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Lipoprotein metabolism plays a significant role in the pathogenesis of atherosclerosis and risk of
vascular disease. Elevated levels of LDL and low levels of HDL are linked to the risk of
cardiovascular disease. It is now widely accepted that oxidative modification of LDL affects the
metabolism of lipoproteins, leading to their increased accumulation in arterial intima. The present
paper will examine some of the accumulating evidence from studies showing relationships
between dietary intake of antioxidant nutrients, i.e. vitamins E and C, the carotenoids and the
flavonoids, and their influence on lipoprotein metabolism. In particular, the present paper will
review the available literature on the affect of antioxidant supplementation on lipoprotein
oxidation, and hence metabolism of LDL in human subjects.

Lipoproteins: Antioxidants: Vitamins: Flavonoids

Lipoproteins are lipid–protein emulsions synthesized in the
body to solubilize and transport fat and fat-soluble compo-
nents such as triacylglycerols, cholesterol and some fat-
soluble micronutrients in the blood. They are assembled in
the liver, with the exception of chylomicrons and small
amounts of HDL which are synthesized in intestines (Zubay,
1993). Lipids and lipid-soluble nutrients obtained from the
diet are assembled in the intestine to form chylomicrons.
These lipoproteins enter the bloodstream via the lymphatic
system and supply the dietary fat primarily in the form of
triacylglycerols to tissues. The remaining chylomicron
remnants are taken up by the liver (Fig. 1). The half-life for
clearance of chylomicrons and remnants from plasma of
human subjects is 4–5 min.

Lipoproteins assembled in the liver contain dietary lipids
supplied by chylomicron remnants and lipids obtained
from de novo synthesis. These lipoproteins, the VLDL, are
secreted into the bloodstream. HDL which are synthesized
and secreted by the liver interact with VLDL particles and
chylomicrons in the bloodstream and promote their matura-
tion and function by the transfer of proteins and cholesteryl
esters. The main biological function of VLDL is to supply
fatty acids to peripheral tissues. Lipoprotein lipase (EC
2.3.1.43) on the surface of vascular endothelial cells hydro-
lyses VLDL-triacylglycerol to free fatty acids which can

Fig. 1. Pathways for the synthesis and catabolism of lipoproteins.
CETP, Cholesteryl ester transfer protein; CE, cholesteryl ester; TG,
triacylglycerols. (1), Transfer of cholesteryl esters from HDL to
VLDL; (2) release of TG by lipoprotein lipase (EC 3.1.1.34) from
chylomicrons and VLDL into the tissues.
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then be taken up by tissue cells. With increasing hydrolysis
VLDL loses most of its triacylglycerol and progressively
changes into IDL and finally to the cholesterol-rich LDL
(Fig. 1). VLDL and IDL have a short half-life and are
removed from the circulation within hours. LDL have a
relatively longer half-life and circulate in blood for about 2–
3 d before they are cleared from the circulation by the liver.
HDL has the longest lifespan in the circulation, about 5–6 d
(Zubay, 1993). LDL are a major carrier of cholesterol to tis-
sues and HDL particles remove the excess or unused choles-
terol from cells. Cholesterol, after being taken up by HDL,
is converted to cholesteryl esters by the enzyme lecithin-
cholesterol acyltransferase (EC 2.3.1.43). Some HDL are
taken up by the liver directly. The remainder of
the cholesteryl esters are transferred to VLDL through the
action of cholesteryl ester transfer protein (CETP). The
cholesteryl esters are either delivered to extrahepatic tissues
by LDL or subsequently taken up by the liver as part of IDL
or LDL (Zubay, 1993).

