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Carotenoids are dietary antioxidants transported with plasma lipoproteins, primarily low-density lipoprotein 
(LDL). In this study in vitro methods were used to increase the amounts of specific, individual carotenoids in 
LDL. By addition of carotenoid to isolated LDL or to serum, followed by (re)isolation of the lipoproteins, samples 
of LDL were enriched 4- to ISO-fold with lutein, 2- to IS-fold with lycopene, or 3- to 25-fold with p-carotene. 
Enrichment with specific carotenoids was achieved without affecting the electrophoretic mobility of the 
lipoprotein, its cholesterol to protein ratio, or the levels of other cartenoids or cw-tocopherol. The distributions 
among lipoproteins of carotenoid added to serum were similar, but not identical, to the distributions of the 
endogenous carotenoids. In particular. for added lutein, a greater proportion was found in HDL, and for added 
p-carotene. more was found in very low-density lipoprotein (VLDL). We then studied the effect of enriching LDL 
with specific carotenoids on its susceptibility to oxidation by copper ions. Lutein, P-cryptoxanthin, lycopene. and 
p-carotene. the four major plasma carotenoids. and a-tocopherol were destroyed before the formation of lipid 
peroxidation products. The rates of destruction of the individual carotenoids differed: lycopene was destroyed 
most rapidly and lutein most slowly. Upon oxidation of P-carotene-enriched LDL, the rates of destruction of 
P-carotene, lycopene. and lutein were slowed and the lag times before the initiation of lipid pero.xidation 
increased from 19 to 65 min. Neither effect was observed in LDL enriched with lutein or lycopene. Thus. 
p-carotene was unique among the carotenoids studied in having a small, but significant eSfect on LDL oxidation 
in vitro. (J. Nutr. Biochem. 8:681-688, 1997) 0 Elsevier Science Inc. 1997 
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Introduction 

Carotenoids are a class of lipophilic pigments that are found 
in nature in a wide variety of fruits and vegetables. There is 
general interest in their metabolism and potential biologic 
and health-related function(s) because of well established 
correlations between ingestion of fruits and vegetables and 
decreased risk of chronic diseases such as cancer and 
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atherosclerosis. Epidemiologic studies that have examined 
disease risk and intake of specific carotenoids have sug- 
gested an inverse correlation between plasma levels of 
a-tocopherol and carotenoids and the incidence of coronary 
heart disease. ‘,* However, in other studies supplementation 
of diets with B-carotene had no significant effect on cancer 
or cardiovascular disease (the Physician’s Health Study, 
Ref. 3). Still other studies suggest that B-carotene, in 
conjunction with vitamin A, actually increased lung cancer 
(the CARET Study, Ref. 4). 

To understand more about the function(s) of carotenoids, 
it is important to understand the transport and delivery of 
carotenoids to tissues. Work by us5 and other&* has shown 
that carotenoids are transported in plasma with lipoproteins, 
predominantly low density lipoprotein (LDL). Because 
carotenoids have the ability to function as antioxidants,’ it is 
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possible they could function in part to protect LDL from 
oxidation. Such protection might be important in the devel- 
opment of atherosclerosis, a disease process hypothesized 
involve LDL oxidation.” 

As a consequence of the possible antioxidant function for 
carotenoids in LDL, there is a need to be able to manipulate 
the levels of individual carotenoids in the lipoprotein. This 
can be done by increased ingestion of carotenoid-rich foods. 
However, as foods contain a mixture of carotenoids, it is 
difficult to examine the effect of an elevated concentration 
of a specific carotenoid. This is particularly true because 
there seems to be some competition for intestinal absorption 
among carotenoids. ‘I.” An alternate approach has been to 
use dietary supplementation. Plasma (and hence LDL) 
levels of p-carotene have been successfully increased using 
P-carotene supplements, but such supplements of other pure 
carotenoids are not yet available. A number of investigators 
have attempted to increase the concentration of p-carotene 
in LDL by addition of the compound in solvent to LDL 
directly or to serum, followed by isolation of the LDL.13-17 
In some of these studies, p-carotene inhibited LDL oxida- 
tion 13-15 whereas in others, LDL oxidation was unaffected 
or enhanced. ‘6,‘7 In many cases, however, the resulting 
lipoproteins were not extensively characterized. 

