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Abstract-Many enzymes and secondary compounds of higher plants have been demonstrated m rn vitro experiments 
to protect against oxidatlve damage by Inhibiting or quenching free radicals and reactive oxygen species. The roles of 
many other compounds as potential antloxldants can be inferred by their slmilarlty to synthetic antloxldants of related 
structure. The evidence supports at least a partial antloxldant role in vivo for many classes of plant metabolite 

OXYGEN TOXICITY AND UV TOXICITY 

Atmospheric oxygen has been recognized for more than 
100 years as the prmclpal agent responsible for the 
deterioration of organic materials exposed to air The 
parallel role of oxygen, a molecule essential for many 
forms of life, as a destructive (toxic) agent for living tissues 
has been discovered much more recently. 

Similarly, light IS essential for plants, since photo- 
synthetic pigments efficiently absorb visible wavelengths 
and use then energy for carbon fixation; but sunlight also 
contains energetic, short-wavelength ultraviolet (UV) 
photons which are potentially detrimental because of 
their destructive mteractlons with many cellular mole- 
cules, such as the ammo acids of essential proteins, nucleic 
acid bases, or membrane lipids Cl]. Intense light has long 
been known to disrupt metabolic processes m plants, 
including photosynthesis, respiration, glucose asslml- 
latlon, and phosphorylatlon [2]. 

Approximately 4% of the total energy contained in 
sunlight occurs m the ultraviolet region (wavelengths 
shorter than 400 nm). The intensity of UV lrradiance at 
the earth’s surface varies greatly with season, time of day, 
latitude, ozone layer thickness, altitude, and cloud cover 
Dlstmctions are sometimes made between the ‘UV-A 
(400-320 nm) and the ‘UV-B’ (32&290 nm) regions In 
both cases, however, the fundamental mechanisms of 
photochemlcal damage are similar, although different 
receptor molecules (chromophores) may be involved 
There have been many reports on deleterious physlo- 
logical effects on plants exposed to high levels of UV-B, 
which may increase if stratospheric ozone concentrations 
decrease. Physlologlcal and biochemical effects of UV-B 
radiation include effects on enzymes, stomata1 resistance, 
concentrations of chlorophylls, proteins, and lipids, re- 
ductions m leaf area, and tissue damage [3]. Wheat plants 
grown at 3OOOm elevation under plastic films which 
transmit UV-B were significantly shorter than those 
grown under UV-B-opaque films [4] Some plants, 
however, appear to be quite resistant to increased UV 
lrradlation. The differential susceptibility of plants to UV 

stress IS clearly an Important factor m their competltlve 
relationships m terrestrial ecosystems; experiments with 
agriculturally important species pairs grown m pots have 
indicated that significant effects on biomass production 
took place when UV-B was present either at ambient or 
artificially increased levels [S]. 

PhotochemIcally damaging events in cells are initiated 
by the uptake of the electronic energy of a photon by a 
UV-absorbing molecule In the UV region of the electro- 
magnetic spectrum, the energy of such photons IS suffic- 
lent to break covalent bonds, although It IS unusual for 
then energy to be absorbed that efficiently Usually, the 
absorbed energy converts the target molecule m its 
ground state to an electronically excited state, whose 
excess energy manifests itself m a different and often quite 
unstable electron configuration. The mltlal excited state, a 
short-lived singlet having fully paired electrons, may be 
deactivated by fluorescence (the emission of a photon 
having a longer wavelength than the exciting radiation) 
and return to the ground state; it may react with 
neighboring molecules (although this IS not common with 
singlets since their lifetimes are normally too short for 
them to diffuse over very many molecular diameters); or It 
may undergo internal rearrangement to a longer-lived 
triplet excited state. The triplet state is much more likely 
to react chemically with surrounding molecules. 

A potential route for the formation of a damagmg 
species from a photochemlcally activated triplet state is 
the transfer of triplet energy to molecular oxygen The 
product of the energy transfer reaction IS singlet oxygen, 
‘0, Several classes of biological molecules are suscep- 
tible to attack by ‘O,, including several protein ammo 
acids (cysteme, methionme, tryptophan, and hlstldine) 
which react with it at qmte rapid rates. Polyunsaturated 
fatty acids also react at much slower rates, increasing with 
the number of double bonds in the molecule, to form hpld 
hydroperoxldes; 

-CH=CH-CH,-CH=CH- --t -CH-CH=CH-CH=CH- 

I 
OOH 
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These peroxtdes are hkely contrtbutors to damage and 
dysfunctton m cell and organelle membranes The sublect 
of singlet oxygen and plants has been reviewed by Knox 
and Dodge [6] 

Nonphotochemical routes for oxidattve damage m 
plants usually mvolve the mteraction ofmolecular oxygen 
with free radicals to produce new, potentially harmful free 
radical spectes contammg oxygen This type of reaction 
may occur directly, or it may be promoted by enzyme 
catalysts normally present m the plant cell, such as the 
enzyme lipoxygenase [7] 

Atmospheric oxygen IS unusual m that tts ground state 
has two unpaired electrons, tt 1s a triplet state with 
considerable diradtcal character This permits tt to enter 
mto energettcally favorable cham reactions with many 
organic free radicals 

RH “111. R + 0-O -ROO.?ROOH+ R’. 