The delivery of cholesterol by LDL to various tissues in
the body can take place via several routes. The most com-
mon route is the uptake by native or classical receptors on
cells. These receptors recognize apolipoprotein (apo) B100-
and apoE-containing lipoprotein particles, which include
apoE-containing IDL and chylomicron remnants, and
apoB100-containing LDL particles. However, since levels of
apoB100-containing LDL particles are much higher than
those of apoE-containing chylomicron remnants, it is mainly
apoB100-containing LDL particles that are taken up by the
receptors (Mackness & Durrington, 1995). On entry into
cells LDL is metabolized in the lysosomes or microsomes.
ApoB components of LDL are hydrolysed to the constituent
amino acids, and cholesteryl esters are hydrolysed to free
cholesterol. Cholesterol which is released is either incorpo-
rated into cell membranes, metabolized to steroid hormones
in the adrenal glands, to bile acids in the liver, to vitamin D
in skin, or re-esterified and stored as cholesteryl esters.
Excess or unused cholesterol is removed by the HDL part-
icles. An increase in cholesterol in cells inhibits the synthesis
of LDL receptors, and hence reduces the cellular uptake of
cholesterol (Zubay, 1993; Mackness & Durrington, 1995).

However, there are two other known routes by which
LDL can enter cells, and neither pathway is down-regulated
by the cholesterol content of the cell (Sparrow et al. 1989;
Mackness & Durrington, 1995). One route is a non-receptor
pathway, and this pathway is of significance only at high
blood concentrations of LDL. The second pathway is the
scavenger receptor pathway, which is believed to play a key
role in the build up of cholesterol in arterial intima and can
be affected by the antioxidants. Scavenger receptors do not
recognize the native LDL but rather engulf modified LDL
particles. One such modification is caused by the oxidation
of LDL particles. Although the exact mechanism by which
the oxidation of LDL takes place in vivo is not clear,
it is widely accepted that oxidatively-modified LDL is
metabolized in a manner which leads to build up of choles-
terol in arterial intima, and plays an important role in the
pathogenesis of atherosclerosis.

LDL oxidation can be initiated in vitro by incubation
with cells which include activated polymorphonuclear
leukocytes, macrophages, endothelial cells, smooth muscle

cells and lymphocytes (for references, see Rice-Evans &
Bruckdorfer, 1995). In cell-free systems, a variety of pro-
oxidants have been identified which include the enzyme
lipoxygenase (EC 1.13.11.12), haem, Cu ions, γ-irradiation,
oxygen-derived species such as HOC1, peroxynitrite
(ONOO) and sulphydryl compounds (Rice-Evans &
Bruckdorfer, 1995). Other factors which can affect the
oxidative modification of LDL in vivo are the residence time
of LDL in plasma (Schwenke, 1995; Salter et al. 1998), the
enzyme paraoxonase (EC 3.1.1.2) associated with HDL
(Mackness & Durrington, 1991), antioxidant protection by
HDL (Singh et al. 1997), density of LDL (Chait et al. 1992),
fatty acid unsaturation (Reaven et al. 1993; Visioli et al.
1995) and the antioxidant content of LDL (Tertov et al.
1998). Antioxidants, especially vitamin E, have been shown
to inhibit oxidative modification of LDL in both in vitro and
in vivo studies (Esterbauer et al. 1991; Belcher et al. 1993;
Suzukawa et al. 1995). These studies demonstrate that LDL
resists oxidation until it is depleted of its antioxidant
content. The time period of LDL resistance to oxidation is
termed the lag phase (Fig. 2; lipid oxidation is monitored at
234 nm to measure conjugated dienes, the lipid oxidation
products)

Vitamin E, LDL oxidation and lipoprotein metabolism

Vitamin E or α-tocopherol is a lipid-soluble nutrient
obtained from a diet rich in vegetable oils, animal foods,
cereals and fruit and vegetables. It is a major antioxidant
component of LDL (Table 1) and its importance in inhibit-
ing LDL oxidation was recognized after the initial reports by

Fig. 2. Kinetics of LDL oxidation catalysed by copper ex vivo.
Reaction curve showing the kinetics of copper-initiated oxidation
of LDL (measured as absorbance at 234 nm due to the appear-
ance of lipid oxidation products, the conjugated dienes). A is the
lag phase and is equal to the time interval of resistance of LDL to
oxidation. A is calculated from the intersection of a line drawn by
extrapolation of the linear phase (B) through the horizontal axis. B
is the propagation phase and C is the termination phase when
there is no further increase in absorbance at 234 nm.
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Esterbauer et al. (1989). This group reported that in vitro
LDL oxidation is prevented until LDL is depleted of its
antioxidant nutrients such as tocopherols and carotenoids.
Subsequently, other antioxidant components of LDL, e.g.
ubiquinones (Stocker et al. 1991) and flavonoids (de Whally
et al. 1990), have also been reported to be important in
delaying the oxidation of LDL.

