally administered at 2, 4, or 8 mg/kg to cancer
patients, was well-tolerated, bioavailable with a plasma con-
centration equivalent to a concentration that is associated with
antimetastatic activity in vitrol(79). A rash was the only side
effect reported in this study. Sasamura et 4B(Q) suggested
that genistein may be effective for chemoprevention in individu-
als at risk of developing renal cell carcinoma because genistein
blocked hypoxia-induced VEGF by inhibitirggc tyrosine kinase
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in the cancer cells. Kumi-Diaka and Towsend reported that protection against carcinogenesis, mutagenesis, and other forms
higher doses of genistein (1@@/mL) on Sprague Dawley rat of toxicity by electrophiles and reactive forms of oxygéd T,
sperm cells could potentially suppress male fertility via sup- 192). Broccoli, broccoli sprouts, and broccoli seeds are dietary
pression of acrosome reaction while low doses could enhancesources of glucosinolate and are reported to be functional foods
fertility by promoting acrosome reaction (181). because of their contents of sulforapharis(-195). H. pylori

6.2. Curcumin. Pharmaco|ogica||y, Curcumirf(gure 2) has can stabilize HIF-1 under aerobic COﬂditiOﬂQX. SU'foraphane
been found to be safe; human clinical trials indicated no dose- might be beneficial in the treatment ¢i. pylori-infected
limiting toxicity when administered at doses up to 10 g/day and individuals. It is known thatH. pylori colonization of the
enormous potentia| in the prevention and therapy of cancer gastrointestinal eplthellal cells is associated with gastriC adeno-
(121). Prolonged incubation (18 h) of bovine aortic endothelial carcinomaH. pylori-infected gastric cells produce ROS, which
cells with curcumin (515 uM) in normoxic or hypoxic stabilize HIF-1 protein in human gastric cancer cells under
conditions resulted in enhanced cellular resistance to oxidative Normoxic conditions {2). Sulforaphane temporally eradicated
damage (182). Hypoxia was found to be an important factor in H- pylori in three patients out of nine who consumed 14, 28, or
aggravating the inflammatory lesion in RA, through increased 56 g of broccoli twice daily for 7 days1@6). H. pylori was
production of cyclooxygenase-2 (COX-2)-derived nociceptive completely eradicated from 8 out of 11 mice bearing human
eicosanoids and increased release of tissue-damaging MMPastric xenografts after 5 day administration of sulforaphane at
(183). Induction of COX-2 by inflammatory cytokines or @ dose of 1.33 mg a day in each xenograf®7). It was
hypoxia-induced oxidative stress can be mediated by nuclearsuggested that the average daily intake of glucosinolate, which
factor«B (NF-kB). NF-«B is released following phosphoryltion S estimated at 100 mg of sulforaphane, can provide similar
of 1xB. Curcumin prevents phosphorylation @B and prevents ~ results to humans (198).
the release of NkB; as a result, curcumin inhibits the induction 6.6. Other Phenolic Inhibitors of Hypoxia. The VEGF gene
of COX-2, an important angiogenic modulator in colon cancer is enhanced under hypoxic conditions, and its transcription is
(184). dependent on HIF-1 levels. Flavonoid compounds such as

6.3. Lignans.Cell viability and lactate dehydrogenase (LDH) isorhamnetin, luteolin, quercetin, and methyl ophiopogonanone

activity data of neuronal and PC12 cells under hypoxia indicated B at concentrations of above 1@/mL inhibited the accumula-
that sesamin and sesamolffigure 2), two antioxidant lignans  tion of VEGF mRNA and HIF-1 in HepG2 cells under hypoxic
from sesame seeds, dose dependently reduced the activity ofonditions or in CoGhHtreated HepG2 cells (199).
LDH and inhibited MAPKs and caspase-385). It was Quercetin significantly inhibited hypoxia-induced functional
suggested that the activity of sesamin and sesamolin may haveand structural tubular injury in addition to lipid peroxidation
been related to the suppression of ROS generation and MAPKbut did not alter hypoxia-induced ATP depletion in freshly
activation. isolated rat renal proximal tubule2(q0). However, Wilson and

6.4. EGCG. Hypoxic rats treated with high doses of EGCG Poellinger (201) reported that dietary flavonoid quercetin also
(25 or 50 mg/kg) had lower levels of NADPH-d/nNOS activates HIF-1ain all steps of its activation pathway, in a
expression than control rats, and it was suggested that EGCGManner similar to hypoxia. These authors found that quercetin,
may attenuate oxidative stress fo||owing acute hyDOX%Q an inhibitor of Ser/Thr kinases, stabilizes HIB-And causes
Hydrocephalus is a progressive brain disorder characterized bynuclear localization of the protein in a transcriptionally active
abnormalities in the flow of cerebrospinal fluid and ventricular State. These results indicate that quercetin regulates HIF-1
dilatation and associated with increased expression of VEGF, function under aerobic conditions and suggest further studies
HIF, TGF-41, and MMP-9 that leads to cerebral atrophy and, into the role of quercetin as a functional food.
if left untreated, can be fatal. A single daily dose of 50 mg/kg  6.7. Short Chain Fatty Acids. The short chain fatty acid
of EGCG injected into the peritoneum of hydrocephalus-induced butyrate, a product of bacterial fermentation of dietary fiber in
infantile rats for 15 days significantly reduced periventricular the large bowel, repressed Hlle-huclear sequestration through
white matter malondialdehyde (MDA) levels when compared inhibition of HIF-1a. nuclear translocation in 2 mM butyrate-
with nontreated hydrocephalic animal8{). The antiangiogenic  treated Caco-2 cells4Q). The authors demonstrated that
activities of EGCG have been reported using in vitro and in diminished HIF-1a nuclear presence was associated with
vivo models (88,189). Green tea extract AR25 was evaluated reduced VEGF levels in butyrate-treated Caco-2 cells. However,
in moderately obese patients for 3 months and was associatedutyrate has very limited bioavailability2Q2). The limited
with a 4.6% decrease in body weight and 4.48% decrease inbioavailability of butyrate may limit its usefulness in the
waist circumference (190). The mechanism of inhibition was circulation.
reported to involve, among others, inhibition of lipases and 6 8. Vitamins. Sodium ascorbaté{gure 2) at a physiological
stimulation of thermogenesis. Catechins, in general, are bio- concentration range (250 M) suppressed HIFd. levels and
available, but the bioavailability is very lovt91). These authors  H|F transcriptional targets in PC3 prostate, OVCAR3 ovarian,
reported that approximately 1.68% of ingested catechins wereand Hs 578T breast cancer cells under normoxic conditions for
present in the plasma, urine, and feces, and the apparengt |east 24 h (203). Under normoxic conditions, vitamin C at
bioavailability of the gallated catechins was lower than the 25,M inhibited HIF-1o expression, induced by 25 nM of IGF-I
nongallated forms. and 100 nM of insulin, in serum-deprived MCF-7 cells. Chronic

6.5. Isothiocyanates.Sulforaphane (4-methylsulfinylbutyl-  hypoxia enhances agonist-evoked rises of?[Qlan cortical
isothiocyanate), the major isothiocyanate released upon hy-astrocytes and increases production of amylg@igeptides
drolysis of broccoli glucoraphanin, induces detoxification (ASPs) of Alzheimer's disease204). Vitamin C at 20QuM
enzymes such as quinone reductase, which in turn can amplifyprevented the rises of [€§i in hypoxic cells. Ascorbic acid
the effectiveness of quinones under hypoxic conditions. Sul- at 0.5—2.5uM demonstrated angiostatic activity in vitro
foraphane down-regulates COX-2 and NB-at the translational (inhibition of tube formation on Matrigel), in vivo using the
level (192). Sulforaphane and other isothiocyanates such asCAM assay (through both its antioxidant properties and the
benzyl isothiocyanate and allylisothiocyanate provide powerful stimulation of collagen synthesis), and was suggested to be
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useful as a supplementary therapy in various angiogenic diseaseadded in sport drinks but has not yet been suggested as a
(205). Hypoxia decreased the ascorbate content, which impliesfunctional food (217—220).

physiological activity of ascorbate carried alongside the lipo-

phl'IC aSCOfby' palmitate (AP) mOleCU'QQ6). AP was able to 7. VASOACTIVE FUNCTIONAL FOODS

cross biological barriers and satisfied the tissue demand for

ascorbate better than the hydrophilic form. Sodium ascorbate Nicotinamide or vitamin B3Rigure 2), a blood flow modifier

is a mineral salt of ascorbic acid, buffered, and therefore less and inhibitor of transient blood flow fluctuation, is commonly
acidic than ascorbic acid. Sodium ascorbate and ascorbic acidused to decrease perfusion-limited hypoxia and improve tumor
are chemically identical and equally bioavailable. There are no 0xygenation§0,221-223). Nicotinamide enhances the effects
known differences in their biological activity. Other mineral 0f radiotherapy and improves delivery of chemotherapeutic
salts of ascorbic acid include calcium, potassium, molybdenum, agents to the tumors2g4). Nicotinamide, thought to act by
zinc, and magnesium ascorbate. Mineral ascorbates are ofterfuppressing the transient closure of small blood vessels that
recommended to people with gastrointestinal problems (ab- cause intermittent tumor hypoxia, induced a small increase in
dominal pain or diarrhea) who avoid plain ascorbic acid. Sodium blood oxygenation but no detectable change in perfusion/flow
ascorbate genera”y provides 131 mg of sodium per 1000 mg (225) Nicotinamide used in combination with normobaric
of ascorbic acid and may not be advisable for individuals carbogen (95% &+ 5% CQ) increased the radiation sensitivity
following low sodium diets (e.g., for high blood pressure). Other 0f CaNT tumors under 21, 95, and 100% oxygen in animal
ascorbates may be preferred because they provide less than th&odels 226). ARCON (accelerated radiotherapy with carbogen
upper level of mineral intake for adults per day. For instance, and nicotinamide) is a new therapeutic strategy that combines
pure calcium ascorbate provides 114 mg of calcium per 1000 radiation treatment modifications, with the aim of counteracting
mg of ascorbic acid and the RDA for calcium is 16200 the resistance mechanisms associated with tumor cell repopu-

mg/day (207). Nicotinamide or vitamin B3 is described in lation and hypoxia Z24). ARCON has produced promising
section 7 as a vasoactive compound. results in terms of tumor control in phase | and Il clinical trials.

Nicotinamide at 80 mg/kg was reported to show side effects

isms leading to tissue injury and, as a result, causes an increaséuc? "?‘St natlpsTa;, qc_l:te Sk('jn and.t.muco7us Hmembran(:h toxicity,
in MDA levels in plasma and tissues and a concurrent decreased@strontestinal toxicity, and vomi in@g7). However, these
in blood GSH and glutathione peroxidase (GP%Carotene side effects significantly decreased at a dose of 60 m@Rg)(

supplementation at 10 mg/kg body weight to male albino rats Nlcot|nam|de is a vitamin with a GRAS status. Studies to

induced a significant decreas® < 0.05) in MDA and an investigate the effect of long-term ingestion of higher daséQq

increase in plasma and tissue GSH levels in animals exposed"9/k9) of nicotinamide on hypoxia-induced angiogenesis are
to hypoxia (208). needed.