The formation of organic (usually carbon-centered) free 
radicals R from non-radical precursors IS called the 
mittanon phase of the autoox:datton This process, which 
1s often quite slow, results m the charactertsttc ‘lag period’ 
ofa radical chain reaction In the propagation phase of the 
reactton, there IS a buildup of peroxy radicals, ROO , and 
the subsequent reaction of peroxy radicals with com- 
pounds (R’H) having extractable hydrogen atoms The 
new radicals, R’ , are then available for further reaction 
with molecular oxygen Finally, when all the oxygen or 
active hydrogen species are used up, the termmation 
phase begins In this phase, the radicals recombine with 
each other to produce Inactive, nonradical products, 

ROO + R -+ROOR 

2 ROO +ROOR+O, 

Synthetic organic chemists have created many effective 
mhibttors of oxtdattve damage for rubber, hydrocarbon 
fuels, plastics, foodstuffs, and many other materials In 
prmciple, free radical cham reactions within a material 
can be mhibtted either by adding chemicals that would 
retard the formation 01 free radicals, or by mtroducmg 
substances that would compete for the existing radicals 
and remove them from the reaction The first mechamsm 
is exemphfied by the addition ofcarbon black to rubber to 
prevent the penetration of light mto the product Most 
research m the field of anttoxtdants, however, is concerned 
with the second mechanism, designmg chemicals which, 
when added m small quantities to a matertal, react rapidly 
with the free radical mtermedtates of an autooxidatton 
chain and stop it from progressmg An excellent example 
of this type of mhtbttor IS the synthetic hindered phenol 
2,6-dt-tert-butyl-4-methylphenol, often called ‘BHT’, 

which reacts wtth two mol of peroxy radicals and 
converts them to much less active products (Fig I) 

It has been recognized for some time that naturally 
occurrmg substances, mcludmg those found m higher 
plants, also have anttoxtdant acttvtty Recently. there has 
been increasing interest m oxygen-contammg free radicals 
m btologtcal systems and then implied roles as causative 
agents m the ettology of a variety of chronic disorders 
Accordmgly, attention IS being focused on the protective 
btochemtcal functions of naturally occurrmg anttoxidants 
m the cells of the organisms contammg them, dnd on the 
mechanisms of then action 

ENZYMATIC AND PEPTIDE DEFENSE MECH4YISMS 

Cutalase and perowldases 

A long-known metalloenzyme, catalase 1s one of the 
most efficient protein catalysts known. tt promotes the 
redox reaction 

2H,0,+2Hz0 +02 

Hydrogen peroxide itself IS not parttcularly reacttve with 
most btologically important molecules, but tt IS probably 
an mtracellular precursor for more reactive oxidants such 
as HO Although catalase IS rather spectfic for H202, it 
reacts wtth a limited number of organic hydroperoxides, 
such as MeOOH, usmg them to carry out oxtdative 
reactions on acceptor molecules while stmultaneously 
reducing the peroxtdtc substrate [S] Other important 
plant enzymes, the peroxidases. also functton m this 
mode In addition to defense against active oxygen 
compounds, plant peroxtdasea have other important 
cellular roles [9] 

Superoude dtsmuruse (SOD) 

Many one-electron processes have been described that 
convert 0, to tts radtcal amon reductton product, 02; 
superoxtde Superoxtde dismutases catalyse the conver- 
sron of 0; to H,O, and oxygen This reaction 1s quite 
rapid even without enzymtc catalysts at ordinary physto- 
logtcal pHs, although O;ts quite stable above pH 1 I or so, 
nevertheless, virtually all aerobic organisms that have 
been examined contain SOD SOD IS a powerful enough 
catalyst to increase the rate of the reaction by several 
orders of magnitude at phystologtcal pHs 

Superoxtde, like H,O,, IS not directly reactive toward 
most orgamc compounds (at least not as an oxrdant), but 
it probably gives rise to more reactive oxygen species of 
higher potential toxtctty 

Me Me 

BHT + ROOH 

Fig 1 Mechanism of chain-breaking inhibition (peroxy radrca1 destruction) by the synthetic antioxidant BHT 
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Both superoxtde dtsmutase and catalase activtty have 
been shown to dechne m the older leaves of tobacco 
plants, which revealed signs of membrane damage. There 
were clear correlations between the activity of these two 
enzymes and the degree of hprd peroxtdation m the leaves. 
The authors suggested that both enzymes were important 
agents for protecting leaves from the deletertous effects of 
membrane hptd destructton [lo]. 

