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Plant-food-derived antioxidants and active principles 
such as flavonoids, hydroxycinnamates (ferulic acid, 
chlorogenic acids, vanillin etc.), t-carotene and other 
carotenoids, vitamin E, vitamin C, or rosemary, sage, 
tea and numerous extracts are increasingly proposed 
as important dietary antioxidant factors. In this 
endeavor, assays involving oxidative DNA damage 
for characterizing the potential antioxidant actions 
are suggested as in vitro screens of antioxidant efficacy. 
The critical question is the bioavailability of the plant- 
derived antioxidants. 

Keywords: Plant-derived antioxidants, prooxidants, DNA 
damage, free radicals, dietary antioxidants, flavonoids 

INTRODUCTION 

Plant extracts and plant-derived antioxidants 
including those from oil seeds are receiving wide 
attention in the food industry and in biomedical 
research primarily as a result of their ability 

to stabilize bulk oils, emulsions and biological 
membranes against lipid peroxidation and in 
the context of human  health and diseases, their 
propensity to act as prophylactic agents, tl--61 
Generation of ROS are unavoidable in vivo. [2"7"81 

For example, the most important  route for the 
formation of nitric oxide is the oxidation of 
arginine by nitric oxide synthase (NOS) of which 
there are two types: the constitutive calcium/ 
calmodulin-dependent  forms (cNOS), which 
produces low levels of NO* and,  the inducible 
forms (iNOS). The iNOS which have tightly 
bound calmodulin are permanently active and 
are capable of generating high levels of NO' .  [9A°] 
The phagocytes (neutrophils, monocytes, macro- 
phages, eosinophils) that defend against foreign 
organisms are also involved in this good and 
bad scenario. They generate 02- ,  H20 2 and (in 
the case of neutrophils) hypochlorous acid 

* E-mail: oiaruoma@fcfrp.usp.br. 
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420 O.I. ARUOMA 

(HOC1) as one of their mechanisms for kill- 
ing foreign organisms. Iu'121 Since peroxynitrite 
(ONOO-) is implicated in the toxicity of NO',  
the ability of plant-food components to effectively 
scavenge ONOO-  might present an important 
prophylactic protection in relevant disease con- 
ditions, e.g. inflammation 113"a41 and in the clinical 
conditions indicated in Table I. The understand- 
ing of the chemistry of free radical damage to 
DNA on the one hand and of the mechanisms of 
DNA repair processes on the other, is of funda- 
mental importance. The level of DNA damage at 
a particular time point will reflect the rate of 
DNA damage versus the rate of repair. Oxidative 
damage to DNA is important in that it not only 
may represent an early stage of carcinogenesis but 
could provide a valuable biomarker of overall 
oxidative stress. The question of how to accurately 
measure products of oxidative DNA damage is 
the subject of the book "DNA and Free Radicals: 

Techniques, Mechanism and Applications". [151 
(This book is highly recommended to the reader.) 
Gas chromatography coupled with mass 
spectrometry is a sensitive method which permits 
structural identification and measurement of a 
wide range of base damage products. The pattern 
of base damage can sometimes be used to identify 
the species that has attacked DNA, e.g. 102, "OH, 
ONOO-  and HOC1 give different DNA base 
damage products. Thus it should become possible 
to apply the technique for assessing antioxidant 
capacity. In order for gas chromatography/mass 
spectroscopy (GC/MS) to be carried out, DNA is 
hydrolyzed either by enzymatic means or acid in 
order to release nucleosides or free bases respec- 
tively. Derivatization is subsequently needed to 
convert the polar nucleosides/bases and internal 
standards to volatile, thermally stable deriva- 
tives which possess characteristic mass spectra. 
Recent developments in the application of 

TABLE I Some clinical conditions in which a role for nitric oxide and peroxynitrite has been implicated* 

Clinical condition Reference 

Diabetes Corbett, J.A. et al. (1993) Proc. Natl. Acad. Sci. USA 90, 8992-8995, Cunningham, f.M. (1994) 
Growth Regul. 4, 173-180, Kr6ncke, K.-D. et al. (1995) Biol. Chem. Hoppe. Seyler. 376, 179-185 

