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Abstract—Sesquiterpenoids, 7-hydroxy-3,4-dihydrocadalin and 7-hydroxycadalin, and flavonoids, quercetin, kaempferol and their
glycosides, isolated from Heterotheca inuloides (Asteraceae), a Mexican medicinal plant known as “arnica”, were evaluated as
antioxidants. These compounds showed potent scavenging activity on diphenyl-p-picrythydrazyl (DPPH ) radical. Microsomal lipid
peroxidation induced by Fe(I111)-ADP/NADPH was inhibited by both terpenoids and flavonoids, though only flavonoids possessed
superoxide anion scavenging activity in microsome. Flavonoids also scavenged enzymatically and non-enzymatically generated
superoxide anion. On the other hand, mitochondrial lipid peroxidation induced by Fe(IIT)-ADP/NADH was inhibited only by
sesquiterpenoids. Furthermore, these terpenes protected mitochondrial enzyme activity against oxidative stress. These results
showed that two types of antioxidants existed in the dried flower of H. inuloides and would contribute to protection of tissues
against various oxidative stresses. (: 1997 Elsevier Science Ltd.

Introduction cuse, and externally for acne, bruises and muscle aches
It is becoming increasingly apparent that the inad- n Mexwo.” Previously, sesquiterpenoids, 7-hydroxy-
vertent overproduction of reactive oxygen species may 3,4-d1hyd.rocada11n (1.) and 7-hydroxycadalin (2), were
overwhelm the protective oxidant defenses resulting in characterized as antibacterial agents from the dried
oxidative tissue injury.! Reactive oxygen species have flower of H. inuloides."" The flavonoids, quercetin (7),
been implicated in several different diseases including kaempferol (10) and their glycosides (8, 9, 11) were also
cardiovascular disease, chronic gut inflammation, can- isolated from the same source and showed tyrosinase

 In our continuous search for

cer and AIDS.* The generated active oxygen is inhibitory activity.
catalyzed by transition metals, such as Fe’* and Cu®,

and subsequently leads to lipid peroxidation, resulting CH, CH,

in cell death and neoplasia. Lipid peroxidation is a HO HO

typical free radical oxidation and proceeds via a cyclic O‘ OO

chain reaction.’” The propagation cycle is broken by HsC HaC

enzymatic inactivation of oxygen species or by non-

enzymatic reactions due to the intervention of free HsC™ "CHs HyC™ "CHs
radical scavengers and antioxidants.”* Some antioxi- 1 2

dants have been rep(?)rted to prevent cancer and CH, CH, CHs
coronary heart disease,” to protect myocardium from

experimental myocardial infraction,"

HO OH
and to be a
prophylactic agent against some neuronal symptoms

. . L ol
of aging." A number of synthetic antioxidants such as 3 )
butylated hydroxyanisole (BHA) and butylated hydro- HsC™ "CHy HC” “CHz HyC™ CH,
xytoluene (BHT) have been developed but their use has 4 5 6

begun to be restricted because of their toxicity.'*"

Vitamin E (a-tocopherol) is an effective natural

antioxidant but has limited usage.'* As a result, there 7 gh g?—i
is considerable interest in the food industry and in 8 OH O<Glc
preventative medicine in the development of natural 9 OH O-Glc-Rha
antioxidants from botanical sources.'™' 10 H  OH

OH O 11 H O<Glc
The dried flowers of H. i.””lOides have bee‘n.used for th.e Figure 1. Antioxidative constituents in H. inuloides and rclated
treatment of postoperative thrombophlebitis and pathi- compounds.
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Table 1. Antioxidative activities of sesquiterpenoids in H. inuloides and related compounds

H. HARAGUCHI et al.

IC;, (ng/mL)*

Membrane lipid peroxidation

DPPH
Compound Autoxidation radical Mitochondoria Microsome
1 5.0 4.1 0.65 2.0
2 8.6 1.5 1.55 2.0
3 >30 1.2 >30 >30
4 >30 >30 >30 >30
5 17.1 >30 6.5 4.0
6 16.7 >30 6.9 3.8

“Inhibitory activity was expressed as the mean of 50% inhibitory concentration of triplicate determinations,
obtained by interpolation of concentration—inhibition curves.

bioactive substances from H. inuloides, 7-hydroxy-3,4-
dihydrocadalin (1) was found to exhibit potent inhibi-
tory activity against animal tissue lipid peroxidation.”
This report characterizes the antioxidative and super-
oxide scavenging activity of the constituents of H.
inuloides.

