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Although an antioxidant mechanism has been involved in the beneficial effects of ferulic acid in human
diseases, there are few reports on the antioxidant properties of this compound in isolated membranes
and intact cells. Here, we evaluated the ability of ferulic acid in inhibiting lipid peroxidation in rat liver
microsomal membranes and reactive oxygen species production in NIH-3T3 fibroblasts, induced by
both tert-BOOH and AAPH. We also compared its antioxidant efficiency with that of other antioxidants,
such as a-tocopherol, -carotene, and ascorbic acid, added alone or in combination. Ferulic acid
acted as a potent antioxidant in our models, being more effective in protecting from tert-BOOH than
from AAPH. Moreover, the compound was the most effective among the antioxidants tested.
Synergistic interactions were observed when the compound was used in combination with the other
antioxidants, suggesting that they can cooperate in preserving physiological integrity of cells exposed
to free radicals.
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INTRODUCTION its related compounds, such psoumaric acid, caffeic acid,
and sinapic acid, inhibited the autoxidation of methyl linoleate

There is currently a great deal of interest in the health benefits and linoleic acid as well as the oxidation of liposomes induced

of ferulic acid, one of the most ubiquitous phenolic compounds by the water-soluble initiator DPPHBY. Moreover, natural
in nature, especially rich as an ester form in rice bran piigh (

The compound has been largely used as a food preservativxfhenonc compounds, including ferulic acid, have been shown
because of its ability to inhibit the autoxidation of oils 8). It o reinforce the antioxidant capacity of lactoferrin by inhibiting

also constitutes the active ingredient in many skin lotions and the oxidation in liposomes and oil-in-water emulsiog3. (n
sunscreens designed for photoprotectiah ). Moreover addition, ferulic acid increased the antioxidant activity of plasma

epidemiological studies have provided evidence that a high an_d the resistance of low-density Ilpoprotelns_ (LDLs) to
consumption of whole grain products, rich in ferulic acid, may ©Xidation (10—12). Although numerous observations suggest
reduce the risk of chronic diseases, including cardiovascular f[hat ferulic acid can aqt as an ar_1t|OX|dant in Ilpld_solutlons, I|tt_le
diseases and certain types of cand&y (Much attention has 1S knpwn on systenrjat_lc evaluation of the antioxidant pr_opgrtles
been paid to the possibility that ferulic acid may exert such ©f this compound in isolated membranes as well as in intact
health benefits by an antioxidant mechanism. Due to its phenolic Cells. In this work, in rat liver microsomal membranes and in
nucleus and an extended side chain conjugation, the compounduman fibroblasts, we investigated the antioxidant activity of
forms a resonance-stabilized phenoxy radicaL which could ferulic acid in Inhlbltlng ||p|d perOXidation and/or reactive
account for its potential antioxidant and photoprotective proper- 0xygen species (ROS) production induced in vitro by two
ties (1,7). Recently, it has been reported that ferulic acid and different sources of free radicals: 2,2'-azobis (2-amidinopro-
pane) (AAPH), which exogenously produces peroxyl radicals
by thermal decomposition, artdrt-butyl hydroperoxidetért-
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Fax: +39—063386446. E-mail: p.palozza@rm.unicatt.it. _ BOOH), which endogenously produces alkoxyl radicals by
lPe?frttmePtGOf Pha}rrgatchetljtlcal gClt%nCI_ESUU'nlver_tslty of Calabria. Fenton reactions. In addition, we have compared the antioxidant
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Figure 1. Chemical structures of ferulic acid, a-tocopherol, 3-carotene, tert-BOOH 25 79 + 49
and ascorbic acid. 5.0 83 +5¢
10.0 93 £ 5¢

or In Comblnatlon Wlth ferullc aCld_ The results Strongly Suggest a AAPH was added to the cells at the concentration of 50 mM and P tert-BOOH

that ferulic acid can act as an excellent antioxidant in our & the concentration of 0.1 mM. Results represented the means + SEM of three

models. Its antioxidant efficiency was more remarkable using separate experiments. ¢~¢ Within the same treatment, values not sharing a letter
) . differered, p < 0.05 (Fisher's test).