6.10. Selenium. Selenium is a cofactor for GPx, and
selenium-containing GPx catalyzes the oxidation of reduced 8. INHIBITORS OF HIF-1 PATHWAY UNDER AEROBIC
GSH to GSH disulfide, thereby reducing various peroxides to CONDITIONS

nontoxic compounds. Spragu®awley rats exposed to hypoxia Cells expressingrc andras oncogenes, as well as compounds
in a hypobaric chamber 6 h daily for 1 week showed an increase g,y as desferrioxamine and Ce@nhance and stabilize HIF-
in MDA levels in plasma and tissges and a_decrease in blood 14 in vivo. Dietary compounds that inhibit HIF-1pathway in
GSH, GPx, and seleniun2Q9). Sodium selenite supplementa- ;o would be effective chemopreventive functional foods.
tion at 10ug per kg BW reversed the trend. When the rats were |goprenoids, a diverse class of volatile phytochemicals present
supplemented with Se and exposed to hypoxic stress, Sejn minute concentrations in many fruits and vegetables and
significantly inhibited the increase in MDA levels in plasma  cerea| grains may be of great interest in functional foods because
and other tissues and enhanced GSH levels in all tissues studiedggprenoids inhibit farnesyl protein transferase (FPTase) (229).
Supplementation with selenoselenite and selenocysteime at lzpTase stabilizes HIF under aerobic conditions. There are about
uM each enhanced_ the activity of Se-de_pendent GPx in cultured 23 0o isoprenoid types in food and vegetables. Isoprenoids in
normoxic rat cardiomycytes and cardiomycytes subjected t0 ggiple fruits and vegetables includdimonene, perillyl alcohol,
hypoxia/reoxygenation (210). Between 50 and 60% of cancer menthol, y-tocotrienol, -ionone, perillaldehyde, carvacrol,
patients have tumors harboring mutations or deletions5a, thymol, S-ionone, geraniol, geranylgeraniol, perillylamine, far-
and these patients in general have a poorer prognostic thamesol, andoL- a-tocopherol, oryzanol-free tocotrienol-rich
patients with tumors harboring wild-tyges3 (211). Selenium fraction of rice bran oil, and tocotrienols from palm oil, to name
confers protection against cancer because it spares an importary ey (230-232). Their actions are synergistic at very low doses
tumor suppressor gepd3(212). Inorganic selenate and selenite (231, 232). p-Limonene and gallotannin had a strong inhibition
predominate in water, whereas organic selenomethionine andon FPTaseZ33). No clinical benefits were observed in patients
selenocysteine are found in cereals and vegetables. with metastatic breast and colon cancers and advanced ovarian
6.11. Amino Acids. Nitric oxide, a bioproduct of arginine  cancer using 2025 mg of perillyl alcohol four times dai®B4).
hydrolysis, in hypoxia prevented the accumulation and stabiliza- It was concluded that the potentials of perillyl alcohol and other
tion of HIF-1a as a result of an increase in prolyl hydroxylase. isoprenoids on metastatic cancer had little prospect because of
It also allowed redistribution of oxygen toward nonrespiratory the dose-limiting gastrointestinal toxicities. Reviews of experi-
oxygen-dependent targets such as prolyl hydroxylases so thaimental and population studies suggest that the appropriate
they did not register hypoxi&2(3). Arginine as an amino acid  position for dietary isoprenoids may be as chemopreventive
has not yet been suggested as a functional food. Taurine (2-agents235. The National Cancer Institute has an ongoing study
amino ethane sulfonic acid) is an intracellular amino acid with that assesses disease recurrence in patients previously treated
various biological and physiological functions such antioxidant, for stages I—IIIA breast cancer. Farnesyl transferase inhibitors
inhibition of advanced glycation end products, and prevention that modify Ras proteins have shown remarkable antitumor
of diabetes neuropathy and retinopathy (214—217). Taurine is activity in preclinical models and are currently under phase Il

6.9. Carotenoids.Hypoxia induces oxidative stress in organ-
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and Il clinical evaluationZ36). Phorbol esters, such as phorbol- overexpressing angiogenic stimulators have demonstrated a
12-myristate-13-acetate, a known tumor promoter, was reportedcrucial role for these markers in pathological angiogenesis
to stabilize a novel HIF-& isoform, HIF-1a(785), under aerobic  development. However, most of these biomarkers have been
conditions 237). Overexpression of HIFel(785) enhanced identified in the invasive and proliferative stages of the

tumor growth in vivo. angiogenic disease; are related to cell proliferation, invasion,
migration, hormone dependence, apoptosis, and metastasis; and

9. DEVELOPING HIF-1 PATHWAY-CONTROLLING FOOD few of these factors are proving clinically useful for healthy

PRODUCTS: OPPORTUNITIES AND CHALLENGES life survival (14). Most antiangiogenic compounds are protease

) L inhibitors since angiogenesis is mostly a cascade of proteolytic

Complete or irreversible inhibition of HIF-1 pathway may  activities (L6). Antiangiogenic functional foods have an advan-
have a dramatic repercussion on the progression of tumorage over synthetic inhibitors in that most of these compounds
angiogenesis. quever, .|rrever5|ble !nh|b|t|on Qf HIF.-1 pathway e regularly consumed by some populations around the world,
may not be desirable since HIF-1 is also critical in embryo- paye shown to be nontoxic at physiological concentrations when
genesis. Down-regulation of HIF-1 pathway may be a more aen orally, and can be taken out when not in neksj 245,
appropriate approach to disease prevention. The episode ob4g). Reversible protease inhibition is an advantage over
thalidomide needs to be remembered and not repeated. Feedingeyersible inhibition because most enzymes associated with
200 mg of chocolat_e rich in ca’gechlns and theobromine to 2 angiogenesis have been described to be important for the
month old Balb/c mice (an equivalent of 200 g of chocolate formation of new blood vessels in both physiological and
per person daily) decreased the relative length of limbs and thigh pathological conditions. For instance, MMP-3 deficient mice
bones in 4 week old progeny and decreased VEGF content of jrreversible inhibition) exhibited impaired wound contraction
offspring femoral bones238). Therefore, ingestion of large  ang collagenase resistant mice showed severe delay in wound
amounts of antiangiogenic functional foods by pregnant women pealing, indicating that antiangiogenic compounds that are
or other individuals may require medical supervision. reversible on withdrawal may be beneficial to the host because

Down-regulation of HIF-1 pathway may also become im- of the functional overlap between the functions of enzymes
portant for diabetic retinopathy, pulmonary hypertension, obe- jnyolved in angiogenesis (134).

sity, and atherosclerosis since VEGF is a major up-regulator in
these diseasgs. F_unc_tional food activators of HIF_-l pathway MaY, 0 EUTURE PROSPECTS
show potentials in diseases such as myocardial ischemia an
diabetes wound healing, which are characterized by insufficient The promise and completion of the Human Genome Project
angiogenesis. have raised expectations that the knowledge of all genes and
Most dietary inhibitors of angiogenic diseases are found in proteins in the human body will lead to the identification of
minute concentrations in their natural sources. The identification better biomarkers for angiogenic diseases. The complex array
of dietary compound inhibitors of hypoxia-induced angiogenesis of factors associated with chronic angiogenic diseases makes it
provides tremendous research justification for plant and animal difficult to accurately predict the outcome for each individual.
geneticists, food scientists, and nutritionists in order to improve Individuals may react differently to the same antiangiogenic
the yield, design appropriate technologies for processing, andfood. In the future, functional foods may be personalized
conduct nutritional evaluation studies. The challenge posed bydepending on individual reactions to a dietary bioactive
finding ways to optimize the in vivo effectiveness of these compound. In the future, it will be necessary to categorize
compounds should not be underestimated. Some antiangiogenidunctional foods as agents directed against hypoxia, HIF, HIF-
functional foods as well as functional foods that down-regulate dependent genes, or indirect agents that are directed against
HIF-1 pathways will require formulation in special carriers to angiogenesis pathways.
prevent their hydrolysis in the gastrointestinal tract or binding  Preoteases initiate, modulate, terminate, and control important
to unintended serum proteins. For instance, protamine inhibits cellular functions such as DNA replication, cell cycle progres-
excessive angiogenesis and blocks endothelial, fibroblast, andsion, cell proliferation and migration, tissue remodeling, he-
platelet growth factors, while protamine sulfate inhibits insuf- mostasis, wound healing, immunity, angiogenesis, and apoptosis.
ficient angiogenesis by accelerating gastric ulcer hea39( Proteases, protease substrates, and protease inhibitors will be
240. However, protamine is easily hydrolyzed by chymotrypsin an important focus for functional foods research. Reversible
(241). Naturally occurring coumarins such a8dihydroxy- protease inhibition is a feature of most functional foods and
bergamottin and bergamottin from grapefruit juice are known will be an advantage over many synthetic irreversible inhibitors
to simultaneously inactivate several carcinogen metabolizing of angiogenesis (16).
enzymes CYP 450s and inhibit drug transporter MDR1 P-  Degradomics is the application of genomic and proteomic
glycoprotein (Pgp) and multidrug resistance protein 2, both of techniques to identify the degradomes (the complete set of
which are expressed at apical membra2d®(243). Curcumin, proteases that are expressed at a specific time by a cell, tissue,
ginsenosides, piperine, some catechins from green tea, ancbr organism), degradome substrates, and degradome inhibitors
silymarin were also found to be reversible inhibitors of Pgp that are present in an organisg#{). The degradomic approach
(244). Innovative training and research that strengthen our could provide a powerful tool in finding physiological substrates
fundamental understanding of the relationships between func-of many proteolytic enzymes whose functions remain to be
tional foods and cell growth in health and disease before and determined. A dedicated and complete human protease and
after the angiogenic switch is needed. inhibitor microarray, called the CLIP—CHIP oligonucleotides
Biomarkers are important measurable phenotypic molecular (70-mers) for identifying all 715 human proteases, inactive
signatures of a cell that aid in early disease detection, risk homologues and inhibitors revealed the elevated expression of
assessment, or response to a particular therapeutic interventiona number of proteases in invasive ductal cell carcinoma
Numerous direct or indirect biomarkers of angiogenesis have including ADAMTS17, carboxypeptidases A5 and M, tryptase-
been identified, and in some cases, biomarkers are similar acrossnd matriptase-2 (248). The concept of degradomic may help
several angiogenic diseasdg). Studies using transgenic mice to identify proteases that functional foods can selectively inhibit,
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thereby influencing the onset and/or progression of an angio-

genic disease. Successful functional foods can then advance to

clinical trials.