In the present studies we addressed three issues. First, we 
sought to develop a method to increase the concentration of 
individual carotenoids in LDL without affecting its lipid 
composition, electrophoretic mobility, or content of endog- 
enous antioxidants. As part of this we also wanted to 
determine whether addition directly to isolated LDL or 
addition to serum followed by isolation of LDL yielded 
better enrichment of the LDL. Second, we wanted to 
compare the distribution of added carotenoid with that of 
endogenous carotenoids. This has practical implications for 
using cartenoid-enriched serum to deliver carotenoids to 
cells in culture. Third, we wished to examine and compare 
the effect of enriching LDL with individual carotenoids on 
the susceptibility of that LDL to oxidation. A standard 
protocol using copper ions as initiators of lipid peroxidation 
was used in these studies. 

Methods and materials 

Materials 

B-carotene was purchased from Sigma Chemical Co. (St. Louis, 
MO USA) and lutein was purchased from Kemin Industries (Des 
Moines, IA USA). Lycopene was a gift from Dr. Gary Beecher of 
the USDA (Beltsville, MD USA), and B-cryptoxanthin was a gift 
from Hoffmann-La Roche (Nutley, NJ USA). 

Chemical analyses 

Carotenoids and cY-tocopherol were extracted from 0.25 to 
0.50 mL LDL (0.4 to 1 .O mg protein/ml) by the method of Barua 
et alI8 and were separated by reverse-phase high-performance 
liquid chromatography (HPLC) on a 25-cm Supelcosil LC-18 
column (5 pm. 4.6 mm) (Supelco, Bellefonte, PA USA) using a 
mobile phase of acetonitrile:dichloromethane:methanol: 1-octanol 
(90: 15:lO:O.l v/v/v/v) at a flow rate of 1 mL/min.” Analytes were 
detected by monitoring their absorbance at 436 nm (carotenoids) 
or 290 nm (cY-tocopherol) using a variable wavelength detector 

(Hewlett Packard Series 1050). Amounts were calculated based on 
standard curves constructed with pure compounds. 

Total cholesterol was measured enzymatically using a commer- 
cial kit (Sigma Catalog No. 352-50 Sigma Chemical). Protein was 
assayed by a modified Lowry procedure.“’ 

Lipid peroxidation was assessed in three ways. Thiobarbituric 
acid-reacting substances (TBARS), a widely used, indirect mea- 
sure of lipid hydroperoxides, was assayed as described by Morel 
and Chisolm.2’ A direct measure of lipid hydroperoxides was 
made using the ferrous ion oxidation-xylenol orange (FOX) assay 
developed by Jiang et al.‘2 In addition, for some experiments, the 
formation of conjugated dienes, an intermediate in the formation of 
lipid hydroperoxides, was monitored continously in a spectropho- 
tometer (Beckman ACTA II) as the increase in absorbance at 
234 nm.‘s 

Isolation of LDL 

Serum from fasted human subjects was collected by centrifugation 
of clotted blood (500 X g, 30 min, 4°C). A broad cut LDL fraction 
(1.006 to 1.063 g/mL) was isolated from serum by sequential 
ultracentrifugation,24 followed by dialysis against phosphate buff- 
ered saline (PBS) containing 1 mM EDTA. For direct enrichment 
of LDL, freshly isolated plasma LDL (d = 1.019 to 1.063 g/mL) 
was obtained from the departmental lipoprotein core laboratory 
and dialyzed against PBS with 1 mM EDTA. After the enrichment 
incubations, LDL was reisolated by a single ultracentrifugation 
after adjusting the density to 1.063 g/mL, then again dialyzed 
against PBS containing 1 mM EDTA. The purity of ail LDL 
samples was confirmed by agarose gel electrophoresis (Beckman 
Lipogels) with lipid specific staining (Sudan Black B). In all cases, 
only a single band was observed. Samples of LDL (in PBS with 
1 mM EDTA) were stored at 4”C, under nitrogen, in the dark, for 
less than 1 week before compositional analysis and use in 
oxidation experiments. 