tert-BOOH as a prooxidant. Moreover, the compound was the P ( )

most effective among the antioxidants tested, whatever SOUrCe, 4 cells received amounts of THF equal to those present in antioxidant-

of free radicals was used. Synergistic antioxidant interactions yreated microsomes and cells. The amount of THF added was not greater
were observed when the compound was used in combinationghan 0.5% (v/v) and did not affect microsomal and cell viability (data
with the other antioxidants, suggesting the possibility of notshown). The antioxidant-enriched microsomes and cells were gently
cooperative mechanisms among these molecules in biologicalsuspended by a Dounce homogenizer, and then the suspensions were

systems. incubated at 37C in a shaking bath under air in the dark. After 60
min of incubation, the distribution of the antioxidants between aqueous
MATERIALS AND METHODS and membrane interface was evaluated. The amount of antioxidants

associated with the microsomes was measured after a centrifugation

Chemicals. All-trans ferulic acid was obtained by Polichimica srl  of 105 000gfor 30 min and that associated with the cells after a
(Bologna, Italy)o-tocopherol ang-carotene were obtained from Fluka  centrifugation of 850gfor 10 min. In this experiment, all the
Chemika-Biochemika (Buchs, Switzerland). Ascorbic acid, ethylene- antioxidants were used in a range of concentrations of B0B0uM.
diaminetetracetic acid (EDTAjert-butyl hydroperoxidetert-BOOH), o-Tocopherol ang3-carotene, at the concentrations used, were both
butylated hydroxytoluene (BHT), 1,1,3,3-tetramethoxypropane, am- found to be associated to cell membranes (nearly 100% in the pellet
monium acetate, and 2-thiobarbituric acid (TBA) were obtained from fraction), while ascorbic acid was all found in the aqueous phase (nearly
Sigma (Sigma Chemical Co, St. Louis, MO). Trichloroacetic acid (TCA) 100% in the supernatant). About 95% of the total amount of ferulic
and hydrochloric acid were obtained from Fisher Scientific (Fairlawn, acid added was detected in the aqueous phase, and only 5% was found
NJ). 2,2'-Azobis (2-amidinopropane) (AAPH) was obtained from to be associated to the cell membrane fraction. The amount of ferulic
Polysciences, Inc (Warrington, PA). Tetrahydrofuran (THF) (99.9%) acid in cell membranes was not significantly increased by a prolonged
and tetrabutylammonium dihydrogen phosphate was purchased fromexposition of the cells (up to 6 h) with the compound.
Aldrich Chemical Co (St. Louis, MO). Hexane, methanol, acetonitrile, Control and antioxidant-enriched microsomes and cells were incu-
isobutyl alcohol, 2-propanol, and ethanol were HPLC grade and bated at 37C under air and in the dark in the absence or in the presence
obtained from Fluka Chemika-Biochemika (Buchs, Switzerland). of tert-BOOH or AAPH.

Microsomal SuspensionsLiver microsomes were prepared from Malondialdehyde Formation. Malondialdehyde (MDA) was ex-
Wistar rats by tissue homogenization with 5 volumes of ice-cold 0.25 tracted and analyzed as indicatekb). Briefly, aliquots of 1 mL of
M sucrose containing 5 mM Hepes, 0.5 mM EDTA, pH 7.5 in a Potter- microsomal suspension (0.5 mg proteins) were mixed with 3 mL 0.5%
Elvehjem homogenizer (13). Microsomal membranes were isolated by TCA and 0.5 mL of TBA solution (two parts 0.4% TBA in 0.2 M HCI
removal of the nuclear fraction at 809@r 10 min and removal of and one part distilled water) and 0.07 mL of 0.2% BHT in 95% ethanol.
the mitochondria fraction at 18 0g0for 10 min. The microsomal Samples were then incubated in a 90 bath for 45 min. After
fraction was sedimented at 105 @Df@r 60 min, and the fraction was incubation, the TBA-MDA complex was extracted with 3 mL of
washed once in 0.15 M KCI and collected again at 10530@® 30 isobutyl alcohol. The isobutanol extract was mixed with methanol (2:
min (10). The membranes, suspended in 0.1 M potassium phosphatel) prior to injection in an HPLC system. The column was packed with
buffer, pH 7.5, were stored at80 °C. Microsomal proteins were Supelcosil LC-18 material, 8m particle size, in a 15-cnx 4.6-mm
determined by the Bio-Rad method (14). cartridge format (Supelco, Bellefonte, PA). A 2-cm cartridge precolumn