Kaur, H. and Halliwell, B. (1994) FEBS Lett 350, 9-12 

Ma, T.T. et al. (1995) Gastroenterology 108, 463-469. Beckman, J.S. et al. (1990) Proc. Natl. 
Acad. Sci. USA 87, 1620-1624, Rubbo, H. et al. (1994) J. Biol. Chem. 269, 26066-26075 

White, C. et al. (1994) 91, 1044-1048, Rubbo, H. et al. (1994) J. Biol. Chem. 269, 26066-26075 

Ma, T.T. et al. (1995) Gastroenterology 108, 463-469, Rachmilewitz, D. et aL (1993) 
Gastroenterology 105, 1681-1688, Schulz, B.J. et al. (1995) J. Neurochem. 64, 1681-1688 

Shinobu, L.A. and Beal. M.E (1998) In Molecular Biology of Free Radicals in Human 
Diseases, Eds. O.I. Aruoma and B. Halliwell, OICA International: Saint Lucia, pp. 367-395, 
Beckman et al. (1993) Nature 364, 584, Bruijn, L.I. et al. (1997) Proc. Natl. Acad. Sci. 
USA 97, 7607-7611 

Warren, W. et aL (1995) Carcinogenesis 16,1181-1189, Felley-Bosco et al. (1998) In Molecular 
Biology of Free Radicals in Human Diseases, Eds., O.I. Aruoma and B. Halliwell, OICA 
International: Saint Lucia, pp. 287-325 

Haddad, I.Y. et aL (1994) J. Clin. Invest. 94, 2407-2413, Kooy, N.W. et aL (1995) Am. J. 
Respir. Crit. Care Med. 151, 1250-1254 

Szabo, C. et al. (1995) FEBS Len. 363, 235-238, Wizemann, T.M. et al. (1994) J. Leukoc. 
Biol. 56, 759-768 

Schulz, B.J. et al. (1995) J. Neurochem. 64, 1681-1688, Felley-Bosco et al. (1998) In Molecular 
Biology of Free Radicals in Human Diseases, Eds., O.I. Aruoma and B. Halliwell, OICA 
International Saint Lucia, pp. 287-325 

Rheumatoid Arthritis 

Ischemia-reperfusion 

Atherosclerosis 

Inflammatory bowel disease 

Amyotrophic lateral sclerosis 

Cancer 

Acute respiratory distress 
syndrome 

Septic shock 

Neurodegenrative diseases 

*Excellent reviews may also be found in Angg~rd, E. (1994) Lancet 343, 199-206, Lancaster, J. (1995) Biological Chemistry of Nitric 
Oxide, Academic Press: New York and Ischiropoulos, H. (1998) Archives of Biochemistry and Biophysics, 356, 1-11. This is by no 
means an exhaustive list. The clinical conditions indicated are therefore illustrative. 
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D N A  ADDUCTS A N D  A N T I O X I D A N T  ASSESSMENT 421 

GC/MS to the measurement of oxidized DNA 
bases have included the use of isotope dilu- 
tion (GC/IDMS), asl a valuable technique in 
establishing absolute levels of base damage 
products in DNA. The refinement of the technol- 
ogy of DNA adducts induding the use of high 
performance chromatography with electrochemi- 
cal detection for the measurement of single 
products and the 32p-postlabeling technique 
would enable not only the evaluation of the role 
of free radicals in disease pathology but will 
provide the forum for establishing logical basis 
for therapeutic uses of plant-derived antioxi- 
dants. Figure 1 presents a working strategy for 
such studies. I41 Potential applications of the 
DNA adduct technology include the assessment 

Free radicals 

Clinical conditions: 
neurodegenerative diseases, cancer, atherosclerosis, 

malaria, ischemia/repeffusion injury, 
AIDS/HIV infection. 

inflammation, diabetes, etc. 

Food-grade and plant-derived antioxidams: 
flavonoids, vitamin E, I~-carotenes. catechins, etc. 