In conclusion, diet continues to have great potential to prevent
the progression of several chronic angiogenic diseases. There
is a long list of functional foods that can affect HIF-1 pathway-

induced angiogenesis. Because hypoxia precedes angiogenesi§13)

in some cases and appears to be a major contributor to the up-
regulation of angiogenesis transcription factors, metronomic use
of bioreductive or anti-HIF-1 pathways functional foods may
provide long-term preventive effects against the progression of

chronic angiogenic diseases. Functional foods that enhance the

activity of endogenous regulators of HIF-1 pathways such as
the tumor suppressor gengsS3andVHL, which are known to
inhibit HIF-1 expression, must be identified and evaluated in
vitro and in vivo. Functional foods that enhance the activities
of endogenous inhibitors of angiogenesis, such as endostatin,
angiostatin, TSP-1, and TIMPs should be identified and evalu-
ated. Identifying functional foods that can stimulate rapid
ubiquitination of HIF-Ix, even under hypoxic conditions, is
desirable. Metronomic consumption of foods that inhibit HIF-
1o accumulation under both hypoxic and normoxic conditions
and functional foods that regulate other pathways that lead to
angiogenesis may offer significant protection against the
unwanted progression of chronic angiogenic diseases.

ABBREVIATIONS USED

VEGF, vascular endothelial growth factor; Ang2, angiopoi-
etin-2; PISK/AKT/mTOR, phosphatidyl-3-inositol kinase/Akt
kinase/mammalian target of rapamycin; SOD, superoxide dis-
mutase.

ACKNOWLEDGMENT

We are grateful to Dr. Greg Semenza (Johns Hopskins School
of Medicine), Dr. Giovanni Melillo (NCI/NIH), Dr. Brad
Wouters (University of Maastricht), and Dr. Ken McMillin
(Louisiana State University Agricultural Center) for their
reviews and suggestions.

LITERATURE CITED

(1) Folkman, J. Tumor angiogenesis: Therapeutic implicatibins.
Engl. J. Med.1971,285, 1182—-1186.

(2) Folkman, J. Angiogenesis in cancer, vascular, rheumatoid and
other diseaseNat. Med.1995,1, 27-31.

(3) Hanahan, D.; Folkman, J. Patterns and emerging mechanisms
of the angiogenic switch during tumorigenesell 1996, 86,
353—364.

(4) Folkman, J. Role of angiogenesis in tumor growth and metastasis.
Semin. Oncol2002,29, 15-18.

(5) Kerbel, R.; Folkman, J. Clinical translation of angiogenesis
inhibitors. Nat. Rev. CanceR002,2, 727—739.

(6) Papetti, M.; Herman, I. M. Mechanisms of normal and tumor-
derived angiogenesig&m. J. Physiol. Cell PhysioR002,282,
C947—C970.

(7) Hobson, B.; Denekamp, J. Endothelial proliferation in tumours
and normal tissues: Continuous labeling studiss.J. Cancer
1984,49, 405—413.

(8) Drixler, T. A.; Vogten, M. J.; Ritchie, E. D.; van Vroonhoven,

T. J.; Gebbink, M. F.; et al. Liver regeneration is an angiogenesis-
associated phenomenornn. Surg. 2002, 236, 703—711;
discussion 711—702.

(9) Gasparini, G. The rationale and future potential of angiogenesis
inhibitors in neoplasiaDrugs 1999,58, 17-38.

(10) Kerbel, R. S. Clinical trials of antiangiogenic drugs: opportuni-
ties, problems, and assessment of initial result€lin. Oncol.
2001,19, 45S—51S.

Losso and Bawadi

(11) Yu, J.L.; Coomber, B. L.; Kerbel, R. S. A paradigm for therapy-
induced microenvironmental changes in solid tumors leading to
drug resistanceDifferentiation 2002,70, 599—609.

(12) Sweeney, C. J.; Miller, K. D.; Sledge, G. W., Jr. Resistance in

the anti-angiogenic era: Nay-saying or a word of cautibrehds

Mol. Med.2003,9, 24-29.

Shannon, A. M.; Bouchier-Hayes, D. J.; Condron, C. M.;

Toomey, D. Tumour hypoxia, chemotherapeutic resistance and

hypoxia-related therapie€ancer Treat. Re 2003,29, 297—

307.

(14) Longo, R.; Sarmiento, R.; Fanelli, M.; Capaccetti, B.; Gattuso,
D.; et al. Anti-angiogenic therapy: Rationale, challenges and
clinical studies Angiogenesi®002,5, 237—256.

(15) Scappaticci, F. A. Mechanisms and future directions for angio-
genesis-based cancer theraple<lin. Oncol.2002 20, 3906—
3927.

(16) Losso, J. N. Targeting excessive angiogenesis with functional
foods and nutraceutical3rends Food Sci. Technd003, 14,
455—468.

(17) Carmeliet, P.; Jain, R. K. Angiogenesis in cancer and other
diseasesNature 2000,407, 249—257.

(18) Shao, Z. M.; Shen, Z. Z.; Liu, C. H.; Sartippour, M. R.; Go, V.
L.; etal. Curcumin exerts multiple suppressive effects on human
breast carcinoma cellfnt. J. Cancer2002,98, 234—240.

(19) Cao, Y.; Cao, R.; Brakenhielm, E. Antiangiogenic mechanisms
of diet-derived polyphenolsl. Nutr. Biochem2002,13, 380—
390.

(20) Losso, J. N.; Munene, C. N.; Bansode, R. R.; Bawadi, H. A.
Inhibition of matrix metalloproteinase-1 by the soybean Bow-
man-Birk inhibitor. Biotechnol. Lett2004,26, 901—905.

(21) Losso, J. N.; Bansode, R. R.; Trappey, A.; Bawadi, H. A.; Truax,
R. E. In vitro anti-proliferative activities of ellagic acid. Nutr.
Biochem.2004,15, 672—678.

(22) O'Reilly, M. S.; Boehm, T.; Shing, Y.; Fukai, N.; Vasios, G.;
Lane, W. S.; Flynn, E.; Birkhead, J. R.; Olsen, B. R.; Folkman,
J. Endostatin: An endogenous inhibitor of angiogenesis and
tumor growth.Cell 1997,88, 277—285.

(23) Boehm, T.; O'Reilly, M. S.; Keough, K.; Shiloach, J.; Shapiro,
R.; Folkman, J. Zinc-binding of endostatin is essential for its
antiangiogenic activityBiochem. Biophys. Res. Comm89§

252, 190—194.

(24) O'Reilly, M. S.; Holmgren, L.; Chen, C.; Folkman, J. Angiostatin
induces and sustains dormancy of human primary tumors in mice.
Nat. Med.1996,2, 689—692.

(25) Chakraborti, S.; Mandal, M.; Das, S.; Mandal, A.; Chakraborti,
T. Regulation of matrix metalloproteinases: An overvidial.

Cell. Biochem2003,253, 269—285.

(26) Cao, Y.; Xue, L. AngiostatirSemin. Thromb. Hemostagi604,
30, 83-93.

(27) Yee, K. O.; Streit, M.; Hawighorst, T.; Detmar, M.; Lawler, J.
Expression of the type-1 repeats of thrombospondin-1 inhibits
tumor growth through activation of transforming growth factor-
beta.Am. J. Pathol2004,165, 541—552.

(28) Bleuel, K.; Popp, S.; Fusenig, N. E.; Stanbridge, E. J.; Boukamp,
P. Tumor suppression in human skin carcinoma cells by
chromosome 15 transfer or thrombospondin-1 overexpression
through halted tumor vascularizatioRroc. Natl. Acad. Sci.
U.S.A.1999,96, 2065—2070

(29) zajchowski, D. A.; Band, V.; Trask, D. K.; Kling, D.; Connolly,

J. L.; Sager, R. Suppression of tumor-forming ability and related
traits in MCF-7 human breast cancer cells by fusion with
immortal mammary epithelial cell®roc. Natl. Acad. Sci. U.S.A.
1990,87, 2314—2318.

(30) Weinstat-Saslow, D. L.; Zabrenetzky, V. S.; VanHoutte, K.;
Frazier, W. A.; Roberts, D. D.; Steeg, P. S. Transfection of
thrombospondin 1 complementary DNA into a human breast
carcinoma cell line reduces primary tumor growth, metastatic
potential, and angiogenesiBancer Res1994,54, 6504—6511.



Hypoxia Inducible Pathways as Targets for Foods

(31) Volpert, O. V.; Pili, R.; Sikder, H.; Nelius, T.; Zaichuk, T.;
Morris, C.; Shiflett, C. B.; Devlin, M. K.; Conant, K.; Alani, R.

M. 1d1 regulates angiogenesis through transcriptional repression
of thrombospondin-1Cancer Cell2002,2, 473—483.

(32) Watnick, R. S.; Cheng, Y.-N.; Rangarajan, A.; Ince, T. A,
Weinberg, R. A. Ras modulates Myc activity to repress throm-
bospondin-1 expression and increases tumor angiogenesis.
Cancer Cell2003,3, 219—231.

(33) Woessner, J. F., Jr. MMPs and TIMP&n historical perspective.
Mol. Biotechnol.2002,22, 33-49.

(34) Sridhar, S. S.; Shepherd, F. A. Targeting angiogenesis: a review
of angiogenesis inhibitors in the treatment of lung canceng
Cancer2003,42, S81—-S91.

(35) Wouters, B. G.; Weppler, S. A.; Koritzinsky, M.; Landuyt, W.;
Nuyts, S.; et al. Hypoxia as a target for combined modality
treatmentsEur. J. Cancer2002,38, 240—257.

(36) Harris, A. L. Hypoxia-A key regulatory factor in tumour growth.
Nat. Rev. CanceR002,2, 38-47.

(37) Seddon, B.; Kelland, L. R.; Workman, P. Bioreductive prodrugs
for cancer therapyMethods Mol. Med2004,90, 515—542.

(38) Coradini, D.; Pellizzaro, C.; Speranza, A.; Daidone, M. G.
Hypoxia and estrogen receptor profile influence the responsive-

ness of human breast cancer cells to estradiol and antiestrogens.

Cell. Mol. Life Sci.2004,61, 76-82.

(39) Zhong, H.; Hanrahan, C.; van der Poel, H.; Simons, J. W.
Hypoxia-inducible factor lalpha and 1beta proteins share com-
mon signaling pathways in human prostate cancer &itiehem.
Biophys. Res. CommuR001,284, 352—356.

(40) Zgouras, D.; Wachtershauser, A.; Frings, D.; Stein, J. Butyrate
impairs intestinal tumor cell-induced angiogenesis by inhibiting
HIF-1alpha nuclear translocatioBiochem. Biophys. Res. Com-
mun.2003,300, 832—838.

(41) Mensinga, T. T.; Speijers, G. J.; Meulenbelt, J. Health implica-
tions of exposure to environmental nitrogenous compounds.
Toxicol. Rev.2003,22, 41-51.

(42) Tran, D. C.; Yeh, K. C.; Brazeau, D. A.; Fung, H. L. Inhalant

nitrite exposure alters mouse hepatic angiogenic gene expression.