Cell Culture. Murine transformed NIH-3T3 fibroblasts were cultured  containing 5#m LC-18 Supelcosil packing was used. The mobile phase
in RPMI 1640 medium (Gibco Biocult, Paisley, UK) without antibiotics, was a 1:1 (v/v) mixture of methanol and double-distilled water, with
supplemented with 10% fetal calf serum (Flow Laboratories, Irvine, the addition of tetrabutylammonium dihydrogen phosphate (0.05%,
UK), and 2 mM glutamine. The cells were maintained in log phase by wi/v), as an ion-pairing reagent. The TBAMDA adduct was detected
seeding twice a week at a density of31C cells/mL. They grew at by a fluorimeter set an excitation wavelength of 515 nm and an emission
37 °C under 5% C@and 95% air at 99% humidity. wavelength of 550 nm. At a flow rate of 1 mL/min, the retention time

Addition of Ferulic Acid and Other Antioxidants to Microsomes of the TBA—MDA adduct was 5 min. MDA concentration was
and Cells. To minimize autoxidation process, stock solutions of the calculated from a calibration curve generated from a peak height of
antioxidants in THF were prepared immediately before each experiment. the MDA standard, prepared by the hydrolysis of 1,1,3,3,-tetramethoxy-
From the stock solutions, aliquots of ferulic acid;tocopherol, propane. Ferulic acid and the other antioxidants tested did not interfere
p-carotene, and ascorbic acid, whose chemical structures are shown inwith the MDA assay, because no MDA formation was detected in the
Figure 1, were rapidly added to the microsomes and to the cells to medium containing the antioxidants alone in the absence of the
give the final antioxidant concentrations indicated. Control microsomes microsomes.
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Figure 2. Effects of varying ferulic acid concentrations on MDA production induced by AAPH (A) and tert-BOOH (B) in rat liver microsomal membranes.
The insert in A shows the calculated lag times. The microsomal membranes were incubated with 25 mM AAPH or 0.25 mM tert-BOOH at 37 °C under
air in the dark. Results represented the means + SEM of six separate experiments.

Conjugated Diene Formation. Aliquots of 1 mL of microsomal effluent from the column was monitored at 290 nb8). Ferulic acid
suspension (1.0 mg proteins) were extracted in chloroform/methanol concentration in samples was calculated from a calibration curve
(2:1, viv) and conjugated dienes were measured by monitoring the generated from peak height of ferulic acid in calibration samples.
increase of the absorbance at 233 nm. The reference cuvettes lacked f-Carotene Assay.The extraction off-carotene from microsomes
the microsomes but contained the prooxidant (AAPHest-BOOH) was performed as indicated by Palozza et &9)( The sample was
and when indicated, ferulic acid. In addition, another set of cuvettes dissolved in methanol, and a 2Q- aliquot was analyzed by reverse-
contained the microsomes to monitor their spontaneous autoxidation. phase HPLC with spectrophotometric detection on a Perkin-Elmer LC-
All of the cuvettes were incubated at 3C, and the 233-nm readings 295 detector at 450 nnfi{carotene content) and at 350 nfhdarotene
due to oxidized products of ferulic acid and that due to autoxidation 5,6-epoxide) 20). The column was packed with Alltech C18 Ad-
were subtracted from the sample cuvettes to obtain the 233-nm readingsorbosphere HS material3n particle size, in a 15 0.46-cm cartridge
attributable to conjugated dienes. The difference spectrum obtained wasformat (Alltech Associates, Deerfield, IL). A 1-cm cartridge precolumn,
used for the determination of conjugated dienes, u&ireg 25 200 containing 5um C18 Adsorbosphere packing was used. Analyses were
M~lcm™ (16). done by gradient elution, the initial mobile phase was 85% acetonitrile/