Results and discussion

Membrane lipids are abundant in unsaturated fatty
acids. These unsaturated molecules are most suscep-
tible to oxidative processes,”' particularly linoleic acid.”
Thus, this study examined the effect of terpenoids from
H. inuloides and related compounds on autoxidation of
linoleic acid. Sesquiterpenoids 1 and 2 showed potent
antioxidative activity against linoleic acid autoxidation;
almost 80% inhibition was observed at 10 pg/mL of 1 or
2. Structurally these sesquiterpenes, especially com-
pound 2, contain B-napthol (3) and p-cymene (4)
moieties. The antioxidative activites of these related
compounds were compared. B-Napthol (3) and p-
cymene (4) showed almost no effect on linoleic acid
autoxidation up to a concentration of 30 pg/mL.
Carvacrol (5) and thymol (6) exhibited antioxidative
activity. Their 50 % inhibitory concentrations are shown
in Table 1. Lipid peroxidation is a typical free radical
oxidation and proceeds via a cyclic chain reaction.” The
radical scavenging activity of these compounds, which

can be measured as decolorizing activity following the
trapping of the unpaired electron of diphenyl-p-
picrylhydrazyl (DPPH), was examined. As shown in
Table 1, sesquiterpenoids from H. inuloides (1, 2)
exhibited potent DPPH radical scavenging activity. B-
Napthol (3) was also a potent free radical scavenger. On
the other hand, p-cymene (4), carvacrol (5) and thymol
(6) showed no effect on DPPH radical scavenging up to
a concentration of 30 ug/mL.

Flavonoids are known to be natural antioxidants and
radical scavengers.” The radical scavenging activity of
flavonoids isolated from H. inuloides is shown in Table
2. Quercetin (7), kaecmpferol (10) and their glycosides
(8, 9, 11) exhibited potent DPPH radical scavenging
activity. It is well established that lipid peroxidation is
one of the reactions set into motion as a consequence of
the formation of free radicals in cells and tissues. The
one-electron reduction products of O,, superoxide
anion (O,7), hydrogen peroxide (H,0,) and hydroxy
radical (OH:) actively participate in the initiation of
lipid peroxidation.” Several oxidative enzymes, such as
xanthine oxidase, produce the O, radical as a normal
product of the one-electron reduction of oxygen,
resulting in tissue injury.** The scavenging activity of
flavonoids from H. inuloides against enzymatic-gener-
ated superoxide anion by xanthine oxidase system is
shown in Table 2. Some of them were found to be
potent O, scavengers. The O, scavenging activity of

Table 2. Antioxidative activities of flavonoids isolated from H. inuloides and related compounds

IC;, (ug/mL)*

O, generation Microsomal
DPPH lipid
Compound radical XOD Non-enzymatic peroxidation
7 0.9 >30 6.6 7.0
8 1.9 53 4.1 235
9 2.4 7.8 8.1 >30
10 4.2 7.8 73 2.6
11 17.2 >30 9.6 >30

“Inhibitory activity was expressed as the mean of 50% inhibitory concentration of triplicate determinations,
obtained by interpolation of concentration—inhibition curves.
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these flavonoids was further confirmed by the non-
enzymatic O, generating reaction. All of flavonoids
inhibited non-enzymatic O, generation (Table 2). Con-
versely, sesquiterpenoids from H. inuloides showed no
inhibition against both enzymatic or non-enzymatic O,
generation (data not shown).

Membrane lipids are particularly susceptible to oxida-
tion not only because of their high polyunsaturated fatty
acid content but also because of their association in the
cell membrane with enzymatic and non-enzymatic
systems capable of generating free radical species.”
Microsomes, especially smooth surfaced endoplasmic
reticulum, easily produce lipid peroxides and are
thought to supply the peroxidation products to other
tissues.” NADPH-cytochrome P-450 reductase is in-
volved in NADPH-induced microsomal lipid peroxida-
tion. Lipid peroxidation, which can be measured by the
thiobarbituric acid (TBA) method, occurs when rat liver
microsomes are incubated with Fe(III)-ADP/
NADPH.” A common synthetic antioxidant BHT
completely inhibited this peroxidation at 10 pg/mL
(data not shown). As shown in Table 1, sesquiterpe-
noids from H. inuloides (1, 2) strongly inhibited the
production of lipid peroxides induced by microsomal
NADPH oxidation; complete inhibition was observed at
10 pg/mL of 1 or 2. Structure-activity relationship
studies showed a similar pattern to linoleic acid
autoxidation (Table 1). B-Napthol (3) and p-cymene
(4) had no effect; carvacrol (5) and thymol (6) showed
antioxidative activity against microsomal peroxidation.
Some flavonoids isolated from H. inuloides also showed
inhibition of microsomal lipid peroxidation (Table 2).
In particular, the flavonols aglycon, quercerin (7) and
kaempferol (10) were potent antioxidants in micro-
somes. Superoxide anion and hydrogen peroxide can be
converted into hydroxy radicals," which result in lipid
peroxidation of biological membrane.®® The cellular