Earlier work by Esterbauer's laboratory (Dieber-
Rothender et al. 1991; Ziozenkova et al. 1996) showed that
in unsupplemented samples there was no correlation
between the α-tocopherol content of LDL and its resistance
to oxidation, i.e. the lag phase. Subsequently, several studies
have reported a lack of correlation between lag phase and
plasma vitamin E concentrations in unsupplemented
samples except for one study (Porkkala-Sarataho et al.
1996). The latter workers reported a positive correlation
between the oxidation resistance of LDL and VLDL, and
plasma vitamin E. However, there is a general consensus
that a significant correlation between LDL oxidation and α-
tocopherol emerges when LDL is loaded with α-tocopherol
by oral ingestion (Princen et al. 1992; Reaven et al. 1993;
Jialal et al. 1995; Suzukawa et al. 1995).

A few studies (Stocker et al. 1991; Bowry et al. 1992,
1993) have shown a pro-oxidant effect of vitamin E on LDL
oxidation, since there was an increase in LDL oxidation
after supplemention. They proposed that peroxidation is
propagated within lipoprotein particles by reaction of the
tocopheroxyl radical with polyunsaturated fatty acid
moieties in the lipid, and that this reaction can be inhibited
by the presence of antioxidants such as ubiquinones and
ascorbic acid which can regenerate α-tocopherol (Bowry
et al. 1993; Thomas et al. 1996). We have recently found
that in Irish subjects (age 25–45 years) supplemention
with 100 mg vitamin E/d for 1 month produced a small but
non-significant decrease in LDL-cholesterol, a significant
(P= 0·014) increase in apoB levels, and a significant
(P= 0·029) increase in the susceptibility of LDL to oxida-
tion (Table 2; Chopra et al. 1997). In the same study, the
same supplement, when given to volunteers of the same age-
group in other European centres, produced an antioxidant
effect on lipoprotein oxidation. (All samples were analysed
centrally.) Whether vitamin E supplements exert an anti-
oxidant or a pro-oxidant effect appears to be influenced,
therefore, by factors in blood about which we still have
insufficient information. In our study (Chopra et al. 1997),

we also found a significant reduction in γ-tocopherol and
carotenoid levels of LDL. Whether this reduction in carote-
noid levels could have accounted for the reduction in the lag
phase is not known. There was no correlation between the
carotenoid levels and the lag phase, but in most in vivo sup-
plementation studies with carotenoids there is usually no
increase in the lag phase (Gaziano et al. 1995; Chopra et al.
1996).

In in vivo studies with vitamin E where both ex vivo LDL
oxidizability and serum lipid levels were measured, no
effect of vitamin E supplementation on plasma or serum
cholesterol levels was observed (Table 3). However, these
studies were done in normocholesterolaemic subjects
(Esterbauer et al. 1991; Jialal et al. 1995; Suzukawa et al.
1995). In hypercholesterolaemic patients, vitamin E supple-
mentation at 500mg/d for 3 months was shown to signifi-
cantly increase the apoA and HDL levels (P< 0·05), reduce
total cholesterol : HDL by 23% and reduce apoA : apoB
by 17·9% (Cloarec et al. 1987). Hypercholesterolaemia
is believed to increase the vitamin E levels in blood as a
high-cholesterol diet is associated with increased plasma
vitamin E, and a low-cholesterol diet with reduced vitamin
E levels (Bitman et al. 1976). However, recently it was
reported that tocopherol : cholesterol is the same in low- and
high-cholesterol individuals (Muldon et al. 1996). Thus,
how vitamin E affects lipoprotein metabolism is not clear at
present.

Table 2. Effect of vitamin E supplementation in healthy non-smoking
subjects in Northern Ireland*

(Mean values with their standard errors)

Total cholesterol
(mmol/l)

ApoB
(µmol/l)

Lag phase
(min)

Mean SE Mean SE Mean SE

Baseline
Supplementation

(100mg/d for
4 weeks)

2·92
2·77

0·14
0·15

0·635
0·747

0·03
0·03

56
51

1·02
1·06

Statistical
significance of 
difference
(paired t test)

NS P = 0·014 P = 0·029

*  Data from Northern Ireland arm (n 63) of AIR2-CT93-0888 multicentre (five 
European centres) study.