In vitro enrichment of LDL with carotenoids 

Aliquots from stock solutions of 2 mM lutein in ethanol, 6 mM 
lycopene in tetrahydrofuran (THF), or 8 mM E-carotene in THF, 
checked for purity by UV spectroscopy and HPLC, were added to 
isolated LDL (0.5 to 1 .O mg protein/ml) or to whole serum to final 
concentrations of 40 p,M lutein, 120 pM lycopene, or 160 ~.LM 
B-carotene, and 2.0% (v/v) solvent. Samples were incubated for 8 
hr at 37°C in the dark, under nitrogen, in a water bath sonicator. 
In a number of pilot experiments, the conditions of these incuba- 
tions were varied to arrive at this procedure for optimal incorpo- 
ration of the carotenoids. Samples of LDL or serum serving as 
controls were incubated as described above with either ethanol or 
THF (2.0% v/v) or held at 4°C with no addition of solvent. After 
the incubation, LDL was isolated or reisolated from these samples 
as described above and then passed through a 5-km filter. Samples 
of LDL were then dialyzed against PBS containing 1 mM EDTA. 
The electrophoretic mobility on agarose gels of these enriched 
LDL and their cholesterol to protein ratios were determined and 
compared with those of the 4°C controls. 

Oxidation of LDL 

LDL was diluted to 0.25 mg protein/mL with PBS and oxidized at 
37°C for 3 hr in the dark, with a concentration of CuSO, that was 
5 pM above the concentration of EDTA present in each LDL. 
Aliquots collected at various times during the oxidation were 
protected from further oxidation by addition of butylated hydroxy- 
toluene (BHT) to a final concentration of 20 pM. A portion was 
frozen at -20°C for subsequent analysis of thiobarbituric acid 
reacting substances. Ethanol and ethyl acetate (2:5 v/v) were added 
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Table 1 Concentrations of endogenous carotenoids in control LDL and fold enrichment of specific LDL-associated carotenoids after addition of 
carotenoid to either LDL or serum 

Sample Lutein 

Endogenous carotenoids’ 

nmol/mg protein 

Lycopene p-carotene 
Added 

Carotenoid 

Fold enrichment (enriched/control) 

Lutein Lycopene p-carotene 

LDL-1 0.28 2.0 0.29 None 1 1 1 
Lutein 32 1.0 1 .o 
Lycopene 1.3 3.2 1.4 
p-Carotene 1.3 0.9 5.1 

LDL-2 0.16 0.70 0.29 None 1 1 1 
Lutein 150 0.8 0.9 
Lycopene 1.7 8.3 1.0 
p-carotene 1.9 0.8 18 

LDL-3 0.25 0.37 0.22 None 1 1 1 
Lutein 21 1.1 1.3 
Lycopene 1.2 2.5 0.9 
p-Carotene 1.0 1.1 3.4 

Serum-A 0.25 0.22 0.63 None 1 1 1 
Lutein 5.8 1.0 0.7 
Lycopene 1.5 13 1.1 
p-Carotene 1.2 1.0 9.0 

Serum-B 0.41 0.52 0.51 None 1 1 1 
Lutein 3.8 1.1 1.3 
Lycopene 0.9 15 1.4 
p-Carotene 0.8 0.7 8.4 

Serum-C 0.24 0.61 0.12 None 1 1 1 
Lutein 4.2 0.8 5.3 
Lycopene 0.8 1.6 4.5 
p-Carotene 0.9 1.1 25 