015 ;Compound 7
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sources of superoxide anion in mammalian cells include
the microsomal electron transfer chain, entailing a slow
electron transfer to O, via NADPH-cytochrome P-450
and NADPH-cytochrome b reductase.” Succinoylated
cytochrome ¢ was used for the detection of superoxide
radicals produced by liver microsomes incubated with
NADPH.” A time dependent reduction of modified
ferricytochrome ¢, which was superoxide dismutase
(SOD)-inhibitable, was observed soon after the addi-
tion of NADPH (Figure 2). Flavonoids isolated from H.
inuloides inhibited this reduction. Figure 2 shows the
effect of quercetin (7) on the generation of superoxide
anion in rat liver microsome. In comparison, sesqui-
terpenoids 1 and 2, which are potent antioxidants in
microsomes, had no effect.

Redox reactions frequently occur in mitochondria,
which are constantly susceptible to oxidative stress.!
At two sites of the mitochondrial electron transport
system, electrons leak and react with oxygen to generate
superoxide anions and, subsequently, hydrogen per-
oxide.” Lipid peroxides produced by hydroxy radical
(OH.), derived from H,0, and O,, affect mitochon-
drial function.” Lipid peroxidation by submitochondrial
particles is supported by NADH or NADPH in the
presence of ADP and Fe(III).** In the case of BHT,
complete inhibition was obtained at 10 pg/mL (data not
shown). Flavonoids isolated from H. inuloides had no
effect on mitochondrial lipid peroxidation up to 30 ug/
mL; which differs in the case of microsomes. Sesqui-
terpenoids from H. inuloides (1, 2) showed more potent
antioxidative activity against mitochondrial lipid perox-
idation than against the peroxidation of microsomes.
Complete inhibition was observed at 1 and 3 pug/mL of 1
and 2, respectively. The 50% inhibitory concentrations
of related compounds are also shown in Table 1.
Various oxidative stresses affect the mitochondrial
enzyme activities.” NADH-cytochrome ¢ reductase

.—Compound 1

0 1 2 3 4
Incubation time (min)

Figure 2.  Effects of antioxidative constituents in H. inuloides on superoxide anion generation in rat liver microsome. (@) 30 pg/mL, (A) 10 pg/mL,
(4) 3 pg/mL, (2) control.
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and succinate cytochrome ¢ reductase are the most
sensitive sites to mitochondrial peroxidative injury.
NADPH-dependent lipid peroxidation in submitochon-
drial particles results in a remarkable loss of these
enzyme activities.” When rat liver mitochondria were
incubated with Fe(III)-ADP/NADPH, membrane lipid
was peroxidized and NADH- and succinate-cytochrome
¢ reductase activities were decreased; almost complete
loss of activity was observed for 2 and 1.5 hr incubation,
respectively. An antioxidative sesquiterpene 1 from H.
inuloides at 1 pg/mL protected both enzyme activities
against NADPH-induced peroxidation.

Many piant secondary metabolites exhibit antioxidative
activity,” and mechanisms of antioxidant action have
been proposed.™" In particular, flavonoids have been
well studied for their structure-activity relationships.*"*
Among the antioxidative compounds in H. inuloides,
sesquiterpenoids (1, 2) have a hydroxyl group adjoined
to a methyl group. This hydroxyl function would
contribute to radical scavenging activity because p-
napthol (3) was a potent DPPH-radical scavenger.
Sesquiterpenoids in H. inuloides also possess a p-
cymene moiety, though this particular structure would
not directly contribute to their antioxidative activity.
Structurally similar compounds, carvacrol (5) and
thymol (6), however, possessed antioxidant activity,
and have an clectron donating methyl or isopropyl
group in the ortho position of a phenolic hydroxy
function. Phenoxy radicals which would be generated in
the process of antiperoxidation may be stabilized not
only by their aromatic character, but also by the
presence of the electron donating group.” The anti-
oxidative materials acting in biological systems are
classified as preventive antioxidants and chain-breaking
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ones.” The flavonoids in H. inuloides (7-11) scavenged
superoxide anion generated enzymatically or non-
enzymatically and in microsome, which would be
included in preventive antioxidants. On the other hand,
sesquiterpenoids isolated from H. inuloides (1, 2)
strongly inhibited lipid peroxidation without affecting
superoxide radical generation, which would be included
in chain-breaking antioxidant.