Table 1. Lipid-soluble antioxidants in LDL particle
(Mean values and ranges)

mmol/mol LDL mol/mol apoB

Antioxidant Mean Range* Mean Range† Mean Range†

α-Tocopherol
γ-Tocopherol
α-Carotene
β-Carotene
Lutein+zeaxanthin
Lycopene
Cryptoxanthin
Ubiquinol-10

6·41
0·51
0·12
0·29
0·04
0·16
0·14
0·10

2·9–14·9
0·18–1·26
0·02–0·52
0·03–1·87
0·01–0·16
0·03–0·70
0·03–0·70
0·03–0·35

7·68
0·35
0·06
0·27
0·07
0·47
0·11

2·87–14·4
0·05–1·13
0·01–0·22
0·07–0·69
0·03–0·38
0·08–1·54
0·02–0·38

16·11
0·74
0·13
0·59
0·15
1·02
0·24

6·57–25·14
0·19–1·98
0·03–0·52
0·15–1·68
0·07–0·36
0·32–2·84
0·05–0·91

apoB, apolipoprotein B.
 *  Previously published data from Esterbauer et al. (1991).
 † Analysis done in the authors' laboratory.
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Several animal studies have also shown that vitamin E
supplementation affects lipoprotein metabolism by reducing
serum triacylglycerols (Oriani et al. 1997) and total choles-
terol, and increasing HDL-cholesterol levels. In streptozo-
tocin-diabetic rats vitamin E supplementation prevented
accumulation of lipid peroxides and maintained normal
triacylglycerol levels (Karasu et al. 1997). However, in
rabbits administration of cholesterol with vitamin E
protected against oxidative damage but had no effect on the
lipid levels (Prasad & Kalra, 1993). In another study vitamin
E administration (100mg/kg body weight per d for 8 weeks)
with saturated fat and a cholesterol-rich diet to rats was
reported to suppress cholesteryl ester transfer from HDL by
suppressing the CETP activity in the plasma and adipose
tissue of lipid-fed rats (Shen et al. 1996). An increased con-
centration of CETP in plasma is associated with reduced
HDL-cholesterol and, therefore, it is possible that the
increase in HDL-cholesterol observed in human vitamin E
supplementation studies is due to the effect on CETP
activity. However, recently it has been shown in rabbits that
cholesterol feeding together with varying doses of vitamin E
(5, 15, 30 and 45 mg/kg body weight per d for 14 weeks) had
no effect on the CETP activity of the plasma (Liu et al.
1997). Metabolism of lipoproteins in human subjects is
more closely related to that of rabbits, hamsters and pigs
than that of rats; therefore, whether hypocholesterolaemic
effects of vitamin E in human subjects occurs via its effect
on CETP is controversial at present.

The effect of vitamin E supplementation on lipoprotein
metabolism, therefore, is not fully understood at present,
and warrants further carefully planned studies to look at the
effect on lipoprotein oxidation and the key enzymes of
cholesterol and lipoprotein metabolism, i.e. hydroxymethyl-
glutaryl-CoA reductase (EC 1.1.1.88), lipoprotein lipase and
tissue and plasma CETP activity.

Vitamin C, LDL oxidation and lipoprotein metabolism

Ascorbate supplementation has been shown to reduce lipo-
protein oxidation in genetically-scorbutic rats (Kimura et al.
1992), and in non-smoking (Rifici & Khachadurian, 1993)

and smoking (Fuller et al. 1996) human subjects. Vitamin C
is a water-soluble antioxidant nutrient and, therefore, can
only protect LDL from modification by extracellular
oxygen-derived species such as superoxide ions, H2O2 and
HOCl. However, an important mechanism through which it
can protect oxidation of lipids in LDL is through its ability
to regenerate α-tocopherol from the α-tocopheroxyl radical
(Packer et al. 1979), the latter being produced by interaction
of α-tocopherol with the lipid-derived radical species. A
combination of vitamin C and E has been reported to be
more effective in inhibiting oxidative modification of LDL
than vitamin E alone by some workers (Rifici & Khacha-
durian, 1993) and not by others (Jialal & Grundy, 1993).
However, the treatment did not lower levels of undesirable
cholesterol, i.e. LDL-cholesterol.