*No significant differences in concentrations were seen when LDL or serum were held at 4°C or incubated with solvent (ethanol or THF) alone; thus, 
the values shown here represent an average of values obtained for the 4”C, 37°C + ETOH, and 37°C + THF controls. 

to the remainder to begin extraction of lipids, including carote- 
noids, a-tocopherol, and lipid hydroperoxides, and then frozen at 
-20°C. After thawing, extraction of carotenoids and a-tocopherol 
and analysis by HPLC was completed as described above.‘8,‘9 A 
portion of the lipid extract was also used to assay for FOX-reactive 
lipid hydroperoxides. In some experiments, the time course of 
conjugated diene formation was monitored by the increase in 
absorbance at 234 nm during oxidation of a portion of the LDL in 
a spectrophotometer cuvette. 

Calculations and statistical analysis 
To estimate the relative rates of destruction of individual carote- 
noids in each oxidation, data shown in Figures 3 and 5 were 
replotted as the natural logarithm (In) of the fraction of carotenoid 
remaining versus time. In general, these plots were nearly linear, 
suggesting approximately first-order kinetics. Extrapolating data 
from two points along this line, rates of destruction for individual 
carotenoids were then calculated by 

R 
d 

= -cl% - h) x c, 

1, - th 

where 

R, = rate of destruction of carotenoid (pmols/ 
min/mg protein) 

In, and In, = In fraction of carotenoid remaining at time 
a and b 

t, and th = two different time points during the oxida- 
tion 

Ci = initial concentration of carotenoid (pmols/ 
mg protein) 

In some cases, these data were not multiplied by the initial 
concentration and are expressed as a percent of initial 
concentration destroyed per minute. To compare the effects 
of carotenoid enrichment on the rates of carotenoid destruc- 
tion, a half time (t,J for carotenoid destruction, based on 
the approximate first-order kinetics, was calculated as 
0.693 X CJR,. 

Results are expressed as means 2 SEM. The statistical 
significance of differences between pairs of measurements 
was assessed by the Wilcoxen signed-rank test. Differences 
were considered statistically significant at P < 0.05. 

Results 

Enrichment of LDL in vitro with carotenoids and 
characterization of the resulting lipoproteins 
Table I shows the concentrations of lutein, lycopene, and 
p-carotene in control LDL and the fold enrichment of each 
carotenoid after addition of a specific carotenoid either to 
three individual, isolated LDL samples or to three distinct 
serum samples (followed by isolation of the LDL) as 
described in the methods. The overall degree of enrichment 
of LDL that was obtained for each carotenoid varied 
considerably among individual samples. Concentrations of 
lycopene and P-carotene in LDL were increased 2- to 
15-fold and 3- to 25-fold, respectively. For these carote- 
noids, there was little difference in the range of enrichments 
of LDL achieved by addition of the carotenoid to isolated 

J. Nutr. Biochem., 1997, vol. 8, December 683 



Research Communications 

lipoprotein or to whole serum. In contrast, the degree of 
enrichment of LDL with lutein was substantially higher 
when the carotenoid was added to isolated LDL (21- to 
150-fold) as compared to when it was added to serum (4- to 
6-fold). In general, the concentrations of the other endoge- 
nous carotenoids did not change under any of the treatment 
conditions. All enriched LDL samples exhibited similar 
electrophoretic mobility on agarose gels and negligible 
baseline levels of oxidized lipids. Moreover, no consistent 
changes in a-tocopherol content or cholesterol:protein ratio 
were detected in LDLs enriched with specific carotenoids as 
compared with their respective controls (data not shown). 
Thus, the enrichment procedures, whether via addition to 
LDL directly or to serum with LDL isolation, led to 
enhanced quantities of a specific carotenoid in LDL without 
generation of oxidized lipids, changes in endogenous lipids, 
or alteration in electrophoretic mobility. 