Ferulic Acid Assay. Ferulic acid was determined according to 15% methanol, with the addition at 8 min of 30% 2-propanol.
Fujiwara et al. 17). Briefly, to 1 mL of microsomal membranes was Ammonium acetate, HPLC grade, 0.01%, was added to the initial
added 1 mL of 0.2 N HCI, and the sample was extracted with 6 mL of mobile phase.
ethyl ether with vigorous shaking for 10 min. After centrifugation of Measurement of ROS. Cells (2 x 10°) treated with varying
the mixture, the organic layer was transferred into another test tube concentrations of ferulic acid for 3 h were harvested to evaluate cellular
and evaporated to dryness at room temperature under a stream operoxides and hydroxyl radical levels using the di(acetoxymethyl ester)
nitrogen. The residue was dissolved in-800xL of methyl alcohol, analogue (C-2938) of 6-carboxy-2',7'-dichlorodihydrofluorescein di-
and an aliquot of the solution was injected with a microsyringe into acetate (DCF) (Molecular probes, Inc., Eugene, OR) as previously
the HPLC column 17). Samples were eluted from a C18 column described (21). Fluorescent units were measured in each well after 30
(Alltech Econosphere, M pore size, 150 4.6-mm) using 0.1 M min of incubation with DCF (1tm) by use of a cytofluor 2300/2350
acetic acid/acetonitrile (3:1, v/v), and the flow rate was 1 mL/min. The Fluorescence Measurement System (Millipore Corp., Billerica, MA).
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Figure 3. Effects of ferulic acid on Conjugated Diene production induced Figure 4. Inhibition of AAPH- (A) and tert-BOOH- (B) induced MDA
by AAPH (A) and tert-BOOH (B) in rat liver microsomal membranes. The production by different concentrations of ferulic acid in rat liver microsomal
microsomal membranes were incubated in the absence or in the presence membranes. ICs = concentration of ferulic acid responsible for an
of 5 uM ferulic acid with 25 mM AAPH or 0.25 mM tert-BOOH at 37 °C inhibition of MDA formation by 25%. The microsomal membranes were
under air in the dark. Results represented the means = SEM of four incubated with 25 mM AAPH or 0.25 mM tert-BOOH at 37 °C under air
separate experiments. The treatment x time interaction was significant in the dark for 15 min. Results represented the means + SEM of six
(p < 0.05). Values not sharing a letter differed, p < 0.001 (A), p < 0.002 separate experiments.

(B) (Tukey's test).

1004

Fluorescence was measured without addition of prooxidants (basal ROS
production) or in the presence of AAPH tert-BOOH, which were
added to the cells for 30 min. Ferulic acid did not alter the basal
fluorescence of DCF.

Cell Viability. Cells (2 x 10°), treated with or without ferulic acid
for 3 h, were further exposed to a 5-h treatment with AAPHeot-
BOOH. Such a period of time was responsible for cytotoxic effects by
both the prooxidants. The percentage of viable cells was measured by
Trypan blue dye exclusion method.

Statistical Analysis. Results were expressed as meansSEM. e tert -BOOH
Multifactorial two-way ANOVA was adopted to assess any difference 0 T T T
among treatments and times (FiguresA28, and9). When theF-tests 0 15 30 45
were significantP < 0.05), post-hoc comparisons of means were made Incubation time (min)
using Tukey's Honesly Significant Differences test. Datd able 1 Figure 5. Loss of ferulic acid induced by AAPH and tert-BOOH in rat
were analyzed using one-way ANOVA. When significant values were . o . .

liver microsomal membranes. Ferulic acid was added to the microsomes

found (p < 0.05), post hoc comparison of means were made using the . . . .
Fisher's test. Differences were analyzed using Minitab Software a the concentration of 5 «M, and the microsomes were incubated with

(Minitab, State College, PA). 25 mM AAPH or 0.25 mM tert-BOOH at 37 °C under air in the dark.
Results represented the means + SEM of six separate experiments. The
treatment x time interaction was significant (p < 0.05). Values not sharing
a letter differed, p < 0.002 (Tukey's test).
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RESULTS AND DISCUSSION

Rat Liver Microsomal Membranes. The ability of ferulic
acid to protect against lipid peroxidation induced by two
different sources of free radicals, including AAPH ateglt- hand,tert-BOOH has been reported to act as an endogenous
butyl hydroperoxide, was examined first in rat liver microsomal generator of alkoxyl-radical28). Ferulic acid was added to
membranes. It is known that the azocompound AAPH produces the system at micromolar concentrations in the range of 0.5—
exogenously peroxyl radicals via an oxygen-dependent iron- 50uM, dissolved in THF. In this model, the phenolic compound
independent mechanism at constant rag3.(On the other acted as a potent antioxidant, inhibiting the propagation phase
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Figure 6. Inhibition of AAPH- (A, C, E) and tert-BOOH- (B, D, F) induced MDA production by different concentrations of a-tocopherol (A, B), 5-carotene
(C, D) and ascorbic acid (E, F) in rat liver microsomal membranes. IC;s = concentration of antioxidant responsible for an inhibition of MDA formation
by 25%. The microsomal membranes were incubated with 25 mM AAPH or 0.25 mM tert-BOOH at 37 °C under air in the dark for 15 min. Results
represented the means + SEM of six separate experiments.