A trtpepttde bearing a thtol group, glutathtone (GSH) is 
found in very high concentrattons m many cells It reacts 
with many oxidants such as H,O, to form the oxidized 
form, a disulphtde known as GSSG, 

ROOH + 2GSH-tROH + GSSG + H,O 

The above reaction 1s catalysed m mammalian cells by an 
important selemum-containing enzyme, glutathtone per- 
oxidase. Glutathtone also reacts without enzyme catalysis 
with many other potentially damaging mtracellular oxi- 
dants such as ‘02, 0, and HO. 

Other proteins 

Some soybean proteins have been shown to mhtbit lipid 
oxtdatton [l l] There are many scattered observattons, 
parttcularly m the food science literature, that peptides or 
protein hydrolysates protect hpids from oxtdatton. It 1s 
bosstble that these effects mav be due to the metal- 
complexing capacity of these substances [12]. 

PHENOLK DEFENSE COMPOUNDS 

Vttamm E 

Naturally occurrmg compounds wtth vttamm 
vtty are the tocopherols, a group of closely . . . . . . . 

E actt- 
related 

phenohc benzochroman derivatives having extenstve ring 
alkylatton (1). These compounds occur not only m plants 
but also m mammalian tissues Like other phenohc 
anttoxtdants, for example BHT, then normal mechanism 
of actton 1s the mactivatton of two equivalents of cham- 
carrying peroxy radtcals, terminating two potential radi- 
cal chain reactions per molecule of inhibitor At lower 
radical concentrations, however, the potential exists for 
the regeneration of vttamm E through reaction of a 
reducing agent such as Vttamm C (q.v) 

The most biologtcally active of the four major toco- 
pherols 1s a-tocopherol (a-T, 1A). Burton and Ingold have 
shown that X-T 1s one of the most active in vitro cham- 
breaking antioxidants yet tested [13]. It was far supertor 
to the commerctal anttoxidants, BHA and BHT. The 
second-order rate constant for the reactton of a-T at 30 
with the peroxy radical derived from azobtstsobutyro- 
mtrtle was 2 35 x lo6 M-i set-‘. Burton et al. speculate 
that the long-chain phytyl ‘tad on the tocopherols allows 
the compound to partitton mto lipophtlic membranes of 
cells and organelles, where tt presumably exerts its 
antioxidant acttvtty m the preventton ofoxtdattve damage 
[14]. The high lipid solubility of vitamin E may explain 
why some zn WJO anttoxidant efficiency measurements for 
the compound mdtcate that it is less active than would be 
predicted from measurements made m solutton; relatively 
water-soluble oxidants may not reach the site of highest 

vttamm E concentratton in time to be destroyed [15]. The 
peroxy radical derived from a-tocopherol 1s also stabil- 
ized because the unpaired electrons of the chroman rmg 
oxygen are held nearly perpendicular to the plane of the 
phenyl ring; caheulations suggest the stabthzation is on the 
order of 3 kcal/mol [16]. 

Vttamm E 1s also one of the best quenchers for ‘0, yet 
tested, wtth a quenchmg rate constant of approxtmately 6 
x 10s (m methanol) [17] and it also appears to react with 

0;to give a phenoxy radical (although the kmettcs of this 
reaction do not appear to have been determined [ 183 

Flavonoids 

For some ttme it has been recognized that several 
classes of flavonoid show antioxidant acttvtty toward a 
vartety of easily oxidtzable compounds Flavonotds occur 
widely m the plant kingdom, and are espectally common 
in leaves, flowering tissues, and pollens They are also 
abundant in woody parts such as stems and barks The 
metabohc pool of tlavonoids 1s by no means static, but 
subject to turnover at widely varying rates [lo]. The 
concentration of flavonotds m plant cells often exceeds 
1 mM, with concentratrons from 3 to 10 mM being 
reported m the eptdermal cells of Vxla faba [20]. The 
synthesis of many flavonotds and other phenolic com- 
pounds is greatly affected by light, for example, tobacco 
plants grown under supplemental levels of UV contamed 
about twice the concentration of total soluble phenohc 
compounds compared to control plants [21] Plants 
grown in full sun have also been shown to contain higher 
levels of flavonotds than shade-grown plants [22] 