Biochem. Biophys. Res. Comm@003,310, 439—445.

(43) Fyles, A.; Milosevic, M.; Hedley, D.; Pintilie, M.; Levin, W.; et
al. Tumor hypoxia has independent predictor impact only in
patients with node-negative cervix cancirClin. Oncol.2002,

20, 680—687.

(44) Padro, T.; Ruiz, S.; Bieker, R.; Burger, H.; Steins, M.; et al.
Increased angiogenesis in the bone marrow of patients with acute
myeloid leukemiaBlood 2000, 95, 2637—2644.

(45) Mittelman, M. The implications of anemia in multiple myeloma.
Clin. Lymphoma2003,4 (Suppl. 1), S23—S29.

(46) Knight, K.; Wade, S.; Balducci, L. Prevalence and outcomes of
anemia in cancer: A systematic review of the literatéoe. J.
Med. 2004,116 (Suppl. 7A), 11S—26S.

(47) Greco, O.; Marples, B.; Joiner, M. C.; Scott, S. D. How to
overcome (and exploit) tumor hypoxia for targeted gene therapy.
J. Cell. Physiol.2003,197, 312—325.

(48) Brahimi-Horn, C.; Berra, E.; Pouyssegur, J. Hypoxia: The
tumor’s gateway to progression along the angiogenic pathway.
Trends Cell Biol.2001,11, S32—S36.

(49) Pugh, C. W.; Ratcliffe, P. J. Regulation of angiogenesis by
hypoxia: Role of the HIF systemNat. Med.2003 9, 677—
684.

(50) Maxwell, P. H.; Pugh, C. W.; Ratcliffe, P. J. Activation of the
HIF pathway in cancelCurr. Opin. Genet. De 2001, 11, 293~
299.

(51) Kaufman, B.; Scharf, O.; Arbeit, J.; Ashcroft, M.; Brown, J. M.;
Bruick, R. K.; Chapman, J. D.; Evans, S. M.; Giaccia, A. J,;
Harris, A. L.; Huang, E.; Johnson, R.; Kaelin, W., Jr.; Koch, C.
J.; Maxwell, P.; Mitchell, J.; Neckers, L.; Powis, G.; Rajendran,
J.; Semenza, G. L.; Simons, J.; Storkebaum, E.; Welch, M. J;
Whitelaw, M.; Melillo, G.; vy, S. P. Proceedings of the Oxygen
Homeostasis/Hypoxia Meetingcancer Res2004,64, 3350—
3356.

J. Agric. Food Chem., Vol. 53, No. 10, 2005 3763

(52) Rapisarda, A.; Uranchimeg, B.; Scudiero, D. A.; Selby, M.;
Sausvulle, E. A.; Shoemaker, R. H.; Melillo, G. Identification
of small molecule inhibitors of hypoxia-inducible factor 1
transcritpional activation pathwa@ancer Res2002,62, 4316—
4324.

(53) Jiang, B. H.; Rue, E.; Wang, G. L.; Roe, R.; Semenza, G. L.
Dimerization, DNA binding, and transactivation properties of
hypoxia-inducible factor 1J. Biol. Chem.1996,271, 17771—
17778.

(54) Ben-Yosef, Y.; Lahat, N.; Shapiro, S.; Bitterman, H.; Miller, A.
Regulation of endothelial matrix metalloproteinase-2 by hypoxia/
reoxygenationCirc. Res.2002,90, 784—791

(55) Seddon, B.; Kelland, L. R.; Workman, P. Bioreductive prodrugs
for cancer therapyMethods Mol. Med2004,90, 515—542.

(56) Miki, K.; Shimizu, E.; Yano, S.; Tani, K.; Sone, S. Demethylation
by 5-aza-2'-deoxycytidine (5-azadC) of p16INK4A gene results
in downregulation of vascular endothelial growth factor expres-
sion in human lung cancer cell ling8ncol Res 200Q 12, 335~
342.

(57) Shiao, Y. H. The von Hippel-Lindau gene and protein in
tumorigenesis and angiogenesis: A potential target for thera-
peutic designsCurr. Med. Chem2003,10, 2461—2470.

(58) Scortegagna, M.; Ding, K.; Oktay, Y.; Gaur, A.; Thurmond, F.;
Yan, L. J.; Marck, B. T.; Matsumoto, A. M.; Shelton, J. M.;
Richardson, J. A.; Bennett, M. J.; Garcia, J. A. Multiple organ
pathology, metabolic abnormalities and impaired homeostasis
of reactive oxygen species in Epasl-/- misat. Genet2003,

35, 331—-340.

(59) Chan, D. A.; Sutphin, P. D.; Denko, N. C.; A. J., G. Role of
prolyl hydroxylation in oncogenically stabilized hypoxia-induc-
ible factor-lalphaJ. Biol. Chem2002,277, 40112—40117.

(60) Semenza, G. L. HIF-1 and tumor progression: Pathophysiology
and therapeuticslrends Mol. Med2002,8, S62—S67.

(61) Ameri, K.; Lewis, C. E.; Raida, M.; Sowter, H.; Hai, T.; Harris,
A. L. Anoxic induction of ATF-4 through HIF-1-independent
pathways of protein stabilization in human cancer cd&lsod
2004,103, 1876—1882.

(62) Vaupel, P.; Thews, O.; Hoeckel, M. Treatment resistance of solid
tumors: Role of hypoxia and anemisled. Oncol.2001, 18,
243-259.

(63) Krishnamachary, B.; Berg-Dixon, S.; Kelly, B.; Agani, F.;
Feldser, D.; et al. Regulation of colon carcinoma cell invasion
by hypoxia-inducible factor ICancer Re2003 63, 1138-1143.

(64) Wouters, B. G.; Koritzinsky, M.; Chiu, R. K.; Theys, J.; Buijsen,
J.; et al. Modulation of cell death in the tumor microenvironment.
Semin. Radiat. OncoR003,13, 31—41.

(65) Goda, N.; Ryan, H. E.; Khadivi, B.; McNulty, W.; Rickert, R.
C.; et al. Hypoxia-inducible factor lalpha is essential for cell
cycle arrest during hypoxiaviol. Cell. Biol. 2003, 23, 359—
369.

(66) Siim, B. G.; Hicks, K. O.; Pullen, S. M.; van Zijl, P. L.; Denny,
W. A.; et al. Comparison of aromatic and tertiary amine N-oxides
of acridine DNA intercalators as bioreductive drugs. Cytotoxicity,
DNA binding, cellular uptake, and metabolisBiochem. Phar-
macol.2000,60, 969—978.

(67) Hileman, E. O.; Liu, J.; Albitar, M.; Keating, M. J.; Huang, P.
Intrinsic oxidative stress in cancer cells: A biochemical basis
for therapeutic selectivityCancer Chemother. Pharmac@004
53, 209—-2109.

(68) Zhong, H.; Agani, F.; Baccala, A. A.; Laughner, E.; Rioseco-
Camacho, N.; Isaacs, W. B.; Simons, J. W.; Semenza, G. L.
Increased expression of hypoxia-inducible factoridaat and
human prostate canceCancer Res1998,58, 5280—5284.

(69) Zhong, H.; Chiles, K.; Feldser, D.; Laughner, E.; Hanrahan, C.;
Georgescu, M. M.; Simons, J. W.; Semenza, G. L. Modulation
of hypoxia-inducible factor 1alpha expression by the epidermal
growth factor/phosphatidylinositol 3-kinase/PTEN/AKT/FRAP
pathway in human prostate cancer cells: implications for tumor
angiogenesis and therapeuti€ancer Res200Q 60, 1541~
1545.



3764 J. Agric. Food Chem., Vol. 53, No. 10, 2005

(70) Fukuda, R.; Hirota, K.; Fan, F.; Jung, Y. D.; Ellis, L. M.;
Semenza, G. L. Insulin-like growth factor 1 induces hypoxia-
inducible factor 1-mediated vascular endothelial growth factor
expression, which is dependent on MAP kinase and phosphati-
dylinositol 3-kinase signaling in colon cancer cellsBiol. Chem.
2002,277, 38205—38211.

(71) Stiehl, D. P.; Jelkmann, W.; Wenger, R. H.; Hellwig-Burgel, T.
Normoxic induction of the hypoxia-inducible factor lalpha by
insulin and interleukin-1beta involves the phosphatidylinositol
3-kinase pathwayFEBS Lett.2002,512, 157—162.

(72) Park, J. H.; Kim, T. Y.; Jong, H. S.; Kim, T. Y.; Chun, Y. S,;
Park, J. W.; Lee, C. T.; Jung, H. C.; Kim, N. K.; Bang, Y. J.
Gastric epithelial reactive oxygen species prevent normoxic
degradation of hypoxia-inducible factor-1alpha in gastric cancer
cells. Clin. Cancer Res2003,9, 433—440.

(73) Taraboletti, G.; Giavazzi, R. Modelling approaches for angio-
genesisEur. J. Cancer2004,40, 881—889.

(74) Yeo, E. J,; Chun, Y. S.; Park, J. W. New anticancer strategies
targeting HIF-1.Biochem. Pharmacol2004, 68, 1061—1069.
(75) Jiang, B. H.; Agani, F.; Passaniti, A.; Semenza, G. L. V-SRC
induces expression of hypoxia-inducible factor 1 (HIF-1) and
transcription of genes encoding vascular endothelial growth factor
and enolase 1: Involvement of HIF-1 in tumor progression.

Cancer Res1997,57, 5328—5335.

(76) Johnson, B. E.; Heymach, J. V. Farnesyl transferase inhibitors
for patients with lung cance€lin. Cancer Re.2004 10, 4254s-
4257s.

(77) Hileman, E. O.; Liu, J.; Albitar, M.; Keating, M. J.; Huang, P.
Intrinsic oxidative stress in cancer cells: A biochemical basis
for therapeutic selectivityCancer Chemother. Pharmac@004
53, 209-219.

(78) Khan, Z. A.; Chakrabarti, S. Growth factors in proliferative
diabetic retinopathyExp. Diabesity Re2003,4, 287—301.

(79) Hammes, H. P. Pathophysiological mechanisms of diabetic
angiopathy.J. Diabetes Complication8003,17, 16-19.

(80) Strippoli, G. F.; Di Paolo, S.; Cincione, R.; Di Palma, A. M.;
Teutonico, A.; et al. Clinical and therapeutic aspects of diabetic
nephropathyJ. Nephrol.2003,16, 487—499.

(81) Li, X.; Chen, H.; Epstein, P. N. Metallothionein protects islets
from hypoxia and extends islet graft survival by scavenging most
kinds of reactive oxygen speciek.Biol. Chem2004,279, 765—
771.

(82) Claffey, K. P.; Wilkison, W. O.; Spiegelman, B. M. Vascular
endothelial growth factor. Regulation by cell differentiation and
activated second messenger pathwdyBiol. Chem1992,267,
16317—-16322.