of MDA formation induced by both AAPH (25 mM)Higure Ferulic acid not only inhibited MDA formation but also
2A) and tert-BOOH (250 uM) (Figure 2B) in rat liver conjugated diene production induced by both AARFg(re
microsomal membranes. The inserfigure 2A evidencesthat ~ 3A) and tert-BOOH (Figure 3B) in rat liver microsomal
the antioxidant was also able to inhibit the initiation phase of membranes.
the lipid peroxidation induced by AAPH, as shown by the The compound was a stronger antioxidant in protecting the
induction of lag times. Such lag times were calculated by membranes frontert-BOOH- than from AAPH-induced lipid
drawing a straight line through the linear portion of the peroxidation. This was clearly shown by the fact that the
propagation phase, until it intercepts the abscissa, as described¢oncentration of ferulic acid responsible for an inhibition of
in our previous work 24). The effects of ferulic acid on the MDA formation by 25% (IGs) was much higher using AAPH
propagation and initiation phase of lipid peroxidation were dose- (Figure 4A) than it was usindert-BOOH (Figure 4B).
and time-dependent and evidenced at very low concentrations Figure 5 shows the loss of ferulic acid induced by the two
of the antioxidant. prooxidants in rat liver microsomes. The antioxidant was linearly
Itis proposed nowadays that the use of more than one markerconsumed by both AAPH aniért-BOOH. However, the loss
of oxidation is required to evaluate the efficacy of an antioxidant of ferulic acid was much more pronounced when AAPH was
(25). Therefore, we measured the ability of ferulic acid in used.
inhibiting the production of conjugated dienes, early products  The antioxidant efficiency of ferulic acid was also compared
in the lipid peroxidation process. with that of other antioxidants, such astocopherol (Figure
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Figure 7. Percentage of inhibition of AAPH- (A) and tert-BOOH- (B)

induced MDA formation in the presence of a combination of ferulic acid found using the antioxidants individually. Similar effects were
and a-tocopherol, 3-carotene, or ascorbic acid in rat liver microsomal also observed during AAPH-induced lipid peroxidation when
membranes. The antioxidants were added at the concentrations respon- the antioxidants were added to rat liver microsomal membranes
sible for an inhibition of MDA formation by 25% (ICys), with the only in combination at the same concentration @i (Figure 8).
exception of B-carotene in A, which was added at the concentration Again, ascorbic acid and ferulic acid, added in combination,
responsible for an inhibition of MDA formation by 19% (25 uM). The showed positive synergistic effects in inhibiting MDA formation,
microsomal membranes were incubated with 25 mM AAPH or 0.25 mM whereas combinations of ferulic acid amdtocopherol or
tert-BOOH at 37 °C under air in the dark for 15 min. Results represented p-carotene exhibited negative synergistic effects. The latter were
the means + SEM of six separate experiments. particularly evident when a combination of ferulic acid and

. p-carotene was used. The carotenoid alone showed only a weak
6, partsA andB), f-carotene (Figure 6, part€ andD) and  jopipition of AAPH-induced MDA formation by about 5%,
ascorbic acid (Figure 6, pars andF) in the presence of AAPH  \hereas the phenolic compound alone inhibited lipid peroxi-
(Figures 6, partsA, C, andE) or tert-BOOH (Figure 6, parts  yati0n by about 55%. The combination of the two compounds

B, D, and _F) in rat liver microsomal membranes. In such &  gen reduced the antioxidant efficiency of ferulic acid, showing
model, using AAPH as a prooxidant, the overall order of _. i hibition of MDA formation of about 25%.