To determine how tightly the added carotenoid associ- 
ated with LDL, four of the six samples of LDL enriched 
with carotenoids (shown in Table 1) were subjected to 
agarose gel electrophoresis after reisolation by ultracentrif- 
ugation. Bands corresponding to LDL and the origin were 
scraped and lipid extracts were analyzed for carotenoids. 
Most (>75%) of the carotenoid that floated with LDL on 
ultracentrifugation also migrated with LDL on electrophore- 

100 - 
A. Control 

50 

25 

lutein lycopene B-carotene 

8. Enriched 

m  VLDL 

0 
lutein lycopene B-carotene 

Figure 1 Percent distribution of lutein, lycopene, and p-carotene 
among lipoproteins in control serum (Panel A) or in serum enriched with 
specific carotenoids (Panel B) by addition of carotenoid in solvent. The 
distributions of other carotenoids, as well as the distributions of (Y- 
tocopherol and cholesterol were not altered by enrichment with a 
specific carotenoid. Data shown represent n = 3 serum samples 
(mean + SE), the same as those presented in Table I. 
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Figure 2 Disappearance of total carotenoid and ol-tocopherol and 
formation of lipid peroxidation products, assessed as FOX-reactive lipid 
hydroperoxidks, TBARS, and conjugated dienes, during oxidation of 
human LDL (0.25 ma protein/ml. 5 &M CuSO,. 37°C) from five fasted 
individuals. kitial cckentrations, expressed as mean t SEM, were 
0.872 2 0.092 )LM for total carotenoid (representing the sum of the 
masses of lutein, P-ctyptoxanthin, lycopene, and p-carotene) and 
8.56 ? 0.23 )LM for cu-tocopherol. 

sis, demonstrating that added carotenoids were tightly 
associated with LDL. 

We also investigated the distributions among the lipopro- 
tein classes of the individual carotenoids added to the three 
serum samples (Table 1) and compared them to the distri- 
butions observed for the endogenous carotenoids. The 
results are shown in Figure I. For lycopene. the distribu- 
tions of endogenous and added carotenoid were nearly 
identical. However, for lutein and p-carotene, whereas the 
distributions of endogenous and added compound were 
qualitatively similar, there were modest. quantitative differ- 
ences. For all three samples of lutein-enriched serum, lutein 
associated to a greater extent with HDL (and less with LDL) 
than in control serum, whereas for all three samples of 
P-carotene-enriched serum, the major difference was a 
greater association of p-carotene with VLDL. In all cases, 
the amounts of carotenoids recovered in the three lipopro- 
tein fractions accounted well for the amounts found in 
whole serum. 

Oxidation of LDL containing 
erzdogenous carotenoids 

Our first experiments on oxidation utilized LDL isolated 
from the serum of five fasting individuals. The kinetics of 
destruction of endogenous carotenoids and or-tocopherol 
and the formation of oxidized lipids during the Cut’- 
mediated oxidation of LDL are shown in Figure 2. The assays 
measuring FOX-reactive lipid hydroperoxides, TBARS, and 
conjugated dienes gave similar results when plotted as 
percent of maximal oxidation over the 3-hr time course. In 
general, only minimal oxidation was observed before 30 
min. By that time, a-tocopherol was completely destroyed, 
and approximately 75% of total carotenoid was also de- 
stroyed. The remaining 25% of carotenoid was destroyed by 
60 to 80 min, a time period during which increasing, but not 
complete, oxidation of the LDL was observed. The finding 
that individual carotenoids are completely destroyed before 
substantial oxidation of LDL is consistent with the hypoth- 
esis that carotenoids can act as antioxidants to protect LDL 
from oxidation. 
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Figure 3 Disappearance of individual carotenoids during oxidation of 
human LDL (0.25 mg protein/ml, 5 ~.LM CuSO,, 37°C) from five fasted 
individuals. Initial concentrations, expressed as mean t SEM, were 
0.160 2 0.036 PM lutein, 0.068 2 0.008 FM f3-cryptoxanthin, 0.424 5 
0.048 ~.LM lycopene, and 0.220 2 0.048 PM p-carotene. 

