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The action of ferulic acid during the oxidation of LDL 
has been investigated using both copper ions and the 
haem protein metmyoglobin as pro-oxidants. The 
results demonstrate the ability of ferulic acid to act as a 
pro-oxidant when LDL oxidation is induced by copper 
at concentrations of the phenolic acid which are pro- 
tective when the LDL oxidation is mediated by met- 
myoglobin. The suggested mechanism involves the 
reduction of Cu2+ to Cu+ by ferulic acid resulting in the 
production of the ferulic phenoxyl radical. 

Keywords: Ferulic acid, oxidized low density lipoprotein, 
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INTRODUCTION 

The health benefits of fresh fruit and vegetables, 
in the context of antioxidant properties, have 
largely been attributed to the antioxidant vita- 
mins and the carotenoids. More recently the 
polyphenolic components of higher plants have 
been shown to be highly efficacious antioxidants 

in vitro and thus much consideration is currently 
being given to their potential contributions to 
these properties in vizm. Among the most widely 
distributed phenylpropanoids in plant tissues 
are the hydroxycinnamic acids, coumaric 
(p-hydroxycinnamic) acid, caffeic (3,4-dihydro- 
xycinnamic) acid and its quinic acid ester chloro- 
genic acid, and ferulic (4-hydroxy-3-methoxy- 
cinnamic) acid produced from the shikimate 
pathway from phenylalanine or L-tyrosine. 

The antioxidant properties of the hydroxycin- 
namates have been demonstrated against peroxi- 
dising polyunsaturated fatty acids in lipid systems 
and in low density lipoproteins.''' In addition to 
scavenging alkoxyl and peroxyl radicals, they have 
also been demonstrated to scavenge initiating 
free radical species such as ferry1 myoglobin.' 
Furthermore, the ability of ferulic acid to increase 
the resistance of LDL to oxidation mediated by 
metmyoglobin has been demonstrated to be 
operative through the scavenging of peroxyl 
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radicals and to be effective from the aqueous 
pha~e.1~1 The antioxidant properties of such phe- 
nolic compounds as a-tocopherol and butylated 
hydroxytoluene have long being characterised. 
However, although a-tocopherol is considered 
to be a strong hydrogen donor there are condi- 
tions under which a-tocopheroxyl radicals may 
act as chain initiators in lipophilic 

Copper- and haem-dependent oxidation of 
both lipids and LDL are thought to be dependent 
on the presence of preformed lipid hydro- 
peoxide~.[~-~I In this study the reaction of ferulic 
acid during the oxidation of LDL has been 
investigated using both copper ions and the haem 
protein metmyoglobin as pro-oxidant. This inves- 
tigation demonstrates the ability of ferulic acid 
to act as a pro-oxidant when LDL oxidation is 
induced by copper at concentrations of the phe- 
nolic acid which are protective when LDL oxida- 
tion is mediated by metmyoglobin. 

MATERIALS AND METHODS 

All chemicals used were of analytical grade. 

Isolation and Purification of LDL 

Low density lipoproteins were isolated from 
human plasma using the modified method of 
Chung et al.[lol The LDL thus obtained was 
dialysed against PBS containing 10pM EDTA, 
sterilised by filtration through a 0.2pm filter 
and stored up to 4 days at 4°C before use. 
The concentration of LDL protein was estimated 
according to Markwell et aZ.[lll LDL was diluted 
to final concentration of 62.5pg LDL protein/ml 
for oxidation, levels of EDTA being less than 
0.25pM. 

Preparation of Metmyoglobin 

Equine myoglobin was purified on a Sephadex 
G-25 column, after oxidation with excess of 
potassium ferricyanide, and the concentration 

of metmyoglobin determined spectrophoto- 

Oxidation of LDL 

Oxidation of LDL was assessed by measuring 
conjugated diene formation. The formation of 
conjugated diene hydroperoxides was followed 
by continuously monitoring the change in the 
absorbance at 234nm using a Beckman DU7500 
spectrophotometer with Peltier temperature con- 
trol and equipped with an automatic sample 
changer (allowing the determination of six sam- 
ples at the same time). The duration of the lag 
phase was calculated by extrapolating the prop- 
agation phase as defined by Esterbauer et aZ.181 
LDL oxidation was performed by incubating 
LDL at 62.5pg LDL protein/ml (final concentra- 
tion) with 5pM of purified metyoglobin or 
1.66pM copper sulphate for up to 1Ohrs in the 
presence or absence of ferulic acid. Copper- 
mediated oxidation studies were carried out at 
30°C in line with other published work and met- 
myoglobin at 37°C due to the slow rate of oxida- 
tion at 30°C. 