(83) Lolmede, K.; Durand de Saint Front, V.; Galitzky, J.; Lafontan,
M.; Bouloumie, A. Effects of hypoxia on the expression of
proangiogenic factors in differentiated 3T3-F442A adipocytes.
Int. J. Obes. Relat. Metab. Disor@003,27, 1187—1195.

(84) Kabon, B.; Nagele, A.; Reddy, D.; Eagon, C.; Fleshman, J. W.;
et al. Obesity decreases perioperative tissue oxygenaiion.
esthesiology2004,100, 274—280.

(85) Lusis, A. J. Atherosclerosidlature 2000,407, 233—241.

(86) Plutzky, J. The vascular biology of atheroscleroais. J. Med.
2003,115 (Suppl. 8A), 555—61S.

(87) Winter, P. M.; Morawski, A. M.; Caruthers, S. D.; Fuhrhop, R.
W.; Zhang, H.; et al. Molecular imaging of angiogenesis in early-

stage atherosclerosis with alpha(v)beta3-integrin-targeted nano-

particles.Circulation 2003,108, 2270—2274.

(88) Fuchs, S.; Kornowski, R.; Leon, M. B.; Epstein, S. E. Anti-
angiogenesis: A new potential strategy to inhibit restendsis.
J. Cardiovasc. Intervent2001,4, 3—6.

(89) Lupia, E.; Pucci, A.; Peasso, P.; Merlo, M.; Baron, P.; et al.
Intra-plaque production of platelet-activating factor correlates
with neoangiogenesis in human carotid atherosclerotic lesions.
Int. J. Mol. Med.2003,12, 327—334.

(90) Rydberg, E. K.; Salomonsson, L.; Hulten, L. M.; Noren, K;
Bondjers, G.; et al. Hypoxia increases 25-hydroxycholesterol-
induced interleukin-8 protein secretion in human macrophages.
Atherosclerosi2003,170, 245—252.

Losso and Bawadi

(91) Paleolog, E. M.; Miotla, J. M. Angiogenesis in arthritis: role in
disease pathogenesis and as a potential therapeutic target.
Angiogenesid998,2, 295—-307.

(92) Lee, S. S.; Joo, Y. S.; Kim, W. U.; Min, D. J.; Min, J. K.; et al.
Vascular endothelial growth factor levels in the serum and
synovial fluid of patients with rheumatoid arthriti€lin. Exp.
Rheumatol2001,19, 321—324.

(93) Zucker, S.; Cao, J.; Chen, W. T. Critical appraisal of the use of
matrix metalloproteinase inhibitors in cancer treatm@mntcogene
2000,19, 6642—6650.

(94) Wardman, P. Electron transfer and oxidative stress as key factors
in the design of drugs selectively active in hypox@arr. Med.
Chem.2001,8, 739—761.

(95) Maher, J. C.; Krishan, A.; Lampidis, T. J. Greater cell cycle
inhibition and cytotoxicity induced by 2-deoxyrglucose in
tumor cells treated under hypoxic vs aerobic conditi@encer
Chemother. PharmacoR004,53, 116—122.

(96) Wang, J.; Biedermann, K. A.; Brown, J. M. Repair of DNA and
chromosome breaks in cells exposed to SR 4233 under hypoxia
or to ionizing radiationCancer Res1992,52, 4473—4477.

(97) Kotandeniya, D.; Ganley, B.; Gates, K. S. Oxidative DNA base
damage by the antitumor agent 3-amino-1,2,4-benzotriazine 1,4-
dioxide (tirapazamine)Bioorg. Med. Chem. Lett2002, 12,
2325—-2329.

(98) Chinje, E. C.; Cowen, R. L.; Feng, J.; Sharma, S. P.; Wind, N.
S.; et al. Nonnuclear localized human NOSII enhances the
bioactivation and toxicity of tirapazamine (SR4233) in vitvol.
Pharmacol.2003,63, 1248—1255.

(99) Sartorelli, A. C.; Belcourt, M. F.; Hodnick, W. F.; Keyes, S. R;
Pritsos, C. A.; et al. Preferential kill of hypoxic EMT6 mammary
tumor cells by the bioreductive alkylating agent porfiromycin.
Adv. Enzyme Regul995,35, 117—130.

(100) Zhou, S.; Kestell, P.; Baguley, B. C.; Paxton, J. W. 5,6-
dimethylxanthenone-4-acetic acid (DMXAA): A new biological
response modifier for cancer therapyvest. New Drugg002,

20, 281—295.

(101) Lee, A. E.; Wilson, W. R. Hypoxia-dependent retinal toxicity
of bioreductive anticancer prodrugs in mic€oxicol. Appl.
Pharmacol.2000,163, 50-59.

(102) Gaikwad, A.; Long, D. J., lI; Stringer, J. L.; Jaiswal, A. K. In
vivo role of NAD(P)H:quinone oxidoreductase 1 (NQOL1) in the
regulation of intracellular redox state and accumulation of
abdominal adipose tissud. Biol. Chem.2001, 276, 22559—
22564.

(103) Guissani, A.; Henry, Y.; Lougmani, N.; Hickel, B. Kinetic studies
of four types of nitroheterocyclic radicals by pulse radiolysis.
Correlation of pharmacological properties to decay ratese
Radical Biol. Med.1990,8, 173—189.

(104) Tudor, G.; Gutierrez, P.; Aguilera-Gutierrez, A.; Sausville, E.
A. Cytotoxicity and apoptosis of benzoquinones: Redox cycling,
cytochromec release, and BAD protein expressidiochem.
Pharmacol.2003,65, 1061—1075.

(105) O’Brien, P. J. Molecular mechanisms of quinone cytotoxicity.
Chem.-Biol. Interact1991,80, 1—41.

(106) Palom, Y.; Belcourt, M. F.; Tang, L. Q.; Mehta, S. S.; Sartorelli,
A. C.; et al. Bioreductive metabolism of mitomycin C in EMT6
mouse mammary tumor cells: Cytotoxic and noncytotoxic
pathways, leading to different types of DNA adducts. The effect
of dicumarol.Biochem. PharmacoR001,61, 1517—1529.

(107) Siegel, D.; Gustafson, D. L.; Dehn, D. L.; Han, J. Y.; Boon-
choong, P.; et al. NAD(P)H:quinone oxidoreductase 1: Role as
a superoxide scaveng@iol. Pharmacol2004 65, 1238-1247.

(108) Taper, H. S.; Jamison, J. M.; Gilloteaux, J.; Summers, J. L.;
Calderon, P. B. Inhibition of the development of metastases by
dietary vitamin C:K3 combinatiorLife Sci.2004 75, 955-967.

(109) Verrax, J.; Cadrobbi, J.; Delvaux, M.; Jamison, J. M.; Gilloteaux,
J.; Summers, J. L.; Taper, H. S.; Buc Calderon, P. The association
of vitamin C and K3 kills cancer cells mainly by autoschizis, a
novel form of cell death. Basis for their potential use as
coadjuvants in anticancer therajur. J. Med. Chen2003,38,
451—-457.



Hypoxia Inducible Pathways as Targets for Foods

(110) Maschek, G.; Savaraj, N.; Priebe, W.; Braunschweiger, P.; (132)
Hamilton, K.; Tidmarsh, G. F.; De Young, L. R.; Lampidis, T.

J. 2-Deoxyp-glucose increases the efficacy of adriamycin and
paclitaxel in human osteosarcoma and nonsmall cell lung cancers (133)
in vivo. Cancer Res2004,64, 31—34.

(111) Mueller, W. M.; Gregoire, F. M.; Stanhope, K. L.; Mobbs, C.

V.; Mizuno, T. M.; Warden, C. H.; Stern, J. S.; Havel, P. J.
Evidence that glucose metabolism regulates leptin secretion from
cultured rat adipocytes€ndocrinology1998,139, 551—558.

(112) Liu, H.; Hu, Y. P.; Savaraj, N.; Priebe, W.; Lampidis, T. J.
Hypersensitization of tumor cells to glycolytic inhibitofBio-
chemistry2001,40, 5542—5547.

(113) Jerez, N. C.; Calkins, C. R.; Velazco, J. Prerigor injection using (134)
glycolytic inhibitors in low-quality beef muscled. Anim. Sci.

2003,81, 997—-1003.

(114) Comin-Anduix, B.; Boros, L. G.; Marin, S.; Boren, J.; Callol-
Massot, C.; et al. Fermented wheat germ extract inhibits (135)
glycolysis/pentose cycle enzymes and induces apoptosis through
poly(ADP-ribose) polymerase activation in Jurkat T-cell leuke-
mia tumor cellsJ. Biol. Chem2002,277, 46408—46414.

(115) Lutz Mda, G.; Feksa, L. R.; Wyse, A. T.; Dutra-Filho, C. S;
Wajner, M.; et al. Alanine prevents the in vitro inhibition of
glycolysis caused by phenylalanine in brain cortex of fdstab.
Brain Dis. 2003,18, 8794.

(116) Ferrara, N. Vascular endothelial growth factor: basic science
and clinical progres€Endocr. Re»v2004,25, 581—-611.

(117) Sausville, E. A.; Elsayed, Y.; Monga, M.; Kim, G. Signal
transduction-Birected cancer treatmen#snnu. RevPharmacol.
Toxicol. 2003,43, 199—231.

(118) O'Reilly, M. S.; Holmgren, L.; Shing, Y.; Chen, C.; Rosenthal,
R. A.; Moses, M.; Lane, W. S.; Cao, Y.; Sage, E. H.; Folkman,
J. Angiostatin: A novel angiogenesis inhibitor that mediates the
suppression of metastases by a Lewis lung carcin@eth1994,

79, 315—328.

(119) Rehman, S.; Jayson, G. C. Molecular imaging of antiangiogenic
agents.Oncologist2005,10, 92-103.

(120) Kenyon, B. M.; Browne, F.; D’Amato, R. J. Effects of thalido-
mide and related metabolites in a mouse corneal model of
neovascularizatiorExp. Eye Resl997,64, 971-978.

(121) Aggarwal, B. B.; Kumar, A.; Bharti, A. C. Anticancer potential
of curcumin: Preclinical and clinical studie&nticancer Res.
2003,23, 363—398.

(122) Nanda, A.; St. Croix, B. Tumor endothelial markers: new targets
for cancer therapyCurr. Opin. Oncol.2004,16, 44-49.

(123) McCarthy, M. Antiangiogenesis drug promising for metastatic (143)
colorectal cancerLancet2003,361, 1959.

(124) Zondor, S. D.; Medina, P. J. Bevacizumab: An angiogenesis
inhibitor with efficacy in colorectal and other malignancidsn.
Pharmacother2004,38, 1258—1264.

(125) Kumar, S.; Witzig, T. E.; Rajkumar, S. V. Thalidomide: current
role in the treatment of nonplasma cell malignanciesClin.
Oncol.2004,22, 2477—2488.

(126) Barlogie, B. Thalidomide and CC-5013 in multiple myeloma:
the University of Arkansas experiencéemin. Hematol2003,

40, S33—S38.