Early work by Clemetson and Andersen showed that 
many flavonotds and other plant phenohcs protected 
against ascorbic acid destructton They noted that flavon- 
otds wtth either 3’4’ B ring substttuents, or flavonols wtth 
their a-hydroxyketone C rmg substrtutton, were active 
mhtbitors. Their work, however, was flawed by the fact 
that many of the compounds were not soluble m the 
reaction medmm at the levels tested [23] 

Pratt measured the anttoxtdant efficiency of a group of 
flavonoids m a test system mcorporatmg two easily 
oxidized lipids, linolemc acid and b-carotene In one set of 
expertments, acttvtty was demonstrated by the lengthen- 
ing of the period of time required to bleach the test 
mixture m the presence of the antioxidant. (This method 1s 
similar to a classtc kinetic technique, [24] the ‘mductton- 
period method’, pioneered by Hammond’s group and 
widely used in studies of synthetic autooxidatton m- 
htbitors, such as phenols, that act by chain-breaking 
mechanisms ) In suspenston tests at 50” with a 5 x 1O-4 M 
flavonoid concentration, the highest activities were shown 
by free flavonols [myrtcetin (2) and robmetm] having 
three hydroxyl groups m the B rmg with a 3’,4’,5’- 
substitutton pattern SIightIy inferior, but sttI1 stgmficant, 
acttvtties were displayed by the pentahydroxy aglycones 
quercetm (3) and dthydroquercetm; the 3-rhamnostde of 
quercetm; the tetrahydroxymethoxy flavonol rhamnetm 
(4); and the tetrahydroxy flavonol fisetm (5). Very little 
acttvtty was exhibited by rutm (quercetm 3-rhamnogluco- 
side) or flavonotds having fewer than four hydroxyl 
groups [25] Dthydroquercetin was isolated from Spanish 
peanuts (Arachrs hypogea) and also shown to have high 
antioxidant actlvlty m a TLC spray test using b-carotene 
[26] In some studies, quercetm and myrtcetin have been 
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shown to have anttoxtdant acttvtty at concentrations of 
less than 10m5 M [27. 281 

Cavallmt et ul also showed that quercetm and the 
complex ffavonof-hgnan dertvative srfymarm (6) were 
about equally effecttve m mhtbrtmg ftprd peroxidatron m 
several different mtcrosomal or mttochondrral prepar- 
ations In a typtcal expertment, they reported that stlym- 
arm at 5 x lo-’ M mhtbtted 76% of the perchromate- 
mtttated peroxtdatton of rat liver mttochondrta, whereas 
the Identical concentratton of quercetm mhtbtted 67% 

~291 
Tore1 et ol tested a serves of flavonotds as mhtbttors for 

the autooxtdatton of emulstfied hnoletc acrd and methyl 
lmoleate m the dark at room temperature They found 
that the two compounds wtth htghest acttvtty were morm 
(7) and kaempferol (8) They attrtbuted the acttvrty of 
flavonords to then ability to donate a hydrogen atom to 
the peroxy radical derived from the autooxtdtzmg fatty 
actd dertvattve [30] 

Kaempferol was also reported to undergo photo- 
bleaching m tllummated chloroplasts The bleachmg 
response was stmlulated by methyl vtologen (paraquat), a 
well-known electron-transfer agent capable of producmg 
0, from molecular oxygen, and tt was suppressed by 
superoxtde dtsmutase These results suggest that flavon- 
otds mhtbtt O;-promoted redox reacttons wtthm the 
chloroplast [3 I] Further evidence for this postulate was 
obtained m expertments that showed quercetm and 
kaempferol. at about 4 x lo-.’ M, suppressed hptd photo- 
peroxtdatton m Isolated spmach chloroplasts by 50% 

The quercetm glycosrdes. rutm and quercetrm were also 
effectrve mhtbitors of the peroxrdatron reactton, but 
required cu 2-3 ttmes htgher concentrattons to achieve the 
same level ofmhtbmon [32J Closely related experiments 
Indicated that kaempferof as well as quercetm and tts 
glucosrdes also mhtbtted carotenotd photobleachmg in 
chloroplasts at comparable levels to those used m the hprd 
photoperoxtdatton expernnents [33] 

Recent evtdence suggests that quercetm, and by tmph- 
cation other flavonotds. are potent quenchers of ‘0, 
Takahama et al demonstrated that 10 -100 /tM quercetm 
inhtbtted the ‘02-Induced bleachmg of the carotenotd 
pigment, crocm [34] Larson and Zepp (unpublished) 
measured the rate constant for reaction of quercetm wtth 
‘0, m water and found It to be comparable to those of the 
most reactive ammo actds 