Measurement of Cu(1) 

Reduced copper was quantitated using batho- 
cuproinedisulphonic acid (2,9-dimethyl-4, 
7-diphenyl-l,1O-phenanthrolinedisulphonic 
acid) (BC). This indicator molecule binds the 
reduced form of copper,[13] the copper-bathocu- 
proine sulphonic acid complex formed exhibit- 
ing an absorbance maximum at 480nm (E = 
12540M-' ~m-').['~] 

RESULTS 

LDL (62.5pg LDL protein/ml) was incubated 
with 5pM metmyoglobin in the presence and in 
the absence of ferulic acid (1p.M) for 10 hours 
(Fig. 1). The lag phase for the metmyoglobin 
mediated oxidation was approximately 60mins 
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FIGURE 1 
formation of conjugated dienes measured at 234nm at 37°C. Ferulic acid was added at a final concentration of 1pM (B). 

The formation of conjugated dienes. LDL 62.5mg proteidml was incubated with 5p.M metmyoglobin (0) and the 

whereas in the presence of ferulic acid it was 
137 -t 9mins (n = 3). The incorporation of ferulic 
acid extended the lag phase to oxidation and 
hence indicated an antioxidant activity of ferulic 
as shown previously.['] Oxidation was also 
induced using copper as the pro-oxidant under 
the same conditions. LDL (62.5yg LDL pro- 
tein/ml) was incubated with 1.66pM copper sul- 
phate in the presence and absence of ferulic acid 
(1pM) and in this case a highly significant (p < 
0.01) shortening of the lag phase was observed 
(Fig. 2). The lag phase for the control was 87 k 
3mins whereas in the presence of ferulic acid it 
was 57 -t Smins. 

Further investigations using a range of ferulic 
acid concentrations (0.5yM-2.OyM) were under- 
taken in the copper system and a significant 
shortening of the lag phase was observed at all 
concentrations (Fig. 2), suggesting a pro-oxidant 
activity. Further experiments showed that the 
situation pertained up to 12.5pM, when a 
change in the rate of propagation was observed. 
The propagation rate for the control, in this case 
LDL and copper, was 0.0198 k 0.0008 min-' (n = 3) 

whereas in the presence of ferulic acid (12.Sp.M) 
the rate of propagation was reduced to 0.0128 k 
0.002 min-' (n = 3). The change in the rate of 
propagation was highly significant p < 0.01. 

To explore this paradox further the interactions 
between ferulic acid and Cu2+ were examined. 
Incubation of Cu2+ (10pM) with equimolar ferulic 
acid was performed at 30°C in the presence of 
excess BC (360pM), an indicator molecule for the 
reduced form of copper. Incubation of Cu2+ with 
ferulic acid for one minute resulted in reduction 
to Cu+ as indicated by formation of a peak with 
maximal absorbance at 480nm characteristic of the 
copper-bathocuproine sulphonic acid (BC. Cu+) 
complex (Fig. 4) which did not increase in inten- 
sity o n  further incubation. The chemistry of the 
complex defines a 1 : 1 stoichimetry. Thus, under 
the experimental conditions, the applied ferulic 
acid is capable of reducing Cu2+ to Cu+. 

Related hydroxycinnamates such as chloro- 
genic, caffeic and para-coumaric acids were also 
examined for their copper reducing potentials. 
The most effective compounds in reducing Cu2+ 
to Cu+ were caffeic, chlorogenic and ferulic acid 
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FIGURE 2 Concentration -dependent promotion of the oxidation of LDL by ferulic acid. LDL 62.5mg proteidml was incubated with 
1.66p.M copper (0) and the formation of conjugated dienes measured at 234nm a t  37°C. Ferulic acid was added at  a final 
concentration of 0.5pM (*), lp,M(A), 1.5pM(.), Z.Op,M(.). 

followed by para-coumaric acid with the final 
concentration of Cu' being lOpM, 9.8pM and 
10pM and 3.7pM respectively, as indicated in 
Figure 3. 