1 
Prooxidant/antioxidant assessment [ 

,[Dis  o mo o,s ao 'or c,,nica, *rials], 

Oxidative stress 

,qg "~r 

lipids (isoprostanes), proteins (al',ered amino acids). 
r carbohydrates, and other markers 

of tissue and cellular damage 

FIGURE 1 Strategy for assess ing  the in vitro a n d  in vivo 
role of p lan t - food-der ived  ant ioxidants .  Data f rom in vitro 
assays  can be c o m p l e m e n t e d  wi th  in vivo data  on  the  levels 
of b iomarke r s  in a suitable animal  m o d e l  or  in h u m a n s  
fo l lowing  a s u p p l e m e n t a t i o n  study. In addi t ion  to the D N A  
adduc ts ,  p r o d u c t s  of l ipid and  protein  oxidat ion  will p ro -  
v ide  a bet ter  pic ture  of efficacy. 

of the role of diet in traumatic brain injury and 
stroke both of which may involve a post-injury 
stimulation of iron ion-dependent free radical 
reactions. Parkinson's disease is another example, 
death of cells in the substantia nigra contribute 
to the disease pathology. [161 It would be worth- 
while to find out if the profile of DNA adducts 
that are being reported in neurodegenerative 
diseases follows a particular diet profile. 

OXIDATIVE DNA DAMAGE AND ITS 
USE TO ASSESS PROOXIDANT AND 
ANTIOXIDANT ACTIONS 

DNA damage is often measured as single strand 
breaks, double strand breaks or chromosomal 
aberrations and as products arising from reac- 
tions involving Fenton chemistry, ionizing radia- 
tion and nuclease activation. Hydroxyl radicals 
(OH') induce extensive damage to all the four 
bases in DNA to yield a variety of products. |t51 
The ability of antioxidants to diminish or induce 
this OH°-dependent base modification may be 
used as a tool for assessing the antioxidant or 
prooxidant potentials respectively of such com- 
pounds. The antioxidants are assessed for their 
ability to affect DNA base modifications in vitro. 

This is illustrated with the natural flavoring agent 
and antioxidant, vanillin (Table II). Incubation of 
DNA with Fe(III)-EDTA, ascorbate and H202 
led to significant rises in the amounts of several 
oxidized bases: this is characteristic of attack by 
OH'.  Omission of ascorbate from the reaction 
mixture greatly decreases the DNA base modifi- 
cation suggesting that this vitamin has prooxidant 
action towards DNA at least in vitro. [171 High 
concentrations of vanillin promoted oxidative 
modification of DNA bases. Hydroxyl radical 
scavengers decreased the levels of the DNA 
adducts (Table II). It is important to emphasize 
that a high concentration of vanillin is required 
for the prooxidant action shown. The concentra- 
tion of vanillin in vivo (for example, following 
consumption of ice creams and/or  related dairy 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
0/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



422 O.I. ARUOMA 

TABLE II Damage to DNA bases by ascorbate or vaniUin at pH 7.4 

Systems tested Products monitored (nmol/mg DNA) 

A B C D E Total 

DNA, Fe 3 +-EDTA, H202 (RM) 0.08 0.02 0.06 0.10 0.43 0.69 
RM + ascorbate 1.13 0.98 1.76 8.20 2.94 15.01 
RMA + mannitol (100 mM) 0.23 0.06 0.12 0.33 0.31 1.05 
RMA +Trolox C (20 mM) 0.31 0.11 0.17 0.88 0.21 1.68 
RMA + DMSO 0.14 0.01 0.08 0.19 0.15 0.57 
RMA + hypotaurine (20 mM) 0.19 0.04 0.18 0.41 0.42 1.24 
RM + vanillin (20 mM) 0.40 0.18 0.26 1.20 0.50 2.30 

Values for the products formed are the means of three determinations that agreed to within 10%. Control experiments showed that 
Trolox C, mannitol, hypotaurine, vanillin or dimethylsulphoxide (DMSO) did not themselves cause any base modification. RM - 
reaction mixture; RMA - reaction mixture plus ascorbate. Key: A = Thymine glycol; B = 5,6-Dihydroxycytosine; C = 4,6-Diamino-5- 
formamidopyrimidine; D = 2,6-Diamino-4-hydroxy-5-formamido-pyrimidine; E = 8-Hydroxyguanine. (Data from ReL [17].) 
The results of GC/MS analysis of modified bases in DNA can be expressed as nanomoles (nmols) of modified bases per milligram of 
DNA (equivalent to picomoles per microgram (pmol/~tg) of DNA). However, it is easy to convert these data into the actual number 
of bases modified. Dividing the amount of nmol bases/rag DNA by 3.14 (or multiplying by 0.318) gives the number of modified 