Figure 3 shows the kinetics of destruction of individual 
carotenoids in these same LDL during the first 60 min of 
oxidation. Lycopene, the carotenoid found in highest con- 
centration in all samples of LDL, was destroyed most 
quickly, at approximately 17 pmol/min. Lutein and B- 
cryptoxanthin, found in much lower concentrations, were 
destroyed at considerably slower rates of approximately 5 
pmols/min. The rate of destruction of B-carotene was 
intermediate at about 11 pmols/min. These rates of destruc- 
tion were determined as described in Experimental Proce- 
dures. Differences in the rates of destruction of individual 
carotenoids are consistent with the hypothesis that individ- 
ual carotenoids may vary in their effectiveness at protecting 
LDL from oxidation. 

Oxidation of LDL enriched with carotenoids 

Having developed methods for the in vitro enrichment of 
LDL with specific carotenoids, we next compared the 
kinetics of oxidation for LDL enriched with specific caro- 
tenoids to that of the same LDL without enrichment (control 
LDL). These experiments were performed with the LDL 
samples whose carotenoid contents are presented in Table 1. 
Figure 4 shows the formation of TBARS in control LDL 
samples that were incubated at 37°C with either ethanol or 
THF (2.0% v/v), or held at 4°C during the enrichment 

----+-- 37’C (EtOH) 

0 20 40 60 80 100 120 140 160 180 200 

Time (minutes) 

Figure 4 Formation of TBARS during oxidation of control LDL (0.25 
mg protein/ml, 5 PM CuSO,, 37°C). The LDL from five individuals, 
obtained from human serum or isolated LDL, were incubated with 
ethanol or tetrahydrofuran (2.0% v/v) as solvent controls for the enrich- 
ment protocol or held at 4°C as described in Methods and materials. 

protocol (see Methods and materials). The lag times before 
oxidation as well as rates and extent of TBARS formation 
were similar under all three incubation conditions, thereby 
showing that the conditions of the enrichment protocol did 
not alter the susceptibility of LDL to oxidation. This was 
also seen when oxidation was monitored using the FOX 
assay (data not shown). 

The effects of enrichment of these LDL with specific 
carotenoids on the kinetics of destruction of the major 
carotenoids during oxidation were also determined. To 
compare the effects of the enrichment conditions on the 
disappearance of each carotenoid, half times of destruction 
were calculated from the rates of destruction as described in 
Experimental Procedures. As shown in Table 2, enrichment 
of the LDL with lutein prolonged the half time of lutein 
destruction but had no effects on the rates of destruction of 
the other carotenoids. Enrichment with lycopene had no 
effect on the rates of destruction of any of the carotenoids. 
In contrast, enrichment with B-carotene inhibited the de- 
struction of lutein and lycopene as well as B-carotene itself. 
The protective effect of enrichment of the LDL with 
B-carotene on the rates of destruction of carotenoids is 
shown more clearly in Figure 5. The rates of destruction of 
lutein, lycopene, and B-carotene were significantly slower 
in LDL enriched with P-carotene (2.6%, 4.3%, and 3.0% 
per min, respectively) compared with control LDL (4.0%, 

Table 2 Half times (minutes) for destruction of LDL-associated carotenoids during oxidation of human LDL: comparison between control LDL 
samples and those enriched with specific carotenoids 

Carotenoid 

Enrichment 
condition 

Lutein p-Cryptoxanthin Lycopene p-Carotene 

Control Enriched Control Enriched Control Enriched Control Enriched 

Lutein 1626 52 2 28 921 11 22 922 922 921 14 2 5 
enriched vs control* P = 0.03 NS NS NS 

Lycopene 20 5 5 52 ” 24 105 1 IO k 1 9k2 14 2 5 IO 2 2 922 
enriched vs control* NS NS NS NS 

p-Carotene 20 2 5 85 + 59 102 1 1424 9k2 21 28 10 -c 2 19 + 3 
enriched vs control* P = 0.03 NS P = 0.03 P = 0.03 

*Statistical comparisons of half times for carotenoid destruction in five individual LDL samples enriched with a specific carotenoid and control LDL were 
made using Wilcoxen signed-rank test (P < 0.05 considered significant and shown in bold type). 
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Minutes 

8.9%, and 5.8% per min, respectively), resulting in the 
prolonged half times for destruction shown in Table 2. 