DISCUSSION 

The oxidation of LDL mediated by Cu2+ or met- 
myoglobin occurs through the oxidative and 
reductive decomposition of peroxides and the 
redox cycling of the free- or haem-bound transition 
metal respectively (scheme l).m 

The redox cycling of copper involves the for- 
mation of lipid alkoxyl radicals LO which are 
reported to rapidly rearrange to the epoxyallylic 
radical and ultimately form peroxyl radical and 
which may, in turn, cause more peroxidation 
or under go P-scission to form aldehydes.[l6] 
Antioxidants can inhibit LDL oxidation in a 
number of ways, through scavenging peroxyl or 
alkoxyl radicals, through reducing ferryl myo- 
globin (in the case of haem protein-mediated 

oxidation) or chelating copper ions (in the case 
of copper-mediated oxidation). When consi- 
dering metmyoglobin-mediated LDL oxidation 
the rate of scavenging of peroxyl radicals is 
more significant than that of ferryl myoglobin 
reduction as can be seen from the rate constant 8 
M-k' for ferulic acid."] However, reduction of 
ferulic acid by copper ions and the formation of 
phenoxyl radicals and Cu+ ions are feasible can- 
didates for promoting pro-oxidant mechanisms 
at low concentrations. 

Using metmyoglobin and copper ions as pro- 
oxidants for LDL, for the purposes of studying 
the efficacy of antioxidants in preventing LDL 
oxidation in vitro, has the advantage that there is 
no initiating radical species eliminating the possi- 
bility of confounding effects of direct interaction 
between the initiating species and the phenolic 
antioxidant. [Redox cycling of metmyoglobin on 
interaction with lipid hydroperoxides produces 
the compound I1 ferryl state not compound I 
(ferryl myoglobin tyrosyl radical), which would 
involve two oxidising equivalents.] The advan- 
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FIGURE 3 Formation of BC-Cu (I) during the reaction between Cu (II) and the hydroxycinnamic acids. Absorbance spectra were 
recorded of incubations containing BC (360pM) and Cu2+ (lOp,M) in PBS [shown here as a dotted line -.-.-.-I, and 1 minute after the 
addition of 6pM caffeic acid (A), chlorogenic acid (B), para-coumaric (C) and ferulic acid (D) [shown here as a solid line __ I. 

tage of the haem protein over the transition 
metal ion system is that inhibition of copper- 
induced LDL oxidation by phenolic compounds 
might also include the potential for copper chela- 
tion or redox cycling by the phenolic compound 
in addition to the latter's peroxyl scavenging 
properties. While it has been reported that ferulic 
acid does not chelate iron,[l7I these studies 
demonstrate the ability of ferulic acid and other 
hydroxycinnamates to reduce Cu2+ to Cu'. 

The studies of Bowry and Stocker["] and 
Bowry et ~ l . [ ' ~ ]  have shown that at low radical 
flux a-tocopherol, an endogenous phenolic 
antioxidant within the LDL particle, can exert 

pro-oxidant effects on LDL in the presence of 
copper.[20~z1] In particular, the propensity of this 
antioxidant to promote lipid peroxidation arises 
when the flux of peroxyl radicals is 10w.[1s,22,231 
The suggested mechanism for the pro-oxidant 
reaction of the a-tocopheroxyl radical is the ini- 
tiation of lipid peroxidation through hydrogen 
abstraction from a polyunsaturated fatty acid. 

