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We describe a simplified isocratic HPLC method for the
simultaneous determination of all-trans-retinol, 3 tocopherols

(a-, 8-, and y- tocopherol), and 8 carotenoids (lutein, zeaxanthin,
canthaxanthin, p-cryptoxanthin, all-trans-lycopene, 5-cis-lycopne,
a-carotene, and p-carotene) in human plasma, which uses a single
C18 reversed-phase column (4.6 x 250 mm, 3 pm). A photodiode
array detector was used to measure the UV-vis wavelength
absorbance of retinol and the eight carotenoids, and fluorescence
detection was used for the tocopherols. The linear ranges of the
calibration curves for the calibration solutions injected into the
HPLC column are 0.02-6.0 pg/mL for all-trans-retinol,
p-cryptoxanthin and o-carotene; 0.01-3.0 pg/mL for d-tocopherol,
lutein, and lycopene; 0.08-24.0 pg/mL for y-tocopherol; 0.3-90.0
pg/mL for a-tocopherol; 0.005-1.5 pg/mL for zeaxanthin and
canthaxanthin; and 0.04-12.0 pg/mL for (-carotene.

Introduction

The concentrations of antioxidants such as tocopherols and
carotenoids in the diet and plasma have been associated with a
reduced risk of chronic diseases such as cancer and cardiovas-
cular disease (1-7). The growing interest in these fat-soluble
compounds has led to the development of a number of high-per-
formance liquid chromatography (HPLC) methods for the
simultaneous separation and quantitation of retinoids, toco-
pherols, and carotenoids from foods and biological samples such
as plasma and tissues (8-25).

Of the existing HPLC methods, reversed-phase (RP) C18 and
C30 columns have been widely used in order to separate and
quantify retinoids, tocopherols and carotenoids. The polymeric
C30 stationary phase provides superior resolution and unique
separation that is specifically suited for the geometrical isomers
of carotenoids (23,26,27). However, because of the increased
analysis time and poor sensitivity using a C30 column, the
majority of simultaneous determinations of these compounds
are currently performed using a polymeric C18 stationary phase
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with 5 pm spherical particles packed in 250 mm columns (25).
Because the isocratic mobile phase elution used in RP C18
columns did not provide good separation of lutein and zeaxan-
thin, as well as some carotene isomers, more complex methods
such as a gradient mobile phase system, a column switch device,
or a low temperature column chamber have been used to resolve
these two xanthophylls. Lee et al. (15), used an isocratic elution
with two monomeric C18 columns, which were maintained at
35°C and 4°C, respectively, to separate 14 vitamins and three
internal standards. The complex column switch device and the
low temperature column chamber required to accomplish this
work may not be readily available in most laboratories.

Part of the difficulty in resolving the various carotenoids may
lie in the small differences in polarity between the carotenoids. A
method that increases the number of theoretical plates may be a
strategy to help resolve these analytes (9). Columns packed with
a smaller particle size such as 3 pm provide a higher number of
theoretical plates compared with columns with 5 pm particles,
and could provide a simple way to improve the resolution of the
peaks without the use of the more complex gradient elutions and
column switch devices. Few studies have used C18 stationary
phase columns packed with 3 pm particles to separate
carotenoids (9,28). Steghens, et al. (9) employed a 3 pm, C18
column with a step gradient elution for the separation of seven
carotenoids (lutein zeaxanthin, canthaxanthin B-cryptoxanthin,
lycopenes a-carotene, and B-carotene), retinol, a-tocopherol,
and two internal standards (tocol and echinenone). Because of
the lower sensitivity of UV detection and the baseline fluctuation
caused by gradient elution, this method may not be suitable for
measuring 6- and y-tocopherol in plasma samples.

Previous studies have compared photodiode array (PDA) and
fluorescence detectors to measure the absorbance of ultraviolet-
visible (UV-vis) wavelength and fluorescent emission of absorbed
light, respectively, of tocopherols (15,29). These studies have
found that fluorescence detection was more sensitive than the
UV absorbance for tocopherols.