Several flavonotds were shown to be potent mhtbttors 
of the enzymes hpoxygenase and prostaglandm syn- 
thetase, whtch convert polyunsaturated fatty actds to 
oxygen-contammg derrvattves. Highest acttctty agamst 
both enzymes was shown by luteolm (5,7.3’.4’-tetrahy- 
droxyflavone) and 3’,4’-dthydroxyflavone, at about 1 
x lo-’ M, they mhrbtted 50% of hpoxygenase acttvtty 
The authors dtd not speculate on posstble mechamsms for 
the mhibttton of these enzymes by these parttcular 
flavonotds [3SJ 

Caldwell er a/ have pioneered a concept that flavon- 
otds, with then strong absorptton m the 300-400 nm UV 
regron, are actmg as internal hght filters for the protectton 
of chloroplasts and other organelles from IJV damage 
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[36]. They have demonstrated that many UV-absorbmg 
compounds occur m high concentrations in the vacuoles 
of eptdermal cells as well as within chloroplasts, and that 
these compounds can be extracted with polar solvents 
such as aqueous methanol They have discovered that the 
leaves of nearly all species in high-UV envtronments, such 
as those inhabiting high elevations in arctic and tropical 
latttudes, have very low eptdermal UV transmtttance. The 
light-filtermg abthty of these compounds may remforce 
then powerful antioxidant effects to provide a htgh level of 
protection against damaging oxidants generated either 
thermally or by hght 

Early work on flavonotd content of alpme plants 
suggested that then concentrations increased with alti- 
tude [37]; tt has also been reported that some red-leaved 
plants such as Oxyrta dlgyna, a common species m arctic 
and alpme ecosystems, are very resistant to UV-B [38]. 
This may reflect a protechve effect of high concentrattons 
of anthocyanm pigments, whtch are flavonotds. It would 
be interesting to reexamine the question of flavonoid 
concentratlbn with aitltudk using modern techniques. An 
mtrtgumg paper [39] on the variation of flavonoid 
content of the red oak, Quercus rubra, wtth elevation m the 
Appalachian mountains demonstrates that in htgh-elev- 
atton forms, the flavonoid myrtcetm predominated, wher- 
eas m lower-eievatton populattons, quercetin and kaem- 
pferol chemotypes were most abundant It wtll be recalled 
that myrtcetm, wtth its three adjacent hydroxyl groups, 
was one of the most acttve anttoxidants among flavonotds 

c251. 

Phenolzc acrds 

Actdtc compounds incorporating phenolic groups have 
been repeatedly implicated as active anttoxidants. Caffeic 
actd (9), chlorogemc acid (10) and tts tsomers, including 4- 
0-caffeoylquimc acid (11) were isolated from sweet pot- 

HO 

H6 0 HO 0 

7 

COOH 

atoes. Chlorogemc acid was found to be the most 
abundant phenolic actd in the plant extract and also the 
most active anttoxtdant; a 1.2 x 10m5 M solution in- 
hibited over 80% of peroxtde formatton m a hnoletc acid 
test system [40]. In a different (lard-P-carotene) system, 
chlorogemc actd (at 5 x 10e5 M) was found to be devoid 
of antioxidant activity, but caffetc acid at the same 
concentratton had high activity, comparable to that of 
quercetm [27]. 

Esters of caffeic actd wtth sterols and triterpene alco- 
hols have been isolated from the seed of the grass Phalarls 
canarlenszs. The fatty acids of the seed were predomt- 
nantly unsaturated, suggesting that the esters were acting 
to protect them from oxtdatton. The hptd-soluble esters 
were effective anttoxtdants in tests with lard or sardine otl 
heated at 60” In the tests, the esters were added as 
mixtures, but at least some components appeared to have 
activity approaching or exceeding that of BHT [41] 

Feruhc actd, at the somewhat high concentratton of 
10m3 M, was shown to delay the photoperoxtdatton of 
linoietc acid. Esters ofteruiic acid. w&i triterpenes and 
sterols, which occur naturally m rice bran, were also 
shown to have some activity [42] 

Other phenols 

Rosmaridtphenol(12), a diterpene dertvattve with adja- 
cent OH groups, was isolated from Rosmarinus officinalu 
(rosemary). Its antioxidant acttvity in heated lard ex- 
ceeded that of BHA and approached that of BHT [43]. 
Related phenohc diterpenes with antioxidant acttvtty 
have also been isolated from this plant [44,45]. 