There are two potential mechanisms which 
may account for this pro-oxidant activity. 
Firstly, in the case of copper-mediated LDL oxi- 
dation, redox cycling of Cu2+ to Cu' by ferulic acid 
results in the production of the ferulic phenoxyl 
radical. This may then be capable of initiating 
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FIGURE 3 (Continued) 

700 

lipid peroxidation through abstraction of an 
H atom from a polyunsaturated fatty acid, 
increasing the rate of lipid peroxidation, and 
acting by a mechanism analogous to that for the 
pro-oxidant activity of a-tocopherol. Secondly, as 
in the equations depicted earlier, since Cu(1) 
reacts with LOOH much faster than Cu(II), the 
reaction of Cu(II) with LOOH is the rate-limiting 

step in the process.['41 The redox cycling of Cu(II) 
by ferulic acid producing the ferulic phenoxyl 
radical and Cu(I), might bypass the rate limiting 
step, hence increasing the rate of oxidation and 
shortening the lag phase (Fig. 4). 

The pro-oxidant activity of ferulic acid has 
been observed previously in the presence of 
higher concentrations of iron.[241 Recently it has 

LOOH + CU I LO. + OH- + Cu 

LOO. + HX-Fe I' + Hi 

LO- + HX-[Fe Iv=O] + H+ 

LOOH + HXFe 

LOOH + HXFe I I  - LO. + HXFe + OH- 

SCHEME 1 Decomposition of lipid hydroperoddes. 
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FIGURE 4 The postulated mechanism of the pro-oxidant activity of ferulic acid. 

been reported that caffeic acid has pro-oxidant 
activity when LDL oxidation was induced by 
copper.[251 From the results presented here it can 
be seen that the choice of pro-oxidant for LDL is 
of pivotal importance in the examination of the 
antioxidant activity of compounds and dietary 
agents against LDL oxidation. 

Acknowledgements 

The authors thank the Biotechnology and 
Biological Sciences Research Council for financial 
support for this research. 

References 

111 Castelluccio, C., Paganga, G., Melikian, N., Bolwell, 
G. P., Pridham, J., Sampson J. and Rice-Evans C. (1995). 
Antioxidant potential of intermediates in phenyl- 
propanoid metabolism in higher plants. FEBS Letters, 

121 Laranjinha, J., Almeida, L. and Maderia, V. (1995). 
Reduction of ferrylmyoglobin by dietary phenolic acid 
derivatives of cinnamic acids. Free Radical Biology 6 
Medicine, 19,329-337. 

131 Castelluccio, C., Bolwell, G .  P., Gerrish, C. and Rice- 
Evans, C. A. (1996). Differential distribution of ferulic 
acid to the major plasma constituents in relation to its 
potential as antioxidant. Biochemical journal, 316,691-694. 

[4] Labuza, T. P. (1971). Kinetics of lipid oxidation in food. 
CRC Reviews in Food Technology, 2,355-405. 

368,188-92. 

[5] Loury, M., Block, C. and Francis, R. (1966). Use of toco- 
pherol as an antioxidant in fats. Revue Francaise de Corps 
Gras, 13, 747-754. 

[6] Labuza, J. and Matsushita, S. (1986). The peroxidising 
effect of a-tocopherol on autoxidation of methyl 
linoleate in bulk phase. Lipids, 21,255-260. 

[7] Hogg, N., Rice-Evans, C., Darley-Usmar, V., Wilson, T., 
Paganga, G. and Bourne, L. (1994). The role of lipid 
hydroperoxides in the myoglobin-dependent oxidation 
of LDL. Archives of Biochemistry and Biophysics, 314, 
39-44. 

[8] Esterbauer, H., Gebicki, J., Puhl, H. and Jurgens, G., 
(1992). The role of lipid peroxidation and antioxidants in 
oxidative modification of LDL. Free Radical Biology 6 
Medicine, 13,341-390. 

[9] Rice-Evans, C. A,, Bruckdorfer, K. R. and Diplock, A.  T. , 
(1996). Practical approaches to low density lipoprotein 
oxidation: whys, wherefores & pitfalls. Free Radical 
Research, 25,285-311. 

(101 Chung, B. H., WiIkinson, T., Geer, J. C. and Segrest, J. P., 
(1980). Preparative and quantitative isolation of plasma 
lipoproteins: rapid, single, discontinuous density gradi- 
ent ultracentrifugation in a vertical rotor. journal of Lipid 
Research, 221,284-317. 