The time course for oxidation of the LDL enriched with 
lutein, lycopene, or p-carotene was assessed as TBARS and 
compared to that for control LDL. These data are shown in 
Figure 6. No differences in the kinetics of oxidation of 
control LDL and LDL enriched with lutein (4- to 150-fold) 
or lycopene (2- to 15fold) were observed. However, for 
samples of LDL enriched with p-carotene (3- to 25-fold), 
lag times before initiation of oxidation (65 ? 29 min) were 
significantly longer than those of control LDL (19 + 7 min) 
(P = 0.03). After initiation of oxidation, the rate of 
TBARS formation and the maximal extent of oxidation of 

1207 I 

+ conno 

+ Lycopene Enriched 

Figure 6 Formation of TEARS during oxidation of LDL (0.25 mg 
protein/ml, 5 FM CuSO,, 37°C). Samples of LDL were obtained from 
human serum or isolated LDL incubated (8 hr, 37°C) with lutein in 
ethanol (Panel A, W), lycopene inTHF (Panel B, n ), or p-carotene in THF 
(Panel C, n ) or appropriate solvent controls (0). For each treatment, 
n = 5. 

a 

z 
0 Figure 5 Disappearance of individual carotenoids during 

oxidation of LDL (0.25 mg protein/ml, 5 PM CuSO,, 37°C) 
for five individual LDLs enriched with p-carotene (W) and their 
respective controls (0). 

these LDL did not differ. Measures of the formation of 
FOX-reactive lipid hydroperoxides paralleled those ob- 
served using the TBARS assay (data not shown). Thus, the 
rates of carotenoid destruction and the time course of 
oxidation show that only P-carotene protects LDL from 
Cut*-mediated oxidation in vitro. 

Discussion 

These studies provide new information on the effects of 
increasing the concentration of a specific carotenoid in 
serum or in LDL on its distribution among lipoproteins, the 
composition of LDL and the susceptibility of LDL to an in 
vitro oxidation. The protocol used to increase the concen- 
tration of specific carotenoids within the LDL particle 
provides a powerful tool to examine the potential func- 
tion(s) of carotenoids, in this case as antioxidants. It is 
particularly noteworthy that the chemical composition and 
properties of the LDL as well as concentrations of other 
endogenous antioxidants are unchanged by this enrichment 
procedure. Hence, this method allows us to evaluate specif- 
ically the potential biological effects of individual LDL- 
associated carotenoids. It is of interest to note that the 
concentrations of p-carotene in LDL achieved with this in 
vitro enrichment procedure are fairly comparable to those 
seen with oral supplementation.‘7,25 Moreover, since oral 
supplements are not available for lutein and lycopene, this 
in vitro method allows direct comparison of the effects of 
enriching with individual carotenoids against a background 
of the same endogenous carotenoids. 

When carotenoid in solvent was added to serum or to 
isolated LDL, the extent of carotenoid enrichment achieved 
varied considerably from one LDL sample to another and 
for different carotenoids. The basis of this variability is not 
known but may be related to the poor solubility of the 
carotenoids in the largely aqueous environments in suspen- 
sions of lipoproteins or serum. We did find that the range of 
enrichments of LDL achieved by addition of either lycopene 
or p-carotene to serum with subsequent isolation of LDL or 
directly to pre-isolated LDL were similar. In contrast, the 
enrichment of LDL with lutein was much less when lutein 
was added to serum (with subsequent LDL isolation) than 
when lutein was added directly to LDL. This result is likely 
related to the presence of phospholipid-rich HDL in whole 
serum. Both the current and previous studies5 showed that 
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the distribution of endogenous lutein differed from those of 
lycopene or B-carotene in its greater association with HDL. 
For added B-carotene, its distribution was shifted toward a 
greater association with VLDL than that for endogenous 
B-carotene. Thus, for studies such as tissue culture experi- 
ments in which serum enriched in vitro or lipoproteins from 
that serum are used as delivery vehicles for carotenoids, it is 
important to realize that the distributions of carotenoids 
among lipoproteins may be different than those of the 
endogenous carotenoids. 