effectiveness of these compounds as antioxidants was ascorbic

acid > a-tocopherol> B-carotene, whereas usinigrt-BOOH To explain the synergistic interactions among the different

as a prooxidant, it wasi-tocopherol > ascorbic acid> antioxidants, we measured AAPH-induced consumption of
' ferulic acid in the absence or in the presencewdbcopherol,

p-carotene. None of these compounds interfered with MDA . s . ;

production: No inhibition was observed when the compounds [-carotene, and ascorbic acid in rat liver microsomal membranes
were added to the membranes at the same time as the TBAg:'gur((ej g)i Ferulic a\c/:\}(:].lvvas cor;)§umgg by tAAtngm a:mg;_'
reagent instead of at the beginning of the incubation. Interest- . ependent manner. li€ ascorbic acid protected from )

ingly, when the IGs of the different antioxidants were compared induced loss of ferulic acid, bot+-tocopherol ang-carotene

with those of ferulic acid, the phenolic compound exhibited the enhanced .'t' . .
lowest 1Gs. The same 165 was only found usingt-tocopherol Concomitantly, we measured AAPH-induced consumption of
in the presence diert-BOOH. p-carotene (Figure 10A) and the formation of a known oxidation
We have also evaluated the possibility of synergistic anti- Product of the carotenoid, thecarotene 5,6-epoxidef-igure
oxidant interactions of ferulic acid witb-tocopherol 8-caro- 10B) in the presence of ferulic acid in rat liver microsomal
tene, or ascorbic acid during AAPH-inducegigure 7A) and membranes. The phenolic compound was able to protect the

tert-BOOH-induced Figure 7B) oxidative stress in rat liver ~ carotenoid from both the spontaneous and AAPH-induced loss

microsomal membranes. In these experiments, the antioxidantsand to decrease the formation @fcarotene 5,6-epoxide.

were added in combination at their respectivgs/@nd MDA Murine Fibroblasts. The fact that ferulic acid was able to
production was measured. The combined addition of ferulic acid protect against lipid peroxidation microsomal membranes did
and ascorbic acid strongly inhibited MDA production, and such not prove that it had antioxidant properties in more complex,
an inhibition was greater than the sum of the inhibitions obtained structurally ordered systems, such as intact cells. The effect of
individually by the two antioxidants. On the other hand, the this compound on spontaneodsdure 11A), AAPH-induced
combined addition of ferulic acid and-tocopherol or ferulic (Figure 11B) and tert-BOOH-induced (Figure 11C) ROS
acid andp-carotene-induced inhibitions of MDA formation, production in NIH-3T3 murine fibroblasts was therefore evalu-
which were remarkably lower than the sum of the inhibitions ated. A 3-hour addition of the antioxidant to the cells was able
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(p < 0.05). Values not sharing a letter differed, p < 0.001 (Tukey's test).
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Figure 10. Spontaneous and AAPH-induced consumption of 5-carotene
(A) and formation of 3-carotene 5,6-epoxide (B) in the absence or in the
presence of ferulic acid in rat liver microsomal membranes. The
antioxidants were added at the concentration of 5 M and the microsomes
were incubated with 25 mM AAPH under air in the dark. Results
represented the means + SEM of five separate experiments. The treatment
x time interaction was significant (p < 0.05). Values not sharing a letter
differed, p < 0.004 (A), p < 0.002 (B) (Tukey's test).
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Figure 11. Effect of varying ferulic acid concentration on the production
of intracellular reactive oxygen species (ROS) induced spontaneously (A),
by AAPH (B) and tert-BOOH (C) in NIH-3T3 fibroblasts. The cells were
cultured with ferulic acid for 3 h before the addition of 50 mM AAPH or
0.1 mM tert-BOOH for 30 min. Results represented the means + SEM of
five separate experiments.

Ferulic acid was also able to protect murine fibroblasts from
the cytotoxic effects induced by both AAPH atett-BOOH
in a dose-dependent manner, as showmable 1.

Although much attention has been paid to the potential
activity of phenolic compounds as natural antioxidants for
practical use on account of their widespread occurrence in plants,
further systematic information on their antioxidant properties
in different conditions needs to be investigated. The present
study demonstrates the antioxidant properties of ferulic acid in
complex, structurally ordered systems, such as isolated mem-
branes and intact cells. In microsomal membranes and in
fibroblasts, the compound acted as a powerful antioxidant, as
documented by its ability in inhibiting lipid peroxidation and/
or free radical production. These effects occurred at micromolar
concentrations of the compound and were dose- and time-
dependent. Ferulic acid was able to inhibit the lipid peroxidation
induced by bothert-BOOH, which produces alkoxyl radicals
(23), and AAPH, which produces peroxyl radicals (22). Such
data support the strong efficiency of ferulic acid as a scavenger
of different free radicals, including anion superoxide;()
hydroxyl radical (OH, NO~ (26), and hydroxyl and peroxyl
radicals 27) observed in several biological models. The methoxy
group at the ortho position relative to the hydroxyl group in
ferulic acid was reported to improve the antioxidant effectiveness
of the compound by increasing its resonance stabilizatign (
28,29). However, in our models, ferulic acid was a more potent
inhibitor of tert-BOOH-induced lipid peroxidation than of
AAPH-induced lipid peroxidation. It is known th&rt-BOOH
produces alkoxyl radicals by Fenton reactio28)(and that
ferulic acid exhibits ion chelating properties because of the