(127) Kerbel, R. S.; Kamen, B. A. The anti-angiogenic basis of
metronomic chemotherapilat. Re».2004,4, 423—436.

(128) Hoff, P. M.; Ellis, L. M.; Abbruzzese, J. L. Monoclonal
antibodies: the foundation of therapy for colorectal cancer in
the 21st century®ncology(Huntington)2004,18, 736—741,
discussion 742, 745—746.

(129) Yarden, Y.; Baselga, J.; Miles, D. Molecular approach to breast (147)
cancer treatmenSemin. Oncol2004,31, S6-S13.

(130) Freije, J. M.; Balbin, M.; Pendas, A. M.; Sanchez, L. M.; Puente,
X. S.; Lopez-Otin, C. Matrix metalloproteinases and tumor
progressionAdv. Exp. Med. Biol2003,532, 9+-107.

(131) Hanahan, D.; Bergers, G.; Bergsland, E. Less is more, regu-
larly: Metronomic dosing of cytotoxic drugs can target tumor
angiogenesis in micel. Clin. Invest.2000, 105, 1045—1047.

(136)

(137)

(138)

(139)

(140)

(141)

(142)

(144)

(145)

(146)

(148)

(149)

J. Agric. Food Chem., Vol. 53, No. 10, 2005 3765

Tosetti, F.; Ferrari, N.; De Flora, S.; Albini, A. Angiopreven-
tion’: Angiogenesis is a common and key target for cancer
chemopreventive agentSASEB J.2002,16, 2-14.

Moore, M. J.; Hamm, J.; Dancey, J.; Eisenberg, P. D.; Dagenais,
M.; Fields, A.; Hagan, K.; Greenberg, B.; Colwell, B.; Zee, B.;
Tu, D.; Ottaway, J.; Humphrey, R.; Seymour, L. National Cancer
Institute of Canada Clinical Trials Group. Comparison of
gemcitabine versus the matrix metalloproteinase inhibitor BAY
12-9566 in patients with advanced or metastatic adenocarcinoma
of the pancreas: A phase lll trial of the National Cancer Institute
of Canada Clinical Trials Groug. Clin. Oncol 2003,21, 3296—
3302.

Folgueras, A. R.; Pendas, A. M.; Sanchez, L. M.; Lopez-Otin,
C. Matrix metalloproteinases in cancer: from new functions to
improved inhibition strategiesnt. J. Dev. Biol. 2004,48, 411—
424,

Klein, G.; Vellenga, E.; Fraaije, M. W.; Kamps, W. A.; de Bont,
E. S. The possible role of matrix metalloproteinase (MMP)-2
and MMP-9 in cancer, e.g. acute leukem@rit. Rev. Oncol.
Hematol.2004,50, 87-100.

Zucker, S.; Vaca., J. Role of matrix metalloproteinases (MMPSs)
in colorectal cancerCancer Metastasis Re2004, 23, 101—
117.

Sano, J.; Inami, S.; Seimiya, K.; Ohba, T.; Sakai, S.; Takano,
T.; Mizuno, K. Effects of green tea intake on the development
of coronary artery diseas€irc. J. 2004,68, 665—670.

Fujiki, H.; Suganuma, M.; Imai, K.; Nakachi, K. Green tea:
Cancer preventive beverage and/or d@gncer Lett2002 188
9-13.

Katsuyama, H.; Ideguchi, S.; Fukunaga, M.; Fukunaga, T.; Saijoh,
K.; Sunami, S. Promotion of bone formation by fermented
soybean (Natto) intake in premenopausal wonderNutr. Sci.
Vitaminol (Tokyo)2004,50, 114—120.

Bolton, J. L.; Trush, M. A.; Penning, T. M.; Dryhurst, G.; Monks,
T. J. Role of quinones in toxicologghem. Res. Toxica2000,

13, 135—-160.

Levay, G.; Pongracz, K.; Bodell, W. J. Detection of DNA adducts
in HL-60 cells treated with hydroquinone apebenzoquinone

by 32P-postlabelingCarcinogenesid€991,12, 1181—-1186.
Nemeikaite-Ceniene, A.; Sarlauskas, J.; Anusevicius, Z.; Nivin-
skas, H.; Cenas, N. Cytotoxicity of RH1 and related aziridinyl-
benzoquinones: Involvement of activation by NAD(P)H:quinone
oxidoreductase (NQO1) and oxidative streAsch. Biochem.
Biophys.2003,416, 110—118.

Rosvold, E. A.; McGlynn, K. A.; Lustbader, E. D.; Buetow, K.
H. Re: Detection of a point mutation in NQO1 (DT-diaphorase)
in a patient with colon canced. Natl. Cancer Inst1995,87,
1802—-1803.

Wiencke, J. K.; Spitz, M. R.; McMillan, A.; Kelsey, K. T. Lung
cancer in Mexican-Americans and African-Americans is associ-
ated with the wild-type genotype of the NAD(P)H:quinone
oxidoreductase polymorphisn@ancer Epidemiol. Biomarkers
Prev.1997,6, 87-92.

Schulz, W. A.; Krummeck, A.; Rosinger, |.; Eickelmann, P.;
Neuhaus, C.; et al. Increased frequency of a null-allele for NAD-
(P)H: quinone oxidoreductase in patients with urological
malignanciesPharmacogenetic$997,7, 235—239.

Smith, M. T.; Wang, Y.; Kane, E.; Rollinson, S.; Wiemels, J.
L.; et al. Low NAD(P)H:quinone oxidoreductase 1 activity is
associated with increased risk of acute leukemia in adBltsd
2001,97, 1422—-1426.

Jeffery, E. H.; Stewart, K. E. Upregulation of quinone reductase
by glucosinolate hydrolysis products from dietary broccoli.
Methods EnzymoR004,382, 457—469.

Kim, S. R.; Lee, J. Y.; Lee, M. Y.; Chung, S. M.; Bae, O. N,;
et al. Association of quinone-induced platelet anti-aggregation
with cytotoxicity. Toxicol. Sci.2001,62, 176—182.

Thomson, R. HNaturally Occurring Quinones Ill. Recent
Advances; Chapman and Hall: London, 1986.



3766 J. Agric. Food Chem., Vol. 53, No. 10, 2005 Losso and Bawadi

(150) Koivu-Tikkanen, T. J.; Ollilainen, V.; Piironen, V. |. Determi-  (170) Lame, M. W.; Jones, A. D.; Wilson, D. W.; Segall, H. J. Protein

nation of phylloquinone and menaquinones in animal products targets of 1,4-benzoquinone and 1,4-naphthoquinone in human
with fluorescence detection after postcolumn reduction with bronchial epithelial cellsProteomics2003,3, 479—495.
metallic zinc.J. Agric. Food Chem2000,48, 6325—6331. (171) Lomaestro, B. M.; Malone, M. Glutathione in health and

(151) Wallin, R.; Wajih, N.; Greenwood, G. T.; Sane, D. C. Arterial disease: Pharmacotherapeutic iss@@s. Pharmacotherl995,
calcification: A review of mechanisms, animal models, and the 29, 1263—1273.
prospects for therapyMed. Res. Re:2001,21, 274—301. (172) Flagg, E. W.; Coates, R. J.; Jones, D. P.; Byers, T. E.; Greenberg,

(152) Li, J.; Lin, J. C.; Wang, H.; Peterson, J. W.; Furie, B. C.; et al. R. S.; Gridley, G.; McLaughlin, J. K.; Blot, W. J.; Haber, M.;
Novel role of vitamin k in preventing oxidative injury to Preston-Martin, S. Dietary glutathione intake and the risk of oral
developing oligodendrocytes and neurahdNeurosci2003 23, and pharyngeal cancekm. J. Epidemiol1994,139, 453—465.
5816—5826. (173) Flagg, E. W.; Coates, R. J.; Eley, J. W.; Jones, D. P.; Gunter, E.

(153) Furie, B.; Furie, B. C. Molecular basis of vitamin K-dependent W.; Byers, T. E.; Block, G. S.; Greenberg, R. S. Dietary
gamma-carboxylatiorBlood 1990, 75, 1753—1762. glutathione intake in humans and the relationship between intake

(154) Thijssen, H. H.; Drittij-Reijnders, M. J.; Fischer, M. A. Phyl- and plasma total glutathione lev&lutr. Cancer1994,21, 33—
loquinone and menaquinone-4 distribution in rats: Synthesis 46.
rather than uptake determines menaquinone-4 organ concentra{174) Pai, V. B.; Nahata, M. C. Cardiotoxicity of chemotherapeutic
tions.J. Nutr. 1996,126, 537—543. agents: Incidence, treatment and preventidrug Saf.2000,

(155) Davidson, R. T.; Foley, A. L.; Engelke, J. A.; Suttie, J. W. 22, 263—302.

Conversion of dietary phylloquinone to tissue menaquinone-4 (175) Ghalie, R. G.; Edan, G.; Laurent, M.; Mauch, E.; Eisenman, S.;
in rats is not dependent on gut bactediaNutr.1998 128 220~ et al. Cardiac adverse effects associated with mitoxantrone
223. (Novantrone) therapy in patients with MSeurology2002,59,

(156) Booth, S. L.; Lichtenstein, A. H.; Dallal, G. E. Phylloquinone 909-913.
absorption from phylloquinone-fortified oil is greater than from  (176) Harada, H.; Cusack, B. J.; Olson, R. D.; Stroo, W.; Azuma, J.;
a vegetable in younger and older men and wondeNutr.2002 et al. Taurine deficiency and doxorubicin: interaction with the
132, 2609—-2612. cardiac sarcolemmal calcium puniiochem. Pharmacoll990,

(157) Kurilich, A. C.; Britz, S. J.; Clevidence, B. A.; Novotny, J. A. 39, 745—751.

Isotopic labeling and LC-APCI-MS quantification for investigat-  (177) Miltyk, W.; Craciunescu, C. N.; Fischer, L.; Jeffcoat, R. A.;
ing absorption of carotenoids and phylloquinone from kale Koch, M. A,; et al. Lack of significant genotoxicity of purified
(Brassica oleracea). Agric. Food Chen2003 51, 4877-4883. soy isoflavones (genistein, daidzein, and glycitein) in 20 patients

(158) Okayasu, H.; Ishihara, M.; Satoh, K.; Sakagami, H. Cytotoxic with prostate canceAm. J. Clin. Nutr.2003,77, 875—882.
activity of vitamins K1, K2 and K3 against human oral tumor (178) Buchler, P.; Reber, H. A.; Buchler, M. W.; Friess, H.; Lavey,
cell lines.Anticancer Res2001,21, 2387—2392. R. S.; et al. Antiangiogenic activity of genistein in pancreatic

(159) Lamson, D. W.; Plaza, S. M. The anticancer effects of vitamin carcinoma cells is mediated by the inhibition of hypoxia-
K. Altern. Med. Re»2003,8, 303—318. inducible factor-1 and the down-regulation of VEGF gene

(160) Tirapelli, C. R.; Mingatto, F. E.; de Oliveira, A. M. Vitamin expressionCancer2004,100, 201—-210.