A group of potent anttoxtdants for the air oxidation of 
linoleic acid was isolated from the methanol extract of the 
rhizome of Curcuma longa (turmeric). The most abundant 
and most active constituent of the extract was the orange 
pigment, curcumin (13) Its 50% mhtbitory concentration 

HO 

HOOC 

Q 
HO OH 

HO 10 
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for the hnoleic acid test system was about 5 x 10 - 4  M, it 
was more active than vitamin E m the procedure used by 
the authors, and was roughly an order of magnitude less 
active than the synthetic antmxldants, BHA and BHT 
[46]. The mechanism of curcumln activity may include 
metal mn chelation by the central fl-diketone group, 

The llgnan 14, Isolated from sesame (Sesamum mdtcum) 
seed, significantly inhibited the autooxldatlon of llnolelc 
acid at 40 when added at 5 8 x 1 0 - S M  It was not as 
active as sesamol or vitamin E [47] 

Polyhydroxylated chalcones such as butem (15), which 
are blosynthenc intermediates between clnnam~c acids 
and flavonolds, also show considerable annoxldant  acti- 
vity for lard In th~s system, at 10@, buteln at about 
10 3 M was approximately twice as active as the flavonol 
quercetm or ~-tocopherol It prolonged the induction 
period for lard autooxldatmn from 1 3 to 50hr Inter- 
estingly, chalcones w~th only two adjacent hydroxyl 
groups were almost fully effective, Introduction of addi- 
tional hydroxyl groups leading to only shght increases m 
inhibitory activity [48] Hydrogenat ion of the chalcone 
double bond increased their annoxldant  actlwty to some 
extent, for example, the pentahydroxydihydrochalcone 16 
was ca 2-3 umes as active as the corresponding un- 
saturated chalcone [49] 

UbNulnol  (17), a reduction product of ubNmnone 
(coenzyme Q), was shown to be a potent m vwo antlOXl- 
dant under conditions of low oxygen concentration, such 
as would occur m many cellular environments The 
compound inhibited lipid peroxldanon in emulsions of 
arachldomc acid containing hemoglobin as mmator ,  as 

well as photooxidation of mltochondnal  llplds It was 
almost as reactive as wtamm E The observed reactivity of 
ubNumol  with the stable free radical dlphenylplcryl- 
hydrazyl suggested that it was a chain-breaking anti- 
oxidant and probably reacted with peroxy radicals m rico 
[503 

N I T R O G E N  C O M P O U N D S  

Alkaloids 

Increasingly, evidence from a variety of sources Is 
indicating that the basic nitrogen compounds of higher 
plants include many representatives that are potent 
lnhlbltors of various oxldattve processes, both m two and 
m vitro Lipid peroxldahon reduced by radioactive cobalt 
Irradiation (m soybean lecithin hposomes) or ferrous ion 
(In rat liver mltochondrla) was inhibited by the blsbenzyl- 
lsoqumohne alkaloid cepharanthme (18) A concentration 
of 2 _5 × 10 s M prevented 50% of the mltochondnal  lipid 
peroxIdaUon which occurred in its absence in 20 rain [51 ] 
Caffeine, from the leaves of tea ( Thea ~olensi.~) and coffee 
(Coffea arabwa), was shown to have anuoxldatlve activity 
(In a lmoleic acid oxidation test) comparable to that of 
BHA and BHT [52] 

A synthehc chemical, 6-hydroxy-l,4-dlmethylcarba- 
zole (19), which is closely related to the anntumour  
alkaloid 9-hydroxyelhptlcuie (20). was shown to be a 
remarkably effective inhibitor of several m vitro peroxlda- 
tlve systems The compound completely inhibited perox- 
ldatlon In rat liver mlcrosomes at less than 1 nmol/mg 
protein (Fig 2), a concentration far below that ofpowerfld 
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synthetic antloxldants such as propyl gallate [53]. Slmd- 
arly, mepacrme (21), an antiprotozoal drug closely related 
to quinine, completely protected (at 50 #M) rat erythro- 
cytes from peroxldatlve hemolysis and malonaldehyde 
formation The authors suggested that the hydrophoblc, 
catlomc drug was hkely to interact strongly with phos- 
phohplds and other amonlc constituents of cellular 
membranes [54] This same phenomenon has been clearly 
demonstrated for elllptlcme derivatives with both natural 
and model lipid membranes [55] 

Several alkaloids of various structural types have been 
found to be potent mhlbltors of 10 2. Particularly effective 
are lndole alkaloids such as strychnine (22a) and brucine 
(22b) that have a basic nitrogen atom m a rigid, cage-like 
structure [56] Such alkaloids appear to be strictly 
physical quenchers, and are not destroyed chemically by 
the process of quenching [57] Thus, in prinople, they 
could lnactwate many molecules of smglet oxygen per 
molecule of alkaloid 

Polyamlnes such as spermlne (23) are related to simple 
acychc alkaloids found in legumes. This compound was 
shown in electron spin resonance experiments to scavenge 
the superoxide radical at rather high spermine concen- 
trations (0.01-003 M) This finding may have some 
bearing on the observed effects of polyammes as mem- 
brane-stabdlzlng substances [58]. 