to strongly inhibit both spontaneous and free radical-induced dibasic acidity of its molecule due to its carboxyl and phenolic

ROS production in a dose-dependent manner.

hydroxyl group (). Therefore, it is possible that the high
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efficiency of ferulic acid in protecting frortert-BOOH-induced acid for lipids was also demonstrated by the minimal extent of
lipid peroxidation is due not only to the scavenger ability of partitioning of the compound in phosphatidylcholine liposomes
the compound itself but also to its ability in chelating iron, which as well as in LDLs (31). It is recognized that peroxyl radicals
may limit the formation of alkoxyl radicals byert-BOOH. are produced by AAPH in the aqueous phase, and this could
Interestingly, several phenolic compounds showed synergistic explain the higher antioxidant efficiency of ferulic acid with
antioxidant properties in reinforcing the antioxidant activity of respect to that of-tocopherol. In microsomal membranes
lactoferrin in lipid systems containing iroB)( It is also possible exposed to AAPH, ferulic acid was also more potent as an
that the increased antioxidant efficiency of ferulic acid during antioxidant than was ascorbic acid. These data are in agreement
tert-BOOH-induced lipid peroxidation may reflect a higher with a previous observation in LDLs, showing that the inhibition
stability of the compound toward the hydroperoxide. Our results of LDL oxidation by ferulic acid was more remarkable than
clearly show that ferulic acid was linearly consumed by both that observed in the presence of ascorbic a8it).(Our data
AAPH andtert-BOOH. Howevertert-BOOH induced a lower also show synergistic antioxidant interactions between ferulic
consumption of the compound with respect to that induced by acid and other antioxidants, includingtocopherol, ascorbic
AAPH. Such an effect may be explained by the lower rate of acid, andB-carotene in rat liver microsomal membranes. The
free radical formation induced kigrt-BOOH as well as by the ~ combined addition of ferulic acid and ascorbic acid strongly
different species of free radicals formed in the presence of the inhibited MDA production, and such an inhibition was greater
two different prooxidants. Using AAPH as a prooxidant, it is than the sum of the inhibitions obtained individually by the two
evidenced that ferulic acid not only inhibited the propagation antioxidants. Such an effect may be explained by the fact that
phase of lipid peroxidation but also inhibited the initiation phase, ascorbic acid, which was less efficient than ferulic acid in
inducing a clear lag time, similar to that found in the presence inhibiting AAPH-induced lipid peroxidation in rat liver mi-

of a-tocopherol (data not shown24). This effect seems to be ~ crosomal membranes, protected it by its oxidation, as evidenced
peculiar of several hydrocinnamic acids and ferulic acid esters, in Figure 9. This hypothesis is supported by a recent finding
as evidenced during the autoxidation of methyl linoleate in bulk showing that the addition of ascorbic acid provoked a delay of
phase and during AAPH-induced lipid peroxidation in egg yolk ferulic acid consumption induced by wheat peroxidase (POD)
PC liposomes?). The antioxidant efficiency of ferulic acid was ~ (32). This effect could occur because ascorbic acid rapidly
also compared with that of other antioxidants, sucludsco- reduced the phenoxyl radicals formed by POD back to the initial
pherol, 5-carotene, and ascorbic acid in rat liver microsomal Phenol, avoiding the formation of ferulate dimers until it was
membranes. In such a model, using AAPH as a prooxidant, the completely oxidized in dehydroascorbic acid.