3 6 bases per 10 ~ bases in DNA, i.e. I nmol/mg DNA corresponds to about 318 modified bases per 10 DNA bases. 

products) is not known but could reach only 

high micromolar  levels. Nevertheless, the high 
millimolar concentrations of vanillin required for 

the prooxidant  effects suggests that this action 

may  not present adverse physiological conse- 

quences. This is important  as it reflects on the 

way  that pure  dietary components  may  be 
viewed. ~181 Similarly, the beneficial effects of 

ascorbic acid in vivo may not be confined to its 

antioxidant action. For example, ascorbate plays 

a role in collagen biosynthesis, tyrosine metabo- 

lism, carnithine biosynthesis. Under  controlled 

in vitro conditions, ascorbic acid exhibits prooxi- 
dant  action but  this may  have little physiological 

significance since proteins may  provide buffer- 

ing capacity against any adverse effect due to 

prooxidant  action in vivo. 

THE C O P P E R - P H E N A N T H R O L I N E  
D E P E N D E N T  O X I D A T I O N  OF D N A  

The copper- l ,10-phenanthrol ine complex has 

nuclease activity and has been used for structural 
studies upon  D N A  [19'2°1 as it can induce strand 

breakage. Damage to DNA in the copper-phenan-  

throline system is confined mainly to the D N A  

bases with a small amount  of DNA sugar 

damage.  I21-241 Application of the method  is illu- 

strated by the ability of hydroxytyrosol  found in 

extra virgin olive oil to inhibit oxidative DNA 

damage  in vitro. The effects that hydroxytyrosol  

and ascorbate had on oxidative damage  to D N A  

bases were examined using the technique of 
GC/MS. I25] Hydroxytyrosol  was prooxidant  in 

this system (Table III). It is interesting that a 

concentration of 5 mM was required to produce 

the same level of products as 0.25 mM ascorbate. 

This concentration of hydroxytyrosol  produced a 

62% rise (based on the number  of products  

measured) in the number  of modified bases per 
106 D N A  bases. This observation I251 just like in 

the case of vanillin, has implications for natural 

antioxidants and their bioavailability. It is not  

anticipated that the in vivo circulating concentra- 

tion of the plant-derived antioxidants will be 

greater than 500 ~M at best. Therefore the high 

concentrations required for the prooxidant  activ- 

ities in vitro are not physiologically relevant. 

I N H I B I T I O N  OF PEROXYNITRITE 
( O N O O - ) - D E P E N D E N T  D N A  D A M A G E  

Exposure of DNA to peroxynitrite leads to modi- 

fications of the purine and pyr imidine bases in 
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DNA ADDUCTS AND ANTIOXIDANT ASSESSMENT 

TABLE III DNA base modification in the copper-phenanthroline system 

423 

Base products Control A B C 

5-OH uracil 0.04 ± 0.00 0.03 ± 0.00 1.24" ± 0.21 0.77* + 0.09 
5-OH, Me-uracil 0.01 ± 0.00 0.02 ± 0.00 0.07* ± 0.01 0.07 ± 0.00 
5-OH Cytosine 0.17 :k 0.02 0.52 ± 0.10 1.65" + 0.47 1.71" :k 0.11 
Thy Glycol (cis) 0.32 4- 0.06 0.43 ± 0.12 2.08* 4- 0.53 1.60" ± 0.15 
FAPy Adenine 0.08 ± 0.01 0.07 ± 0.02 0.28* ± 0.02 0.16* ± 0.01 
8-OH Adenine 0.15 ± 0.02 1.65 ± 0.53 1.76 ± 0.12 3.75* ± 1.17 
2-OH Adenine 0.06 ± 0.01 0.09 4- 0.00 0.27* ± 0.02 0.30* ± 0.00 
FAPy Guanine 0.16 ± 0.06 0.44 ± 0.16 2.48* ± 0.18 1.07" q- 0.28 
8-OH Guanine 0.33 ± 0.03 1.72 + 0.48 3.28* ± 0.98 4.98* ± 1.70 

Total 1.32 + 0.21 4.97 4- 1.41 13.11 ± 2.54 14.41 ± 3.51 
Modified bases per 106 DNA bases 420 ± 67 1580 ± 448 4169 ± 808 4582 ± 1116 

Data are the means ± standard deviations (SD) of three independent experiments. Base product yields in nmol/mg DNA. 
*p < 0.001 versus samples that contained the copper (Cu) ions-phenanthroline (ph) complex alone. A = Plus ph/Cu (Mix). 
B = (Mix) Plus 5 mM Hydroxytyrosol. C = (Mix) Plus 0.25 mM ascorbate. (Data from Ref. [25].) 