In this paper, a simple, rapid, and highly sensitive isocratic
HPLC method is described; in this method a polymeric octade-
cylsilane column (3 pm particles) and simultaneous detection by
a PDA detector for UV absorbance of retinol and eight
carotenoids and a fluorometric detector for tocopherols are used
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to measure the concentrations of all-frans-retinol, a-, 9-, and y-
tocopherols, and carotenoids (lutein, zeaxanthin, canthaxanthin,
B-cryptoxanthin, all-frans-lycopene, 5-cis-lycopne, a-carotene,
and f-carotene) in plasma with the use of three internal stan-
dards (retinyl acetate, a-tocopherol acetate, and echinenone).

Experimental

Reagents and chemicals

All-trans-vetinol, retinyl acetate, o-, -, y-tocopherol, a-toco-
pherol acetate, p-carotene, lycopene, butylated hydroxytoluene
(BHT), and triethylamine were purchased from Sigma-Aldrich
(St. Louis, MO). Echinenone, lutein, zeaxanthin, canthaxanthin,
and a-carotene were purchased from CaroteNature (CH-4419,
Lupsingen, Switzerland), and B-cryptoxanthin was from
ChromaDex (Santa Ana, CA). Two levels of standard reference
materials (SRM 968c) were acquired from the National Institute
of Standards and Technology (NIST, Gaithersburg, MD). HPLC
grade methanol, acetonitrile, and hexane were purchased from
EMD Chemicals (Gibbstown, NJ). ACS grade anhydrous ethanol
was from Commercial Alcohols Inc. (Brampton, ON, Canada).

Blood collection and storage

Blood for method validation was collected from healthy sub-
jects aged 20-29 years old who were participants from the
Toronto Nutrigenomics and Health Study. Blood samples were
collected after a minimum 12 h overnight fast at LifeLabs
Laboratories (Toronto, ON, Canada). Subjects were only per-
mitted to consume water prior to the blood draw. All blood sam-
ples were collected from the antecubital vein and protected from
light. Plasma samples were collected in a 7 mL sodium-heparin
tube and centrifuged at 1500 g for 15 min at 4°C within 2 h after
collection. An aliquot of 2 mL was placed in an amber transport
vial, frozen immediately, and transported on dry ice to the
University of Toronto and stored at a temperature of -80°C until
analysis. All subjects provided written informed consent and the
study protocol was approved by the Research Ethics Board at the
University of Toronto.

Preparation of calibration solution of standards

Stock solutions of each standard were prepared individually
with appropriate solvents. All-frans-retinol was dissolved in
ethanol-0.0625% BHT; retinyl acetate (internal standard 1, IS1)
was initially dissolved with 1 volume of acetone before the addi-
tion of 4 volumes of acetonitrile. Stock solutions of -, 6-, and y-
tocopherols and a-tocopherol acetate (internal standard 2, 1S2)
were prepared in ethanol-0.0625% BHT. Stock solutions of the
hydrocarbon carotenoids including a-carotene and f3-carotene
were prepared in hexane-0.005% BHT, and lycopene was first
dissolved in 1 volume of chloroform followed by 4 volumes of
hexane-0.005% BHT. Canthaxanthin was dissolved in tetrahy-
drofuran. Other carotenoids including lutein, zeaxanthin, p-
cryptoxanthin, and echinenone (internal standard 3, IS3) were
dissolved in ethanol-0.0625% BHT. Because the carotenoids and
tocopherols are very unstable and easily degraded, the concen-
trations of individual calibration standard solutions were con-
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firmed by measuring the absorption in a specific solvent and
wavelength with a UV spectrometer and checking the purity by
HPLC. If the measured concentrations dropped significantly,
fresh new stock solutions of the individual calibration standard
were prepared. Extinction coefficients used to determine con-
centrations of calibration standards are listed in Table I.
Ethanol-0.0625% BHT was used to dissolve the working solu-
tion of mixed calibrators containing y-, 8-, and a-tocopherol (1
mg/L, 8 mg/L and 30 mg/L, respectively), all-frans-retinol (2
mg/L), lutein and lycopene (1 mg/L of each), zeaxanthin and can-
thaxanthin (0.5 mg/L of each), B-cryptoxanthin and a-carotene
(2 mg/L of each), and p-carotene (4 mg/L). Aliquots of the
working solution were distributed into amber vials and stored at
—70°C. Each time before use, a vial of the calibrator working
solution was thawed to room temperature and sonicated for 5
min. Seven levels of different concentrations of calibrator
mixture were prepared by diluting the calibrator working
solution in ethanol-0.0625% BHT. The concentrations of the
internal standards in the mixed internal standard solution in
ethanol-0.0625% BHT were 0.25 mg/L for retinyl acetate (IS1),
50 mg/L for a-tocopherol acetate (IS2), and 0.2 mg/L for echi-
nenone (IS3).