Tertiary amines such as trlmethylamme have been 
shown to be very effective quenchers of peroxy ra&cals. 

The ra&cals derived from the amines have very large 
termination rate constants, contributing to the efficient 
cessation of radical chain reactions [59] No studies of 
this type with alkaloids have been reported to date. 

Alkaloids of the quinohzldine type, for example spart- 
elne (24), have been found to be stored principally in the 
epidermal cells of four plants in the genus Lupmus 
Concentrations in these tissues were up to 20 mM [60]. 
The author suggested that this storage pattern was 
consistent with a phytochemlcal role for these substances 
as antifeedant chemical defense compounds, but It would 
also be consistent with an ant~oxtdant role It is unhkely 
that these alkaloids are acting as UV light filtering agents, 
because their absorption m the solar UV range would be 
mlmmal 

There has been little work on the variations in alkaloid 
content with elevation or latitude. Berberme (25) concen- 
tration in the stems and leaves of two of three Himalayan 
Berberls species increased with elevation [61]. Although 
berberine, a quaternary alkaloid, is not hkely to be a 
particularly effective antloxidant, it may co-occur with 
related compounds which are. 

Chlorophyll derivatives 

Although both chlorophyll (26) and pheophytln (27) 
promote the oxidation of liplds in the light, they are 
lnhlbitors of autooxidatxon under dark conditions At 30 °, 
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2 x 10- s M chlorophyll A was superior by a factor of ca 
two to BHT The compouds appear to be unreactwe 
toward hpld hydroperoxldes, but do react with peroxy 
radicals, electron spin resonance data indicate the pre- 
sence of a tetrapyrrole radmal cation [62] 

Amino  acids and amines 

Many amino aods have been tested for their anti- 
oxidant actwlty, especmlTy m lboc[-baseffsystems. Among 
the amino acids for which antmx~dant actwlty has been 
claimed are arginme histldme, cysteme, tryptophan, 
lysme, methlomne, and threonlne [63-66[[ The hterature 
reports are often very confusing, with data suggesting that 
some amino acids may exhlblt antioxldant potentml 
under some cond~hons of temperature, pH, or oxygen 
concentrahon but have no effect or actually promote 
oxldatmn In others For example, alanme and hlstldme 
were reported to mfifiS~t tile oxlcfat~on oI'finofelc acid at 
pH 9 5 and to promote it at pH 7.5 [67] There is a specml 
need for careful mechamsHc work m well-defined systems 
to clarify the complex behawour that has been observed 

CAROTENOIDS 

Although the principal recognized role ofcarotenmds is 
to act as photoreceptlve "antenna p~gments' for photo- 
synthesis, gathering wavelengths of hght that are not 
absorbed by chlorophylls, it has also been recognized for 

several decades that they, or at least/3-carotene, also have 
a protective function against ox~datwe damage. 

Studies on the orgamzatmn of chloroplasts have shown 
that chlorophyll and enzyme molecules are arranged to 
allow efficient electronic energy transfers to occur be- 
tween the exoted smglet states of chlorophyll and the 
acceptor molecules m the photosystems, but under some 
physiological condmons significant losses from the sys- 
tem take place, w~th some of the excited state energy from 
cfilorophyff being sldetrackeff into potentlaffy damagmg 
pathways Both chlorophyll and its tetrapyrrole break- 
down products are efficient ~O 2 generators Chloroplast 
membranes are partlculariy rich m the reactive poly- 
unsaturated fatty acid, hnolenate [68] 

Slnglet oxygen is very powerfully quenched by /3- 
carotene, with a rate constant near that of d~ffUSlOn 
control, exceeding 10 ~° M lsec 1 [69] This rate con- 
stant exceeds that for the reactmn of lO~ w~th most 
151ofoglcaffy fmportant unsaturatecf f/uty acld~ 8y four to 
five orders of magmtude, thus allowing a relatwely low 
concentratmn of/3-carotene to effectwely protect mem- 
brane hplds from reactmns of ~O2 leading to peroxl- 
datmn 