DNA. [26-281 Measurement  of the products  of 

peroxynitr i te-dependent D N A  damage  is another 

useful method for assessing the ant±oxidant action 

of a plant-derived c o m p o u n d  whereupon  the 

compound  maybe tested for its ability to inhibit 

the product ion of respective DNA adducts.  

Recent studies have shown that ergothioneine 

2(2-mercaptohistidine trimethylbetaine) (see Fig- 

ure 2) formed via hercynine from histidine, methi- 
onine and cysteine in micro-organisms I29-311 is a 

natural ant±oxidant. Ergothioneine illustrates the 

application of the DNA adduct  technology 

to s tudy ant±oxidant efficacy. 

In this study, human  neuronal  hybr idoma 

cells (N-18-RE-105) challenged with O N O O -  

were protected against oxidative damage  by 
ergothioneine. I321 The levels of the products,  

4,6-diamino-5-formamidopyrimidine,  2,6-diami- 

no-5-formamidopyrimidine,  8-hydroxyguanine,  

8-hydroxyadenine,  5-hydroxyuracil ,  5-hydroxy- 

cytosine, hypoxanthine  and xanthine measured 

by GC/MS were reduced to almost control 
values. [32] Some of these products  are shown in 

Figure 3. Table IV shows typical target ions used 

for quantitations in selected ion monitoring mode  

for various products. Hydroxytyrosol  also inhi- 

bited the oxidation of DNA bases by O N O O - .  The 

levels of all the products  measured were again 
decreased to control values by hydroxytyrosol  

H C O O  

N 1 

h 
S H  

FIGURE 2 Structure of ergothioneine. 

at concentrations lower than that of O N O O - .  It 

must, however,  be borne in mind  that the fate 

and action of O N O O -  in biological systems 

would  be dependent  on the biological environ- 

ment  in which the oxidant is present. The work  

involving ergothioneine is the subject of a re- 
search paper  in preparation. Both ergothioneine 

and hydroxytyrosol  preferentially scavenged 

O N O O -  (Figure 3). This can be extended to other 

diet-derived compounds  that are suggested to 

possess ant±oxidant activity or to formulations of 

dietary ant±oxidant supplements.  
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0 . 4  I---'1 Peroxynitrite (1 mM) Only 
+ Ergothionine (0.25 mM) 

[ I + Ergothionine (0.50 mM) 

0.3 I---q + Ergothionine (1.00 mM) 

o~0.1 ~j~ 
:" "" 0.0 
= ~  0 . 5 -  

° ~  0 

o X 
: ~  0.4 

~, 0.3 

] I Peroxynitrite (1 mM) Only 
i ~  + Hydroxytyrosol (0.25 mM) 
[ ] + Hydroxytyrosol (0.50 mM) 
] ] + Hydroxytyrosol (1.00 mM) 

0.2 

0 . 1 ~  

0.0 
. -  .- ~ = = .=_ ._ 

"~ < 9 < 9 

FIGURE 3 Effect of increasing concentrations of ergothioneine and hydroxytyrosol on the yield of oxidized DNA base 
products following the treatment of neuronal cells with peroxynitrite (1 raM). Key: FAPy-adenine, 4,6-diamino-5-formamido- 
pyrimidine; FAPy-guanine, 2,6-diamino-4-hydroxy-5-formamidopyrimidine; 8-OH guanine, 8-hydroxyguanine; 2-OH 
adenine, 2-hydroxyadenine; 8-OH adenine, 8-hydroxyadenine; 5-(OH,Me)-uracil, 5-(hydroxymethyl)uracil; 5-OH,Me-hydan- 
toin, 5-hydroxy-5-methylhydantoin; 5-OH hydantoin, 5-hydroxydantoin; 5-OH uracil, 5-hydroxyuracil; 5-OH cytosine, 
5-hydroxycytosine. (From Ref. [32].) 
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DNA ADDUCTS AND ANTIOXIDANT ASSESSMENT 425 