Present results showed that two types of antioxidants
exist in the dried flower of H. inuloides. These different
effects would contribute to the various pharmaceutical
activities of this remedy. The combination antioxidative
effect of terpenoids and flavonoids in H. inuloides in
whole cell system and in vivo are under investigation.

Experimental

7-Hydroxy-3,4-dihydrocadalin (1), 7-hydroxycadalin (2),
quercetin (7), quercetin-3-B-glucoside (8), quercetin-3-
B-rutinoside (9), kaempferol (10) and kaempferol-3-3-
glucoside (11) were previously isolated from the dried
flower of H. inuloides,'>" Carvacrol, thymol, p-cymene,
B-naphthol, xanthine oxidase, cytochrome ¢, BHT,
TBA, ADP and «-tocopherol were purchased from
Sigma Chemical Co. (St. Louis, MO). NADH and
NADPH were obtaind from Oriental Yeast Co., Ltd
(Tokyo, Japan). Succinoylated ferricytochrome ¢ was
prepared according to the method described by Kuthan
and Ullrich.* Other chemical reagents were of com-
mercial grade.

Succinate-cytochrome ¢
reductase

0 1 2

0 1 2

Incubation time (hr)

Figure 3. Effects of compound 1 on NADPH-dependent lipid peroxidation of mitochondrial respiratory chain. Each plot is the mean of triplicate

determinations. (@) 1 ug/mL., (<) control.
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Assay of autoxidation

Oxidation of linoleic acid was measured by the modified
method described previously.* Different amounts of
samples dissolved in 30 pul. EtOH were added to a
reaction mixture in a screw cap vial. Each reaction
mixture consisted of 0.57 mL of 2.51% linoleic acid in
EtOH and 2.25 mL of 40 mM phosphate buffer (pH
7.0). The vial was placed in an oven at 40 °C. After 5
days incubation, 0.1 mL aliquot of the mixture was
diluted with 9.7 ml of 75% EtOH, which was followed
by adding 0.1 mL of 30% ammonium thiocyanate.
Precisely 3 min after the addition of 0.1 mL of 20 mM
ferrous chloride in 3.5% hydrochloric acid to the
reaction mixture, the absorbance at 500 nm was
measured.

Radical scavenging activity on DPPH

The reaction mixture consisted of 1 mL of 100 mM
acetate buffer (pH 5.5), 1 ml of ethanol and 0.5 mL of 2.5
mM ethanolic solution of diphenyl-p-picrylhydrazyl
(DPPH). After allowing the mixture to stand at room
temperature for 20 min, the absorbance of the remaining
DPPH was determined colorimetrically at 517 nm. The
scavenging activity was measured as the decrease in
absorbance of the DPPH expressed as a percentage of
the absorbance of a control DPPH solution.*

Assay of superoxide anion

Superoxide anion was generated enzymatically by the
xanthine oxidase system. The reaction mixture consisted
of 40 mM sodium carbonate buffer (pH 10.2) contain-
ing 0.1 mM xanthine, 0.1 mM EDTA, 50 pg/mL bovine
serum albumin, 25 mM nitroblue tetrazolium, and
3.3 x 10~ units xanthine oxidase (XOD, EC 1.2.3.2) in a
final volume of 3 mL. After incubation at 25 °C for 20
min, the reaction was terminated by the addition of 0.1
mL of 6 mM CuCl,. The absorbance of formazan
produced was determined at 560 nm.*’

The non-enzymatic generation of superoxide anion was
measured in the mixture composed of 10 uM phenazine
methosulfate, 78 uM NADH, 25 uM NBT and 0.1 M
phosphate buffer (pH 7.4). After 2 min of incubation at
room temperature, the absorbance at 560 nm was
measured.™