Hypolipidaemic effects of vitamin C which may not be
related to its antioxidant action have been reported (Simon
& Hudes, 1998). In animal studies vitamin C has been
shown to increase the metabolism of cholesterol to bile acids
in the liver (Ginter, 1975), and in guinea-pigs sodium
ascorbate intakes of up to 5mg/d have been shown to signif-
icantly (P= 0·025) reduce plasma cholesterol and increase
bile acid formation (Hornig & Weiser, 1976). An intake
above 5 mg/d did not show any additional benefit. Increased
conversion of cholesterol to bile acids would lead to a reduc-
tion in cholesterol levels in liver cells and, hence, increased
expression of LDL receptors on liver cells, leading to an
increased removal of cholesterol from the circulation. In
cholesterol-fed rabbits ascorbic acid prevents a rise in serum
cholesterol levels (McConnell & Sokoloff, 1964; Sokoloff
et al. 1967).

In human intervention studies, a reduction in total
cholesterol and LDL-cholesterol in hyperlipidaemic sub-
jects has been reported by some researchers (Ginter et al.
1970; Paolisso et al. 1995) but not by others (Harats et al.
1998). Similarly, reports from human observational studies
are controversial, a significant negative correlation between
ascorbic acid status and total serum cholesterol has been
reported by some researchers (Cerna & Ginter, 1978; Greco
& LaRocca, 1982) but not by others (Ness et al. 1996).
Most studies, however, have shown a negative association

Table 3. Supplementation studies with vitamin E

Reference Subjects Dose and duration of vitamin E supplementation Effect

Esterbauer et al. 
(1991)

Suzukawa et al. 
(1995)

Jialal et al. (1995)

Cloarec et al. (1987)

Oriani et al. (1997)

Shen et al. (1996)

Liu et al. (1997)

Normal-lipid
human subjects

Normal-lipid
human subjects

Normal-lipid
human subjects

Hyperlipidaemic
human subjects

Normal weanling 
rabbits

Hamsters

Rabbits

100–1200 mg/d for 3 weeks

100 mg/d for 1 week + additional 3 weeks with 
300 mg/d

60–1200 mg/d for 8 weeks

500 mg DL-α-tocopheryl acetate/d for 12 weeks

60–260 mg/kg diet (6 week), for 20 weeks vitamin 
E-deficient or 60 mg vitamin E/kg

HC and SF diet plus 100 mg/kg body wt per d 
vitamin E for 8 weeks

Cholesterol feeding plus 5–45 mg vitamin E/kg 
body wt per d for 14 weeks

Resistance of LDL to oxidation ↑
No effect on cholesterol
LDL lag phase ↑, lipid peroxidation rate ↓
No effect on TC and TG
LDL oxidation ↓
No effect on cholesterol and TG
TC : HDL ↓, apoB ↓ and apoA ↑

TC and TG ↓ in vitamin E-treated animals
TC ↑ and HDL ↓ in vitamin E-deficient animals
HDL ↑
Total and LDL-cholesterol ↓
Plasma CETP activity ↓
No effect on cholesterol
No effect on CETP

TC, total cholesterol; TG, triacylglycerols; HC, high-cholesterol; SF, saturated fat; CETP, cholesteryl ester transfer protein; apo, apolipoprotein; ↑, increase; ↓, 
decrease.

https://doi.org/10.1017/S0029665199000865 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665199000865


Nutrition and antioxidants 667

between triacylglycerols and serum vitamin C and a positive
association between HDL and serum vitamin C levels. The
association between vitamin C and lipids has been discussed
in several papers (Ness et al. 1996; Simon & Hudes, 1998),
including a review by Simon (1992), and it has been sug-
gested that associations between vitamin C and serum lipids,
including HDL-cholesterol, seem to be more prominent in
hyperlipidaemic subjects.