overall order of effectiveness of these compounds as antioxidants On the other hand, in our study, the combined addition of
was ferulic acid> ascorbic acid> o-tocopherol> j-carotene, ferulic acid anda-tocopherol or ferulic acid anf-carotene-
whereas usingert-BOOH as a prooxidant, it was ferulic acid induced inhibitions of MDA formation which were remarkably
= oa-tocopherol> ascorbic acid> p-caroteneFigures 4 and lower than the sum of the inhibitions found using the antioxi-
6 clearly reflected these differences in the antioxidant potency dants individually. Such effects may be explained by the fact
of the compounds in rat liver microsomes, as evidenced by their that botho-tocopherol ang-carotene enhanced the consumption
IC,s. The scavenging effects oftocopherol, ferulic acid, and  of ferulic acid induced by the azocompound, as showFigre

its related compounds have been recently investigated in9. In particular, ferulic acid protectggtcarotene from AAPH-
solutions as well as in liposomeg)( While ferulic acid was induced consumption and prevented the formatiofi-oérotene
less potent tham-tocopherol in scavenging 1,1-diphenyl-2- oxidation products, such as thfecarotene 5,6-epoxide. The
picrylhydrazyl (DPPH) radicals and in inhibiting the formation finding that synergistic interactions may occur between ferulic
of hydroperoxides in bulk methyl linoleate, it was as potent as acid and other antioxidant nutrients, suctiocopherol, ascorbic
the tocopherol in limiting the formation of hydroperoxides in acid, andB-carotene, is particularly interesting in view of the
ethanol-buffered solution of linoleic acid and more potent than fact that many foods contain combinations of these compounds.
it in inhibiting AAPH-induced peroxidation of egg yolk lipo-  Ferulic acid and other cinnamic acid derivatives have been found
somes. It has been suggested that the participatiantoto- to be implicated in the antioxidant activity of tomato extracts
pherol in the initiation or in the propagation of lipid oxidation (33), and ferulic acid has been reported to be absorbed from
changed with rising temperature, 8, 29). According to this ~ tomato consumption (34). In addition, lipids extracted from
hypothesis, in the previous studies;tocopherol was more  grasses and leaves showed strong antioxidant behavior due to
effective as an antioxidant than ferulic acid at higher rather than their phenolic contaminant8%). Virgin olive oil also contains

at lower temperatures (40 vs 3€). Moreover, Marinova and  large quantities of phenolic compounds and a high degree of
Yanishlieva reported thai-tocopherol was more effective than ~ antioxidant potential that is destroyed during the refining process
ferulic acid in reducing the rate of autoxidation of lard as the (36), perhaps due to the loss of synergistic antioxidant effects
temperature was increase80j. On the contrary, it has been of other components37). It has been reported that supplemen-
reported that increasing the temperature did not influence thetation with wine phenolic compounds increases the antioxidant
effect of ferulic acid on the rate of autoxidatio®0j. In addition, capacity in plasma and vitamin E in LDL8g). Total tocols in

the different location of the two antioxidants in the phospholipid combination with phenols have been significantly associated
bilayer of cell membrane as well as the site and the kind of with an increase antioxidant activitg§). It is possible that
radicals may also govern their different antioxidant effectiveness phenolic compounds could play a role similar to that of vitamin
in microsomal membranes. We measured the amount of ferulicC by regenerating the reduced form of vitamin E from its
acid ando-tocopherol incorporated and/or associated to mi- Oxidized form chromanoxyl 39). Interestingly, it has been
crosomal membranes, and we reported that the percentage ofecently reported that processed sweet corn increased free ferulic
ferulic acid associated to cell membranes was about 5%, while acid content and total antioxidant activity despite the decline
the remaining percentage was found in the aqueous phase. O vitamin C content (40).

the contrary, the incorporation percentageosfocopherol in Although the source of free radical production seems to
cell membranes was almost 100%. The low affinity of ferulic deeply influence the antioxidant properties of ferulic acid, the
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present study shows that this compound can act as a potent (18) Emmons, C. L.; Peterson, D. M.; Paul, G. L. Antioxidant capacity

antioxidant in both isolated membranes and intact cells by

inhibiting lipid peroxidation and ROS production. In mem-

branes, its antioxidant efficiency was more pronounced than

that of o-tocopherol, ascorbic acid, apecarotene. Antioxidant

interactions were observed when the compound was used in

combination with these antioxidants. Antagonistic interactions
were observed when ferulic acid was used in combination with
o-tocopherol and/of-carotene. On the other hand, synergistic

interactions occurred between ferulic acid and ascorbic acid,
suggesting that these two compounds can cooperate in preserv-

ing physiological integrity of cell membranes exposed to free
radicals.
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