1111 Markwell, M. A,, Haas, S. M., Tolbert, N. E. and Bierer, 
L. L. (1981). Protein determination in membrane and 
lipoprotein samples: manual and automated proce- 
dures. Methods in Enzymology, 72,296-298. 

[12] Whitbum, K. D. (1987). The interaction of oxymyoglobin 
with hydrogen peroxide: the formation of ferry1 myoglo- 
bin at moderate excesses of hydrogen peroxide. Archives 
of Biochemistry and Biophysics, 267,614-622. 

[13] Lynch, S. M. and Frei, B. (1995). Reduction of copper, but 
not iron by human low density lipoprotein(LDL). 
Implications for metal ion-dependent oxidative modifi- 
cation. Journal of Biological Chemistry, 270,5158-5163. 

[14] Patel, R. P., Svistuneko, D., Wilson, M. T. and Darley- 
Usmar, V. M. (1997). Reduction of Cu(I1) by lipid 
hydroperoxides: implications for the copper-dependent 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
6/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



344 L. C. BOURNE and C. A. RICE-EVANS 

oxidation of low densitv lipoprotein. Biochemical lournal, copper (11) and met myoalobin induced oxidation of , . I  
322,425-433. 
Nardini, M.. Aauino, M. D., Tomassi, G., Gentill, V., Di 
Felice, M., A d  'scaccini, C. (1995). Inhibition of human 
low density lipoprotein oxidation by caffeic acid and 
other hydroxycinnamic acid derivatives. Free Radical 
Biology 6 Medicine, 19,541-552. 
Wdcox, A. L. and Mamett, L. J. (1993). Polyunsaturated 
fatty acid alkoxyl radicals exist as carbon-centred 
epoxyallylic radicals: a key step in hydroperoxide- 
amplified lipid peroxidation. Chemical Research 
Toxicology, 6,413-416. 
Graf, E. (1992). Antioxidant potential of ferulic acid. Free 
Radical Biology 6 Medicine, 13,435-448. 
Bowry, V. W. and Stocker, R. (1993). Tocopherol- 
mediated peroxidation-the pro-oxidant effect of vitamin E 
on the radical-initiated oxidation of human low density 
lipoprotein. Journal of the American Chemical Society, 115, 
6029-6044. 
Bowry, V. W., Ingold, K. U. and Stocker, R. (1992). 
Vitamin E in human low-density. When and how this 
antioxidant becomes a pro-oxidant. Biochemical Journal, 

Iwatsuki, M., Nikki, E., Stone, D. and Darley-Usmar, 
V. M. (1995). a-Tocopherol mediated peroxidation in the 

288,341-344. 

human low density lipoprotein: the influence of lipid 
hydroperoxides. FEBS Letters, 360,271-276. 

[21] Kontush, A., Meyer, S., Finckh, B., Kohlschutter, A. 
and Beisiegel, U. (1996). Alpha-tocopherol as a reductant 
for Cu(I1) in human lipoproteins. Triggering role in the 
initiation of lipoprotein oxidation. Journal of Biological 
Chemistry, 271,11106-12. 

[22] Kontush, A., Hubner, C., Finckh, B., Kohlshutter, A. 
and Beisiegel, U. (1994). Low density lipoprotein oxidis- 
ability by copper correlates to its initial ubiquinol and 
poly-unsaturated fatty acid content. FEBS Letters, 341, 

[23] Maiorino, M., Zamburlini, A,, Roveri, A. and Ursini, F. 
(1993). Pro-oxidant role of vitamin E in copper induced 
lipid peroxidation. FEBS Letters, 330,174-176. 

1241 Scott, B. C., Butler, J., Halliwell, B. and Aruoma, 0. I. 
(1993). Evaluation of the antioxidant actions of ferulic 
acid and catechins. Free Radical Research Communications, 

[25] Yamanaka, N., Oda, 0. and Nagao, S. (1997). Pro- 
oxidant activity of caffeic acid, dietary non-flavonoid 
phenolic acid, on Cu2+-induced low density lipoprotein 
oxidation. FEBS Letters, 405,186-190. 

60-73. 

19,241-253. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
6/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