Free radicals are also qmte react,ve toward/3-carotene, 
at least under certain condmons In a pulse radlolys~s 
study, Packer et al showed that the second-order rate 
constant for the reaction offl-carotene with C13COO was 
15 × 10 9 M-~sec -1, about a tenth of the dlffusmn- 
controlled rate It was 20-100 times more reacnve than 
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2,5-dlphenylfuran and 1,4-dlazablcyclooctane 1-70]. As 
Burton and Ingold pomt  out, however, a high rate of 
reaction with free radicals is not  a sufficient condition for 
a good chain-breaking antloxldant. They have shown, 
however, that fl-carotene does behave as a potent antloxi- 
dant under lowered oxygen pressures (ca 0 1 of atmos- 
pheric concentration) At higher oxygen concentrations, 
fl-carotene may be converted to radical species that have 
some chain-carrying ablhty and may actually promote  
oxidation The authors suggest that fl-carotene and 
related compounds may be concentrated in cellular 
regions that are exposed to low partial pressures of 
oxygen [71] 

OTHER C O M P O U N D S  

V~tamin C 

Ascorblc acid (vitamin C, 28) has been proposed for a 
long time as a biological antioxldant. It exists in rather 
high concentrations in many cellular environments, such 
as the stroma of chloroplasts, where its level is 2-3 
× 1 0 - 3 M  [72]. Ascorbate has been demonstrated in 

many qualitative studies to possess significant anti- 
oxidant activity For  example, 10 -3 M ascorbate in- 
hibited the photooxldat lon of a kaempferol by illumina- 
ted spinach chloroplasts [33] Ascorbate reduces two 
equivalents of O f  (with a second-order rate constant of 3 
× 105 M - l s e c  - l )  to produce H 2 0 2  and the trlketo 

derivative dehydroascorblc acid (29) [73]. Ascorbate also 
reacts with 10 2 at a relatively fast rate (about 
107 M -  1 sec-  1) [74]. 

In a well-controlled m vitro kinetic study, vitamin C was 
shown to inhibit the peroxy radical-Initiated oxidation o f  
methyl linoleate in methanol-t-butanol at 37 ° Vitamin C 
was shown to act as a chain-breaking scavenger for 
peroxy radicals and also to act as a synergist with vitamin 
E The results suggest that vitamin C can donate a 
hydrogen atom to the vitamin E-derived phenolate 
radical, thus regenerating its activity [75]. 

Miscellaneous compounds 

A structurally unusual antloxidant, a long-chain all- 
ketone (30) has been identified from the leaf wax of 
Eucalyptus species. The compound inhibited the slow 
autooxtdatlon of hnolelc acid heated to 40 ° in a 1:1 
mixture of ethanol and PI buffer No speculation on the 
possible mechanism of inhibition was advanced [76]. 
Similar compounds have been reported to stablhze poly- 
mers such as polybutadiene; their activity was attributed 
to interception of UV light by the enol form of the 
dlketone, followed by lntramolecular rearrangement and 
reconversion to the ground state [77]. The role of light in 
the antloxidant effectiveness of fl-dlketones from plants 
remains to be assessed 

A monoterpene glycoside, geniposldlC acid (31), iso- 
lated from Planta#o astatlca, was as nearly as effective as 
BHA or BHT at inhibiting the air oxidation of lmoleic 
acid A concentration of about 4 x 10 -4  M Inhibited 50% 
of the oxidation as measured by two different tests. 
Structure-activity experiments with several related glyco- 
sides suggested that both the presence of the carboxyl 
group and the substltuent pattern on the five-membered 
ring were important  determinants of the antloxidant 
activity [78]. 
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R1 = R 2 = long-chain fatty acids R 3 = H 
R 1 = R 2 = long-chain fatty acids. R 3 = Me 

There are several reports that complex hplds, such as 
phospholiplds, have antioxldant activity. It is possible 
that these compounds act by chelating trace metals that 
may promote  oxidation [79]. Complex hplds may contain 
some constituents with much higher activity than others 
As an example, fractlonatlon of  a crude soybean lecithin 
mdicated that an alcohol-soluble fraction was far superior 
to an alcohol-insoluble fraction at preventing the thermal 
oxidation of lard [80]. 

SYNERGISTIC EFFECTS 

Individual phenolic compounds or mixtures of pure 
phenolic compounds isolated from an aqueous methanol  
extract of sweet potatoes had only a small antioxldatlve 
effect in a Ilnolelc acid-containing test system, but in 
combination with a mixture of five amino acids, a 
significant increase in protective activity was observed 
The amino acid mixture itself was without activity [40]. 

The complex lipid, phosphatldylethanolamlne (32) was 
shown to be a very effective synergist of flavonoid 
antloxtdation in a test in which the induction period for 
lard autooxidatlon was measured [81] It was similarly 
shown that phosphatldylcholine (33) as well as phosphati- 
dylethanolamme synerglzed the antloxidant effect of a- 
tocopherol [82]. The presence of nitrogen, together with 
phosphorus, in these complex liplds presumably increases 
their metal-complextng ability, but no studies have ad- 
dressed this problem. 
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