Once we had carefully characterized LDL following 
enrichment with specific carotenoids, we examined the 
ability of these individual carotenoids to inhibit LDL 
oxidation. Our findings that enrichment of LDL with 
B-carotene modestly inhibits the oxidation of LDL under 
the conditions used here are consistent with those of Jialal et 
a1.,13 Lavy et al.,” and Naruszewicz et al. I4 In these studies, 
B-carotene added to LDL or serum in a small volume of 
solvent inhibited the oxidation of LDL or Lp (a) by 
Cu2+-mediated oxidation in a cell-free system as well as by 
cultures of monocyte-macrophages. In contrast, Reaven et 
al.” found that B-carotene enrichment of LDL by oral 
supplementation had no effect on copper-mediated oxida- 
tion of the lipoprotein, whereas Gaziano et aLI found such 
enrichment to promote copper-mediated oxidation. Cer- 
tainly, when taken together, all of the investigations on the 
effects of increasing B-carotene in LDL suggest that, at best, 
it can slightly delay the onset of lipid peroxidation. Thus, 
any potential beneficial effect of dietary B-carotene supple- 
mentation on atherosclerosis might be more related to 
possible effects of B-carotene on cells and not to its action 
as an LDL-associated antioxidant. 

We have also provided new information on the effects of 
carotenoid enrichment of LDL on the kinetics of destruction 
of individual carotenoids during copper-mediated oxidation. 
Each carotenoid studied had different effects on the process, 
and these effects were largely unrelated to lipid peroxida- 
tion in LDL. While B-carotene enrichment prolonged the 
destruction halflife of lutein, lycopene, and B-carotene 
itself. the effect of the first two carotenoids cannot be 
relevant to lipid peroxidation since enrichment of the LDL 
with these two carotenoids had no effect. Furthermore, lutein 
enrichment markedly increased its own halflife for oxidative 
destruction but had no effect on lipid peroxidation. 

To our knowledge, the studies reported here are the first 
to examine the effects of enrichment of LDL with either 
lycopene or lutein on the oxidation of LDL and to compare 
their effects to that of B-carotene. Both lycopene and lutein 
differed from B-carotene in that neither had any effect on 
the oxidation of LDL. This is seen despite (1) enrichments 
comparable to (or greater than) those obtained with B- 
carotene. and (2) evidence that all three of these carotenoids 
exhibit antioxidant properties in solution as deactivators of 
peroxyl radicals and/or singlet oxygen quenchers.‘6,“7 Thus, 
while the different carotenoids may not have intrinsically 
different properties as antioxidants, in a supermolecular 
complex such as LDL they may be differentially exposed to 
the oxidant or exhibit differential reactivity. It remains to be 
determined if these specific carotenoids in LDL are more or 
less effective when the lipoprotein is exposed to different 
oxidative conditions. 

In conclusion, in vitro enrichment is an excellent means by 
which to enhance the concentration of an individual carotenoid 
in its physiological plasma transporter, LDL, without altering 
other aspects of LDL’s composition. The limited effect of 
B-carotene, and the absence of effect of either lutein or 
lycopene, on copper mediated oxidation of LDL suggest that 
further studies are needed to more fully understand the poten- 
tial physiological and/or prophylactic function(s) of B-carotene 
and other carotenoids in cardiovascular disease. 
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