Various mechanisms have been proposed to explain the
association between vitamin C and lipoprotein metabolism.
These mechanisms include increased conversion of choles-
terol to bile acids in the liver (Ginter, 1975; Holloway &
Rivers, 1981), an increased number of LDL receptors in
liver cells (Aulinskas et al. 1983) and an increase in HDL-
cholesterol via protection of HDL from oxidative damage
(Rifici & Khachadurian, 1996), through regulation of
lipoprotein lipase activity (Kotze, 1975; for review, see
Lynch et al. 1996) and induction of cytochrome P450 activity
(Mori et al. 1997). For detailed references, see reviews by
Jacques et al. (1994), Jacques (1995) and Ness et al. (1996).

Although the majority of studies suggest that ascorbic
acid can affect lipoprotein metabolism via both its hypo-
lipidaemic and antioxidant effects, discrepancies exist in the
literature which require clarification, and hence a need for
additional well-designed trials.

Carotenoids, LDL oxidation and lipoprotein metabolism

Carotenoids are coloured pigments found in red, green,
yellow and orange fruits and vegetables. Results from in
vivo supplementation studies with carotenoids have not been
encouraging. Most studies fail to show protection of LDL
after in vivo supplementation with carotenoids (Gaziano
et al. 1995; Nenster et al. 1995; Chopra et al. 1996). Levy
et al. (1995) reported that the trans-isomer of β-carotene is
more effective in protecting LDL than the cis-isomer. We
have found that in vivo supplementation with lutein (a caro-
tenoid found mainly in green leafy vegetables) at a dose of
30 mg/d in sunflower oil had no effect on Cu-initiated oxida-
tion of LDL ex vivo (Table 4). However, when a similar
dose of lutein was given in olive oil there was a significant
increase in the lag phase (P< 0·01). The placebo group
given only olive oil also showed an increase in the lag
phase, but this increase was not significant.

A few studies have looked at the effect of carotenoid
supplementation on serum triacylglycerol and cholesterol
levels. β-Carotene supplementation produced no change in
serum triacylglycerol or in total, LDL- and HDL-cholesterol
in patients with skin cancer (Nierenberg et al. 1991), hyper-
cholesterolaemic post-menopausal women (Nester et al.
1995), healthy older women (Ribayamercado et al. 1995),
healthy smokers (Van Poppel et al. 1994) and patients with
protoporphyria (Poh-Fitzpatrick & Palmer, 1984). Recently,
it has been reported that the ingestion of lycopene (a carote-
noid found in tomato products and watermelon (Citrullus
lanatus)) in various foods, i.e. as spaghetti sauce or tomato
juice or capsules for 1 week, increased the resistance of
LDL to oxidation (Agarwal & Rao, 1998) but had no effect
on total serum cholesterol and lipoprotein-cholesterol levels.

The present evidence suggests, therefore, that although
some studies show that carotenoids may protect LDL from
oxidation, the effects are usually small and they do not show
any effect on lipoprotein metabolism.

Fruits and vegetables, LDL oxidation and lipoprotein 
metabolism

Diets rich in fruits and vegetables have been shown to
increase the resistance of LDL to oxidation (Abbey et al.
1995; Harats et al. 1998). Recently, we have shown that
increased consumption of a carotenoid-rich (i.e. fruit
and vegetable) diet (providing approximately 30 mg
carotenoids/d) for 2 weeks increases the resistance of LDL
to oxidation in smokers and non-smokers (Chopra et al.
1996; Hinninger et al. 1997). No correlation was observed
between the resistance of LDL to oxidation and plasma
carotenoid levels. Also, supplementation had no effect on
total cholesterol or lipoprotein-cholesterol levels, plasma
triacylglycerols or apoA1 or apoB levels. Supplementation
of diets with fruits and vegetables in combination with a
‘prudent diet’ for 2 weeks has been reported to reduce total
cholesterol by 6·5%, LDL-cholesterol by 7·3% and serum
triacylglycerols by 7% in patients with coronary artery
disease (Singh et al. 1992b). The same authors have also
shown that in patients with essential hypertension who ate
guava fruit (Psidicon guajava) serum cholesterol was
reduced by 9·9% and triacylglycerol levels by 7·7%, while
HDL-cholesterol was increased by 8·0% (Singh et al. 1992).