Preparation of mitochondria and microsomes

Livers of Wistar male rats weighing 100-150 g were
removed quickly and dropped into ice-cold 3 mM Tris-
HCI buffer (pH 7.4) containing 0.25 M sucrose and 0.1
mM EDTA. Mitochondria were obtained as a pellet
after centrifuge at 15,000 g according to the method of
Johnson and Lardy,* and then resuspended in 100 mM
HEPES buffer (pH 7.2). Submitochondrial particles
were prepared by sonication™ of mitochondrial suspen-
sion for 1 min at 4 °C using a Model 450 Sonifier

(Branson Ultrasonics Corporation, U.S.A). Micro-
somes were obtained as a pellet after centrifuge at
105,000 g for 60 min,”' and then the pellet was
resuspended in the buffer containing 70 mM sucrose,
0.21 M mannitol, 0.1 mM EDTA and 3 mM HEPES
(pH 7.4).

Protein concentrations of the suspensions were deter-
mined by the method of Lowry et al.™

Measurement of lipid peroxidation

The NADPH-dependent peroxidation of microsomal
lipid was assayed by the modified method described by
Pederson et al.”’” Rat liver microsomes (equivalent 0.2
mg protein) were incubated at 37 °C in 1 mL of reaction
mixture containing 0.05 M Tris-HCI (pH 7.5), 2 mM
ADP, 0.12 mM Fe(NO;);, and 0.1 mM NADPH. The
reaction was initiated by the addition of NADPH. After
5 min, 2 mL. of TCA-TBA-HCI reagent (15 % wjv
trichloroacetic acid; 0.375 % thiobarbituric acid; 0.25 N
HCI) and 90 pL. of 2 % BHT were added to the reaction
mixture. The solution was heated for 15 min in a boiling
water bath. After cooling, the flocculent precipitate was
removed by centrifugation at 1000 g for 10 min. The
absorbance of thiobarbituric acid (TBA) reactive
subsigances in the supernatant was determined at 535
nm.”

Mitochondrial lipid peroxidation was assayed by the
modified method described by Takayanagi et al.* Rat
liver submitochondrial particles (equivalent 0.3 mg
protein) were incubated at 37 °C in 1 mL of reaction
mixture containing 50 mM HEPES-NaOH (pH 7.0), 2
mM ADP, 0.1 mM FeCl;, 10 pM rotenone and 0.1 mM
NADH. The reaction was initiated by the addition of
NADH. After 5 min, the reaction was terminated and
lipid peroxidation was determined by the same TBA
method as for the microsomal peroxidation.

Detection of superoxide anion in microsome

Rat liver microsomes were diluted to a final concentra-
tion of 0.4 mg/mL in 0.1 M Tris buffer (pH 7.7)
containing 0.1 mM EDTA and 30 puM succinoylated
ferricytochrome ¢.*’ The reaction mixtures were incu-
bated at 37 °C, and after 30 s, NADPH at 0.2 mM was
added. The reduction of succinoylated cytochrome ¢
was monitored using the wavelength-pair 550-557 nm™
in a MPS-2000 spectrophotometer (Shimadzu Corpora-
tion, Kyoto, Japan) equipped with a TCC temperature
controller. The addition of an excess of SOD allowed to
differentiate between O, mediated and direct enzymic
reduction of cytochrome c.

Mitochondrial peroxidation and assay for enzyme
activity

NADPH-dependent peroxidation of rat liver submito-
chondrial particles were achieved in a medium contain-
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ing 0.1 M mannitol, 5 mM potassium phosphate (pH
7.4), 10 mM Tris-HCI (pH 7.4), 0.1 mM EDTA, 1 mM
ADP and 0.3 mM FeCl; at 25 °C.* The reaction was
started by the addition of 0.5 mM NADPH. At intervals
during incubation, mitochondrial suspensions were
taken out from the mixture and NADH—cytochrome ¢
reductase and succinate—cytochrome ¢ reductase activ-
ities were measured.

The reductase activity was assayed by measuring the
increase in the absorbance at 550 nm resulting from the
reduction of cytochrome c. The reaction mixtures
contained 50 mM potassium phosphate buffer (pH
7.4), 5 mM NaNj,, 2.1 mg of oxidized cytochrome ¢ and
200 uM NADH or 20 mM sodium succinate in a total
volume of 3 mL.”