K(1) prevents the effect of hypoxia on phenylephrine-induced (179) Takimoto, C. H.; Glover, K.; Huang, X.; Hayes, S. A.; Gallot,
contraction in the carotid arterfPharmacology2002,66, 36— L.; Quinn, M.; Jovanovic, B. D.; Shapiro, A.; Hernandez, L.;
43. Goetz, A.; Llorens, V.; Lieberman, R.; Crowell, J. A.; Poisson,

(161) Carrie, |.; Ferland, G.; Obin, M. S. Effects of long-term vitamin B. A.; Bergan, R. C. Phase | pharmacokinetic and pharmaco-
K (phylloguinone) intake on retina aginiutr. Neurosci2003, dynamic analysis of unconjugated soy isoflavones administered
6, 351—359. to individuals with canceiCancer Epidemiol. Biomarkers Pre

(162) Ali, B. H.; Blunden, G. Pharmacological and toxicological 2003,12, 1213—-1221.
properties ofNigella satva. Phytother. Res2003 17, 299— (180) Sasamura, H.; Takahashi, A.; Miyao, N.; Yanase, M.; Masumori,
305. N. Kitamura, H.; Itoh, N.; Tsukamoto, T. Inhibitory effect on

(163) Badary, O. A.; Taha, R. A.; Gamal el-Din, A. M.; Abdel-Wahab, expression of angiogenic factors by antiangiogenic agents in renal
M. H. Thymoquinone is a potent superoxide anion scavenger. cell carcinomaBr. J. Cancer2002,86, 768—773.

Drug Chem. Toxicol2003,26, 8798. (181) Kumi-Diaka, J.; Townsend, J. Toxic potential of dietary genistein
(164) Ebadi, M.; Govitrapong, P.; Sharma, S.; Muralikrishnan, D.; isoflavone and beta-lapachone on capacitation and acrosome
Shavali, S.; et al. Ubiquinone (coenzyme g10) and mitochondria reaction of epididymal spermatozdaMed. Food2003 6, 201—

in oxidative stress of parkinson’s diseaBéol. Signals Recept. 208.
2001,10, 224—253. (182) Motterlini, R.; Foresti, R.; Bassi, R.; Green, C. J. Curcumin, an

(165) Kaikkonen, J.; Tuomainen, T. P.; Nyyssonen, K.; Salonen, J. T. antioxidant and antiinflammatory agent, induces heme oxyge-
Coenzyme Q10: Absorption, antioxidative properties, determi- nase-1 and protects endothelial cells against oxidative Shess.
nants, and plasma levelbree Radical Res2002 36, 389— Radical Biol. Med.2000,28, 1303—1312.

397. (183) Demasi, M.; Cleland, L. G.; Cook-Johnson, R. J.; James, M. J.

(166) Kurowska, E. M.; Dresser, G.; Deutsch, L.; Bassoo, E.; Freeman, Effects of hypoxia on the expression and activity of cyclooxy-
D. J. Relative bioavailability and antioxidant potential of two genase 2 in fibroblast-like synoviocytes: Interactions with
coenzyme @10 preparationdnn. Nutr. Metab2003,47, 16— monocyte-derived soluble mediatofsthritis Rheum2004,50,

21. 2441—-2449.

(167) Takahashi, E.; Fujita, K.; Kamataki, T.; Arimoto-Kobayashi, S.; (184) Plummer, S. M.; Holloway, K. A.; Manson, M. M.; Munks, R.
Okamoto, K.; Negishi, T. Inhibition of human cytochrome P450 J.; Kaptein, A.; et al. Inhibition of cyclo-oxygenase 2 expression
1B1, 1A1 and 1A2 by antigenotoxic compounds, purpurin and in colon cells by the chemopreventive agent curcumin involves
alizarin. Mutat. Res2002,508, 147—156. inhibition of NF-kappaB activation via the NIK/IKK signaling

(168) Mueller, S. O.; Schmitt, M.; Dekant, W.; Stopper, H.; Schlatter, complex.Oncogenel 999,18, 6013—6020.

J.; et al. Occurrence of emodin, chrysophanol and physcion in (185) Hou, R. C.; Huang, H. M.; Tzen, J. T.; Jeng, K. C. Protective
vegetables, herbs and liquors. Genotoxicity and anti-genotoxicity effects of sesamin and sesamolin on hypoxic neuronal and PC12
of the anthraquinones and of the whole plarfieod Chem. cells.J. Neurosci. Re2003,74, 123—133.

Toxicol. 1999,37, 481—491. (186) Wei, I. H.; Wu, Y. C.; Wen, C. Y.; Shieh, J. Y. Green tea

(169) Monks, T. J.; Jones, D. C. The metabolism and toxicity of polyphenol (—)-epigallocatechin gallate attenuates the neuronal
quinones, quinonimines, quinone methides, and quinone-thio- NADPH-d/nNOS expression in the nodose ganglion of acute

ethers.Curr. Drug Metab.2002,3, 425—438. hypoxic rats.Brain Res.2004,999, 73-80.



Hypoxia Inducible Pathways as Targets for Foods

(187) Etus, V.; Altug, T.; Belce, A.; Ceylan, S. Green tea polyphenol
(—)-epigallocatechin gallate prevents oxidative damage on
periventricular white matter of infantile rats with hydrocephalus.
Tohoku J. Exp. Med2003,200, 203—209.

(188) Tang, F. Y.; Nguyen, N.; Meydani, M. Green tea catechins inhibit
VEGF-induced angiogenesis in vitro through suppression of VE-
cadherin phosphorylation and inactivation of Akt molecuhe.

J. Cancer2003,106, 871—878.

(189) Kojima-Yuasa, A.; Hua, J. J.; Kennedy, D. O.; Matsui-Yuasa,
I. Green tea extract inhibits angiogenesis of human umbilical
vein endothelial cells through reduction of expression of VEGF
receptorsLife Sci.2003,73, 1299-1313.

(190) Chantre, P.; Lairon, D. Recent findings of green tea extract AR25
(Exolise) and its activity for the treatment of obesBhytomedi-
cine 2002,9, 3-8.

(191) Warden, B. A.; Smith, L. S.; Beecher, G. R.; Balentine, D. A.;
Clevidence, B. A. Catechins are bioavailable in men and women
drinking black tea throughout the da}.Nutr.2001,131, 1731—
1737.

(192) Heiss, E.; Herhaus, C.; Klimo, K.; Bartsch, H.; Gerhauser, C.
Nuclear factor kappa B is a molecular target for sulforaphane-
mediated antiinflammatory mechanisnds.Biol. Chem.2001,
276, 32008—32015.

(193) Bennett, R. N.; Mellon, F. A.; Kroon, P. A. Screening crucifer
seeds as sources of specific intact glucosinolates using ion-pair
high-performance liquid chromatography negative ion electro-
spray mass spectromett.. Agric. Food Chen2004,52, 428—
438.

(194) Hwang, E. S.; Jeffery, E. H. Effects of different processing
methods on induction of quinone reductase by dietary broccoli
in rats.J. Med. Food2004,7, 95-99.

(195) Dinkova-Kostova, A. T.; Talalay, P. Persuasive evidence that
quinone reductase type 1 (DT diaphorase) protects cells against
the toxicity of electrophiles and reactive forms of oxygEree
Radical Biol. Med.2000,29, 231—240.

(196) Galan, M. V.; Kishan, A. A.; Silverman, A. L. Oral broccoli
sprouts for the treatment dfelicobacter pyloriinfection: A
preliminary reportDig. Dis. Sci.2004,49, 1088—1090.

(197) Haristoy, X.; Angioi-Duprez, K.; Duprez, A.; Lozniewski, A.
Efficacy of sulforaphane in eradicatirigelicobacter pyloriin
human gastric xenografts implanted in nude misetimicrob.
Agents ChemotheR003,47, 3982—3984.

(198) Mullin, W. J.; Sahasrabudhe, H. R. An estimate of the average
daily intake of glucosinolateNutr. Rep.1978,18, 273—279.

(199) Hasebe, Y.; Egawa, K.; Yamazaki, Y.; Kunimoto, S.; Hirai, Y.;
et al. Specific inhibition of hypoxia-inducible factor (HIF)-1
alpha activation and of vascular endothelial growth factor
(VEGF) production by flavonoidsBiol. Pharm. Bull.2003,26,
1379-1383.

(200) Pietruck, F.; Kuhlmann, M. K.; Lange, B.; Feldkamp, T.; Herget-
Rosenthal, S.; et al. Effect of quercetin on hypoxic injury in
freshly isolated rat proximal tubule§. Lab. Clin. Med.2003,
142, 106—112.

(201) Wilson, W. J.; Poellinger, L. The dietary flavonoid quercetin
modulates HIF-1 alpha activity in endothelial celBiochem.
Biophys. Res. CommuR002,293, 446—450.

(202) Zgouras, D.; Becker, U.; Loitsch, S.; Stein, J. Modulation of
angiogenesis-related protein synthesis by valproic &athem.
Biophys. Res. CommuB004,316, 693—697.

(203) Knowles, H. J.; Raval, R. R.; Harris, A. L.; Ratcliffe, P. J. Effect
of ascorbate on the activity of hypoxia-inducible factor in cancer
cells. Cancer Res2003,63, 1764—1768.

(204) Smith, I. F.; Boyle, J. P.; Green, K. N.; Pearson, H. A.; Peers,
C. Hypoxic remodelling of C& mobilization in type | cortical
astrocytes: Involvement of ROS and pro-amyloidogenic APP
processingJ. Neurochem2004,88, 869—877.

(205) Ashino, H.; Shimamura, M.; Nakajima, H.; Dombou, M.;
Kawanaka, S.; Oikawa, T.; Iwaguchi, T.; Kawashima, S. Novel
function of ascorbic acid as an angiostatic factamgiogenesis
2003,6, 259—269.

J. Agric. Food Chem., Vol. 53, No. 10, 2005 3767

(206) Pokorski, M.; Marczak, M.; Dymecka, A.; Suchocki, P. Ascorbyl
palmitate as a carrier of ascorbate into neural tisshieBiomed.
Sci.2003,10, 193—198.

(207) Gregory, J. F., Ill. Ascorbic acid bioavailability in foods and
supplementsNutr. Re».1993,51, 301—303.

(208) Sarada, S. K.; Dipti, P.; Anju, B.; Pauline, T.; Kain, A. K.; et
al. Antioxidant effect of beta-carotene on hypoxia induced
oxidative stress in male albino ratk. Ethnopharmacol2002,

79, 149—-153.

(209) Sarada, S. K.; Sairam, M.; Dipti, P.; Anju, B.; Pauline, T.; Kain,
A. K.; Sharma, S. K.; Bagawat, S.; llavazhagan, G.; Kumar, D.
Role of selenium in reducing hypoxia-induced oxidative stress:
an in vivo study.Biomed. Pharmacothe2002,56, 173—178.