Table 4. Effect of oral supplementation of human subjects with 30 mg lutein/d in either olive oil or sunflower oil on LDL oxidation ex vivo
(Mean values and standard deviations for six subjects per treatment)

Lutein concentration (mol/mol LDL) Lag phase (min)

Baseline After 2 weeks Baseline After 2 weeks

Mean SD Mean SD Mean SD Mean SD

Olive oil:
Placebo group
Supplemented group

0·066
0·070

0·03
0·03

0·097**
0·381**

0·03
0·11

47
41

10
4

54**
50**

10
3

Sunflower oil:
Placebo group
Supplemented group

0·049
0·056

0·02
0·02

0·053**
0·317**

0·02
0·15

47
44

7
7

45**
41**

*3
*4

Mean values were significantly different from baseline values (paired t test): *  P < 0·05, **  P < 0·01.
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Fruits and vegetables are a rich source of fibre, and
dietary fibre is known to lower blood cholesterol levels
(Coats, 1998). Thus, the reduction in lipid levels observed
in dietary intervention trials with fruits and vegetables may
be related to factors other than their antioxidant nutrient
components.

Flavonoids, LDL oxidation and lipoprotein metabolism

The ‘French Paradox’ has initiated a tremendous interest
in the flavonoid components in the diet, especially in wine,
but also the antioxidant and hypolipidaemic effects of
flavonoids obtained from tea and onions. To date, however,
studies on wine have produced inconsistent results. Several
reports have shown an increase in the resistance of LDL to
oxidation following wine supplements (Frankel et al. 1993;
Furham et al. 1995; Carbonneau et al. 1997; Nigdikar et al.
1998), while other reports fail to show an effect (Sharpe
et al. 1995; de Rijke et al. 1996). The lack of effect might be
related to the different compositions of red wines, as it is
still not fully known which component(s) of the red wine
may be responsible for the effects.

Controversial reports on the effect of tea flavonoids on
the resistance of LDL to oxidation in human subjects have
been reported. Ishikawa et al. (1997) reported an increase in
the resistance of LDL to oxidation, but Princen et al. (1998)
showed that both green and black tea consumption had no
effect on LDL oxidation and lipid levels in smoking women.
In animals tea consumption, especially green tea, has been
reported to reduce lipid peroxides, increase the resistance of
LDL to oxidation, reduce total cholesterol and triacylgly-
cerol levels, and increase the HDL-cholesterol levels in both
normal and cholesterol-fed hamsters (Vinson et al. 1998).
Feeding rats with the flavonoids quercetin and hesperidin
at 50 mg/kg body weight per d together with a hyper-
cholesterolaemic diet for 3 weeks maintained the normal
cholesterol : phospholipid compared with the elevated value
observed in rats receiving hypercholesterolaemic diet (Rathi
et al. 1984). Tea polyphenols given with a diet containing
cholesterol have been shown to reduce serum cholesterol
and increase faecal elimination of cholesterol and lipids
(Muramatsu et al. 1986; Yugarani et al. 1992). It has been
suggested that flavonoids exert a hypocholesterolaemic
effect through their stabilizing effect on lysosomes
(Monforte et al. 1995).

In summary, present evidence suggests that antioxidant
nutrients such as vitamins E, C and flavonoids may have a
role in lipoprotein metabolism, which may or may not be
related to their antioxidant action. Most studies suggest that
the hypolipidaemic effect of these nutrients is only effective
in hyperlipidaemic subjects. Hypercholesterolaemia is
associated with increased oxidant stress (Prasad & Kalra,
1993), therefore the possibility that the hypolipidaemic
effect of antioxidant nutrients is related to their antioxidant
action cannot be dismissed.

Thus, except for the carotenoids, the findings of anti-
oxidant intervention trials in human subjects support the
hypothesis that dietary antioxidants exert a protective action
on lipoproteins. Whether antioxidant nutrients affect lipo-
protein metabolism through their antioxidant activity or by

some other mechanism is not clear at present, and requires
further investigation. Animal studies are contradictory, but
this situation is not surprising as lipoprotein metabolism
follows different pathways in different species. Thus, there
is still a need for more carefully-planned human studies to
fill the gaps in our knowledge of the effects of antioxidants
on lipoprotein metabolism.
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