References

1. Chen, Y.; Miles, A. M.; Grisham, M. B. In Oxidative Stress
and Antioxidant Defenses in Biology; Ahmad, S., Ed.; Chapman
& Hall: New York, 1995; pp 62-95.

2. Halliwell, B.; Aruoma, O. 1. In Molecular Biology of Free
Radicals Scavenger System, Vol. 9; Scandalios, Ed.; Cold
Spring Harbor Laboratory Press: New York, 1992; pp 47-67.
3. Halliwell, B.; Gutteridge, J. M. C.; Cross, E. E.J. Lab. Clin.
Med. 1992, 119, 598.

4. Smith, M. T. In Reactive Oxygen Species in Chemistry,
Biology, and Medicine; Quintaniha, A., Ed.; Plenum Press:
New York, 1985; pp 157-166.

5. Witting, L. A. In Free Radicals in Biology, Vol. 4; Pryor, W.
A., Ed.; Academic Press: New York, 1980; pp 295-319.

6. Slater, T. F. Biochem. J. 1984, 222, 1.

7. Niki, E. Chem Phys. Lipids 1987, 44, 227.

8. Southorn, P. A. Mayo. Clin. Proc. 1988, 63, 390.

9. Gay, K. F. In Lipid-Soluble Antioxidants: Biochemistry and
Clinical Applications; Ong, A. S. H.; Packer, L., Eds,;
Birkhauser Verlag: Switzerland, 1992; pp 442-456.

10. Menon, V. P.; Kumari, S.; Jayadeep, S. A.; Kumari, S. J.
S.; Mathew, S.; Kurup, P. A. In Lipid-Soluble Antioxidants:
Biochemistry and Clinical Applications; Ong, A. S. H.; Packer,
L., Eds.; Birkhauser Verlag: Switzerland, 1992; pp 457-468.
11. Hiramatsu, M.; Edamatsu, R.; Ohyama, H.; Mori, A. In
Lipid-Soluble Antioxidants: Biochemistry and Clinical Applica-
tions; Ong, A. S. H.; Packer, L., Eds.; Birkhauser Verlag:
Switzerland, 1992; pp 535-552.

12. Tto, N.; Fukushima, S.; Hasegawa, A.; Shibata, M.; Ogiso,
T.J. Natl. Cancer. Inst. 1983, 70, 343.

13. Namiki, M. Crit. Rev. Food Sci. Nutr. 1990, 29, 273.

14. Fang, X.; Wada, S. Food Res. Int. 1993, 26, 405.

15. Okuda, T.; Yoshida, T.; Hatano, T. In Active Oxygens,
Lipid Peroxides, and Antioxidants; Yagi, K., Ed.; CRC Press:
New York, 1993; pp 333-346.

16. Schuler, P. In Food Antioxidants; Hudson, B. J. F., Ed;
Elsevier: London, 1990; pp 99-121.

17. Matinez, M. In Catalogo de Nombres Vulgares y Cientificos
de Plantas Mexicanas; Fondo de Cultura Economica: Mexico,
1984; pp 145-146.

18. Kubo, 1.; Muroi, H.; Kubo, A.; Chaudhuri, S. K.; Sanches,
Y.; Ogura, T. Planta Med. 1994, 60, 218.

19. Kubo, I.; Kinst-Hori, I.; Ishiguro, K.; Chaudhuri, S. K,;
Sanches, Y.; Ogura, T. Bioorg. Med. Chem. Lett. 1994, 4, 1443,

20. Haraguchi, H.; Saito, T.; Ishikawa, H.; Sanches, Y.;
Ogura, T.; Kubo, L J. Pharm. Pharmacol. 1996, 48, 441.

21. Porter, N. A,; Wujek, D. G. In Reactive Oxygen Species in
Chemistry, Biology, and Medicine; Quintaniha, A., Ed.; Plenum
Press: New York, 1985; pp 55-79.

22. Howard, J. A;; Ingold, K. U. Can. J. Chem. 1967, 45, 793.
23. Larson, R. A. Phytochemistry 1988, 27, 969.

24. Mayumi, T.; Schiller, H. J.; Bulkley, G. B. In Free Radical:
From Basic Science to Medicine; Poli, G.; Albamo, E.; Dianzni,
M. U., Eds.; Birkhauser Verlag: Switzerland, 1993; pp 438-457.

25. Halliwell, B.; Gutteridge, J. M. C. In Methods in
Enzymology, Vol. 186 ; Packer, L.; Glazer, A. N., Eds;
Academic Press: New York, 1990; pp 1-85.