TABLE IV Target ions used for GC/MS selected ion 
monitoring 

Base Product (trimethylsilyl derivative) Target ion (re~z) 

Thymine 255 
5-(OH, Me) hydantoin 331 
5-OH hydantoin 317 
5-OH uracil 329 
5-(OH, Me) uracil 358 
5-OH cytosine 328 
Thymine glycol 259 
Hypoxanthine 265 
FAPy adenine 354 
8-OH adenine 352 
Xanthine 353 
2-OH adenine 352 
FAPy guanine 442 
Guanine 367 
8-OH guanine 440 
Azathymine 256 
Diaminopurine 351 

USE OF THE COMET ASSAY TO 
MEASURE OXIDATIVE DNA DAMAGE 

In principle, generation of OH" by reaction of 
H 2 0  2 with the transition metal ions already 
bound  onto the DNA would  lead to strand 
breakage, base modification and deoxysugar  
fragmentation. In the nuclease activation mechan- 
ism, oxidative stress leads to the inactivation of 
Ca2+-binding by endoplasmic reticulum, inhibi- 
tion of plasma membrane  Ca2+-extrusion sys- 
tems, and the release of Ca 2+ from mitochondria  
results increased levels of intracellular free 
calcium ions. I331 The resulting endonuclease 

activation leads to DNA fragmentat ion wi thout  
the base modification observed in the Fenton 
mechanism. DNA fragmentat ion suggested here 
could be assessed by  the COMET assay. [34-361 Free 

radical induced  strand breaks are transient and 
are rejoined within minutes of formation in 
normal cells in culture; however,  oxidized bases 
are long-lived. Isolating DNA from cells and 
incubating them with certain bacterial endonu-  
cleases which have specific activity against oxi- 
dized bases, these are converted into DNA breaks 
which are then measured.  Extensive reviews on 
the comet assay technology may  be found in 

Modified Comet Assay 
Lymphocytes; 
+ 1% agarose 

i 
i ] 

microscope slide 

Lysis I Triton X-100 
2.5 M NaCI 

nucleoid 

Digestion I I Lesion-specific 
endonucleases i 

j~:~. ~()~ - J ~ .  " ~ / ~  base removed 

Damaged base 
Alkaline I 0.3M NaOH I 

unwinding 10raM EDTA 
1 

Electrophoresis 

l 
Neutralisation 

DAPI stain 
Fluorescence microscopy 

FIGURE 4 Modified strategy showing the principles of 
the comet assay (courtesy of Dr. Andrew Collins). 

McKelvey e t a / .  I371 and Fairbairn et al. I381 The 

comet assay is an extremely important  tool for 
assessing the protective effects of dietary antiox- 
idants. The features of a modif ied comet assay are 
illustrated in Figure 4 (courtesy of Dr. Andrew 
Collins). In one antioxidant  supplementa t ion  
s tudy [361 volunteers received 45 mg of fl-carotene, 

I g of vitamin C or 1 g of vi tamin E. Lymphocytes  
isolated from blood taken before and several 
hours after the supplementat ion and challenged 
with 0.24 mM hydrogen peroxide for 5 min. The 
resistance of lymphocytes  to H202 was assessed 
by  measur ing DNA strand breaks with the comet 
assay. Vitamin supplementat ion increased the 
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426 O.I. ARUOMA 

resistance of lymphocytes to H202. Use of the 
comet assay to examine antioxidant effects at 
the level of chromatin avoids the complications 
of cellular uptake and processing. Thus the 
comet assay is a versatile tool that is highly 
efficacious in human bio-monitoring of plant 
food antioxidants. 

CONCLUSIONS 

The feasibility of an active compound in plant 
foods exerting a direct antioxidant effect can 
be evaluated by in vitro tests that investigate 
how the putative antioxidant react with biologi- 
cally relevant oxygen-derived species. The DNA 
adduct technology is one novel tool that could 
enable scientists to assess their potential role as 
prophylactic agents. The impetus for this is 
driven by the need to understand the functio- 
nal role of plant foods in health and disease 
management. [18,39,4°1 
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