(210) Bordoni, A.; Biagi, P. L.; Angeloni, C.; Leoncini, E.; Muccinelli,
I.; Hrelia, S. Selenium supplementation can protect cultured rat
cardiomyocytes from hypoxia/reoxygenation damageigric.
Food Chem2003,51, 1736—1740.

(211) Bunz, F.; Hwang, P. M.; Torrance, C.; Waldman, T.; Zhang,
Y.; Dillehay, L.; Williams, J.; Lengauer, C.; Kinzler, K. W.;
Vogelstein, B. Disruption of p53 in human cancer cells alters
the responses to therapeutic agedtsClin. Invest.1999,104,
263—269.

(212) Moos, P. J.; Edes, K.; Cassidy, P.; Massuda, E.; Fitzpatrick, F.
A. Electrophilic prostaglandins and lipid aldehydes repress redox-
sensitive transcription factors p53 and hypoxia-inducible factor
by impairing the selenoprotein thioredoxin reductakeBiol.
Chem.2003,278, 745—750.

(213) Hagen, T.; Taylor, C. T.; Lam, F.; Moncada, S. Redistribution
of intracellular oxygen in hypoxia by nitric oxide: Effect on
HIFlalpha.Science2003,302, 1975—1978.

(214) Goodman, H. O.; Shihabi, Z. K. Supplemental taurine in diabetic
rats: Effects on plasma glucose and triglyceridigschem. Med.
Metab. Biol.1990,43, 1—9.

(215) Obrosova, I. G.; Fathallah, L.; Stevens, M. J. Taurine counteracts
oxidative stress and nerve growth factor deficit in early
experimental diabetic neuropattyxp. Neurol 2001, 172 211~
219.

(216) Nandhini, A. T.; Thirunavukkarasu, V.; Anuradha, C. V.
Stimulation of glucose utilization and inhibition of protein
glycation and AGE products by taurinActa Physiol. Scand.
2004,181, 297—303.

(217) Nandhini, T. A.; Anuradha, C. V. Inhibition of lipid peroxidation,
protein glycation and elevation of membrane ion pump activity
by taurine in RBC exposed to high glucogdin. Chim. Acta
2003,336, 129—135.

(218) Ferreira, S. E.; de Mello, M. T.; Rossi, M. V.; Souza-Formigoni,
M. L. Does an energy drink modify the effects of alcohol in a
maximal effort testAlcohol.: Clin. Exp. Res2004,28, 1408—
1412.

(219) Alford, C.; Cox, H.; Wescott, R. The effects of red bull energy
drink on human performance and modanino Acid2001,21,
139—-150.

(220) Barthel, T.; Mechau, D.; Wehr, T.; Schnittker, R.; Liesen, H.;
Weiss, M. Readiness potential in different states of physical
activation and after ingestion of taurine and/or caffeine containing
drinks. Amino Acids2001,20, 63-73.

(221) Chaplin, D. J.; Horsman, M. R.; Trotter, M. J. Effect of
nicotinamide on the microregional heterogeneity of oxygen
delivery within a murine tumorJ. Natl. Cancer Inst1990,82,
672—676.

(222) Thomas, C. D.; Prade, M.; Guichard, M. Tumour oxygenation,
radiosensitivity, and necrosis before and/or after nicotinamide,
carbogen and perflubron emulsion administration.J. Radiat.
Biol. 1995,67, 597—605.

(223) Howe, F. A.; Robinson, S. P.; Mcintyre, D. J.; Stubbs, M.;
Griffiths, J. R. Issues in flow and oxygenation dependent contrast
(FLOOD) imaging of tumoursNMR Biomed2001, 14, 497—
506.

(224) Kaanders, J. H.; Bussink, J.; van der Kogel, A. J. ARCON: A
novel biology-based approach in radiotherapgincet Oncol.
2002,3, 728—737.



3768 J. Agric. Food Chem., Vol. 53, No. 10, 2005 Losso and Bawadi

(225) Robinson, S. P.; Howe, F. A.; Stubbs, M.; Griffiths, J. R. Effects isoform: implications for tumor promotiorCancer Res2003,
of nicotinamide and carbogen on tumour oxygenation, blood 63, 8700—8707.
flow, energetics and blood glucose levess. J. Cancer2000, (238) Skopinski, P.; Skopinska-Rozewska, E.; Sommer, E.; Choros-
82, 2007—2014. towska-Wynimko, J.; Rogala, E.; Cendrowska, I.; Chrystowska,
(226) Kijellen, E.; Joiner, M. C.; Collier, J. M.; Johns, H.; Rojas, A. A D.; Filewska, M.; Bialas-Chromiec, B.; Bany, J. Chocolate
therapeutic benefit from combining normobaric carbogen or feeding of pregnant mice influences length of limbs of their
oxygen with nicotinamide in fractionated X-ray treatments. progeny.Pol. J. Vet. Sci2003,6, S57—S59.

Radiother. Oncol1991,22, 81-91. (239) Arrieta, O.; Guevara, P.; Reyes, S.; Ortiz, A.; Rembao, D.; Sotelo,
(227) Miralbell, R.; Mornex, F.; Greiner, R.; Bolla, M.; Storme, G.; J. Protamine inhibits angiogenesis and growth of C6 rat glioma;
et al. Accelerated radiotherapy, carbogen, and nicotinamide in a synergistic effect when combined with carmustiter. J.

glioblastoma multiforme: report of European Organization for Cancer1998,34, 2101—-2106.
Research and Treatment of Cancer trial 229B&lin. Oncol. (240) Li, Y.; Cho, C. H. The ulcer healing effect of protamine sulphate
1999,17, 3143—3149. in rat stomachAliment. Pharmacol. Thed 999,13, 1351-1362.
(228) Bussink, J.; Stratford, M. R.; van der Kogel, A. J.; Folkes, L. (241) Tobita, T.; Nomoto, M.; Nakano, M.; Ando, T. Isolation and
K.; Kaanders, J. H. Pharmacology and toxicity of nicotinamide characterization of nuclear basic protein (protamine) from boar
combined with domperidone during fractionated radiotherapy. spermatozoaBiochim. Biophys. Actd982,707, 252—258.
Radiother. OncoR002,63, 285—291. (242) Honda, Y.; Ushigome, F.; Koyabu, N.; Morimoto, S.; Shoyama,
(229) Elson, C. E.; Peffley, D. M.; Hentosh, P.; Mo, H. Isoprenoid- Y.; Uchiumi, T.; Kuwano, M.; Ohtani, H.; Sawada, Y. Effects
mediated inhibition of mevalonate synthesis: Potential applica- of grapefruit juice and orange juice components on P-glycopro-
tion to cancerProc. Soc. Exp. Biol. Med.999,221, 294—311. tein- and MRP2-mediated drug effluBr. J. Pharmacal 2004,
(230) Losso, J. N. Preventing degenerative diseases by anti-angiogenic 143_' 856—-864. . . .
functional food.Food Technol2002,56, 78-88. (243) Kleiner, H. E.; Reed, M. J.; DiGiovanni, J. Naturally occurring

coumarins inhibit human cytochromes P450 and block benzo-
[alpyrene and 7,12- dimethylbenz[a]lanthracene DNA adduct
formation in MCF-7 cellsChem. Res. Toxico2003,16, 415—
422.

(244) Zhou, S.; Lim, L. Y.; Chowbay, B. Herbal modulation of
P-glycoproteinDrug Metab. Re»2004,36, 57—-104.

(245) Sueoka, N.; Suganuma, M.; Sueoka, E.; Okabe, S.; Matsuyama,
S.; Imai, K.; Nakachi, K.; Fujiki, H. A new function of green
tea: prevention of lifestyle-related diseas@sn. N. Y. Acad.
Sci.2001,928, 274—280.

(246) Sharma, R. A.; Euden, S. A,; Platton, S. L.; Cooke, D. N.;
Shafayat, A.; Hewitt, H. R.; Marczylo, T. H.; Morgan, B.;
Hemingway, D.; Plummer, S. M.; Pirmohamed, M.; Gescher,

(234) Morgan-Meadows, S.; Dubey, S.; Gould, M., Tutsch, K. A. J.; gteve//ard, W. P. Phase | clinical trial of oral curcumin:

Marnocha, R.; Arzoomanin, R.; Alberti, D.; Binger, K.; Feiera- . : - i .
oo T o o ) biomarkers of systemic activity and complian€din. Cancer
bend, C.; Volkman, J.; Ellingen, S.; Black, S.; Pomplun, M; Res.2004, 10, 6847—6854.

Wilding, G.; Bailey, H. Phase | trial of perillyl alcohol (247) Lopez-Otin, C.; Overall, C. M. Protease degradomics: A new

(231) Loutrari, H.; Hatziapostolou, M.; Skouridou, V.; Papadimitriou,
E.; Roussos, C.; Kolisis, F. N.; Papapetropoulos, A. Perillyl
alcohol is an angiogenesis inhibital. Pharmacol. Exp. Ther.
2004,311, 568—575.

(232) Nakagawa, K.; Eitsuka, T.; Inokuchi, H.; Miyazawa, T. DNA
chip analysis of comprehensive food function: Inhibition of
angiogenesis and telomerase activity with unsaturated vitamin
E, tocotrienol.Biofactors2004,21, 5-10.

(233) Chen, X.; Hasuma, T.; Yano, Y.; Yoshimata, T.; Morishima,
Y.; Wang, Y.; Otani, S. Inhibition of farnesyl protein transferase
by monoterpene, curcumin derivatives and gallotanfimican-
cer Res1997,17, 2555—2564.

administered four times daily continuoustyancer Chemother. challenge for proteomicalat. Re.. Mol. Cell Biol. 2002 3, 509
Pharmacol.2003,52, 361—366. 510.
(235) Mo, H.; Elson, C. E. Stuc_iles of t_he isoprenoid-mediated inhibition (248) Overall, C. M.; Tam, E. M.: Kappelhoff, R.; Connor, A.; Ewart,
of mevalonatg synthes!s applied to cancer chemotherapy and T.: Morrison, C. J.; Puente, X.; Lopez-Otin, C.; Seth, A. Protease
chemopreventiorExp. Biol. Med(Maywood)2004,229, 567— degradomics: mass spectrometry discovery of protease substrates
585. o _ _ and the CLIP-CHIP, a dedicated DNA microarray of all human
(236) Kiloog, Y.; Cox, A. D. Prenyl-binding domains: potential targets proteases and inhibitor8iol. Chem.2004,385, 493—504.

for Ras inhibitors and anti-cancer drugdemin. Cancer Biol.
2004,14, 253—261. . ; . ) .
= . Received for review December 2, 2004. Revised manuscript received
(237) Chun, Y. S,; Lee, K. H.; Choi, E.; Bae, S. Y.; Yeo, E. J.; Huang, March 14, 2005. Accepted March 16, 2005 P
L. E.; Kim, M. S.; Park, J. W. Phorbol ester stimulates the ' ' ' '
nonhypoxic induction of a novel hypoxia- inducible factor lalpha JF0479719