26. Roders, M. K. Biochem. Pharmacol. 1978, 27, 437.

27. Pederson, T. C.; Buege, J. A.; Aust, S. D. J. Biol. Chem.
1973, 248, 7134.

28. Hall, E. D.; Braughler, J. M. In Oxygen Radicals and
Tissue Injury; Halliwell, B., Ed.; FASEB: Bethesda, 1988; pp
92-98.

29. Cadenas, E. In Oxidative Stress and Antioxidant Defences
in Biology; Ahmad, S., Ed.; Chapman & Hall: New York,
1995; pp 1-61.

30. Kuthan, H.; Ullrich, V. Biochem. J. 1982, 203, 551.

31. Wiswedel, I.; Ulbricht, O.; Augustin, W. Biomed. Biochim.
Acta 1989, 2, 73,

32. Nohl, H. In Free Radical, Aging, and Degenerative Diseases;
Johnson, J. E., Ed.; Alan R. Liss: New York, 1986; pp 77-97.

33. Forman, H. J.; Boveris, A. In Free Radicals in Biology, Vol. 5;
Pryor, W. A,, Ed.; Academic Press: New York, 1982; pp 65-90.

34, Takayanagi, R.; Takeshige, K.; Minakami, S. Biochem. J.
1980, 792, 853,

35. Veitch, K.; Hombroeckx, A.; Caucheteux, D.; Pouleur, H.;
Hue, L. Biochem. J. 1992, 281, 709.

36. Narabayashi, H.; Takeshige, K.; Minakami, S. Biochem. J.
1982, 202, 97.

37. Lewis, N. G. In Antioxidants in Higer Plants; Alscher, R. G.;
Hess, J. L., Eds.; CRC Press: Boca Raton, 1993; pp 135-169.

38. Ohnishi, M.; Morishita, H.; Iwahashi, H.; Toda, S.;
Shirataki, Y.; Kimura, M.; Kido, R. Phytochemistry 1994, 36,
579.

39, Cuvelier, M.-E.; Richard, H.; Berset, C. Biosci. Biotech.
Biochem. 1992, 56, 324.

40. Ratty, A. K.; Das, N. P. Biochem. Med. Metabol. Biol.
1988, 39, 69.

41. Mora, A.; Paya, M.; Rios, J. L.; Alcaraz, M. J. Biochem.
Pharmacol. 1990, 40, 793.

42. Cholbi, M. R.; Paya, M.; Alcaraz, M. J. Experientia 1991,
47, 195.

43. Weng, X. C.; Gordon, M. H. J. Agric. Food Chem. 1992,
40, 1331. :

44. Halliwell, B.; Gutteridge, J. M. C. Arch. Biochem. Biophys.
1990, 280, 1.

45. Haraguchi, H.; Hashimoto, K.; Yagi, A. J. Agric. Food
Chem. 1992, 40, 1349.

46. Blois, M. S. Nature 1958, 181, 1199.
47. Toda, S.; Kumura, M.; Ohnishi, M. Planta Med. 1991, 57, 8.



Antioxidative constituents in Heterotheca inuloides 871

48. Robak, J.; Gryglewski, R. J. Biochem. Pharmacol. 1988, 52. Lowry, O. H; Rosebrough, H. J; Farr, A. L.; Randall, R.
37, 837. J. J. Biol. Chem. 1951, 193, 265.

49. Johnson, D.; Lardy, H. In Methods in Enzymology, Vol. 10; 53. Bu.ege » 3. A Aust, S. D. In Methods l:" Enzymology, Vol.
Estabrook, R. W.; Pullman, M., Eds.; Academic Press: New 52; Fleischer, S.; Packer, L., Eds.; Academic Press: New York,
York, 1967; pp 94-96. 1978; pp 302-310.

54. Nishida, T.; Shibata, H.; Koseki, M.; Nakao, K,

50. Takeshige, K.; Minakami, S. Biochem. J. 1979, 180, 129. Kawashima, Y.; Yoshida, Y.; Tagawa, K. Biochim. Biophys.
51. Liu, G.; Zhang, T.; Wang, B., Wang, Y. Biochem. Acta 1987, 890, 82.
Pharmacol. 1992, 43, 147. 55. Ulrich, J. T.; Mathre, D. E. J. Bacteriol. 1972, 110, 628.

(Received in Japan S December 1996; accepted 20 January 1997)