Sample preparation

Plasma samples were stored at -80°C and extracted on the day
of HPLC analysis. All sampling procedures were performed
under low ambient light conditions to minimize light-induced
degradation of antioxidants. For extraction, a 200 pL aliquot of
plasma, 100 pL of the mixed internal standard solution, and 100
pL of ethanol-BHT (0.0625%) were pipetted into an amber
microfuge vial, and vortexed for 15 s for deproteinization (8). A
volume of 1 mL of n-hexane-BHT (0.005%) was added to the
mixture, which was then vortexed and shaken alternately for 5
min, and centrifuged for 3 min at 2000 g. The vial was placed on
ice to improve phase separation after centrifugation and an
aliquot of 900 pL of the supernatant was transferred to a 4 mL

Table 1. Extinction Coefficient Used to Determine
Concentration of Calibration Standards

Wavelength  Extinction
Compound Solvent (nm) coefficient*  Reference
All-trans-retinol Ethanol 325 1835 (13)
d-Tocopherol Ethanol 298 87.3 (37)
y-Tocopherol Ethanol 298 91.4 (37)
a-Tocopherol Ethanol 292 75.8 37)
Lutein Ethanol 445 2550 (38)
Zeaxanthin Ethanol 450 2480 (38)
Canthaxanthin Petroleum 466 2200 (38)
B—Cryptoxanthin Hexane 449 2386 (38)
all-trans-Lycopene Petroleum 470 3450 (38)
o-Carotene Hexane 445 2710 (38)
B-Carotene Petroleum 450 2592 (38)
Retinyl acetate Ethanol 326 1550 (13)
a-Tocopherol acetate  Ethanol 290 40 (13)
Echinenone Petroleum 458 2158 (38)
*(g1%1 cm)
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amber glass vial with a screw cap. The extraction procedure was
repeated twice with n-hexane-BHT (0.005%) and the super-
natants were pooled into the amber glass vial. The extract was
evaporated to dryness under a stream of nitrogen, reconstituted
in 100 pL of ethanol-BHT (0.0625%) by vortexing for 3 min, and
transferred into a microvolume HPLC vial insert. Samples were
then placed into the HPLC autosampler compartment at 10°C
before injection.

Chromatographic conditions

The HPLC system consisted of a Waters 2690 Alliance HPLC
system (Milford, MA), a Waters 996 PDA detector and a
Shimadzu RF 535 fluorescence detector (Kyoto, Japan),

controlled by Waters Millennium3? data management software,
4.0 edition. A Waters Spherisorb 3 pm ODS2, 4.6 x 250 mm ana-
Iytical column was used for the separation of all components.
The chromatographic separation was performed by isocratic
elution with a mixture of acetonitrile and methanol (65:35, v/v)
containing 0.065% of triethylamine at a flow rate of 1.5 mL/min.
The temperatures of the sample chamber and column oven were
10°C and 30°C, respectively. The injection volume on the
column was 10 pL. The PDA detection wavelength range was
from 200 to 500 nm. The fluorescence detector parameters were
as follows: excitation wavelength, 285 nm; emission wavelength,

325 nm; response, medium; sensitivity, high; and range, 1024.
The concentrations of &-, y-, a-tocopherol, and a-tocopherol
acetate (IS1) were determined by fluores-

cence detection. The carotenoids lutein,

Table 11. Reproducibility and Recovery zeaxanthin, canthaxanthin, B-cryptoxan-
o thin, lycopene, a-carotene, -carotene, and
Added Mean v G echinenone (IS3) were quantified at 450
. toplasma plasmaconc. — Within-  Between-  Recovery | o ond ol frans-retinol and retinyl
Compound Detection  (pg/ml) (pg/mL, n=12) day day (%) acetate (IS2) were measured at 326 nm by
Alltrans-retinol ~ PDA 0376 186 534 PDA detection.
0.02 0.400 172 5.59 17
0.10 0.495 2.39 3.93 118 Calibration curves and quantification
1.00 1411 1.57 3.00 103 External standard calibration curves
d-Tocopherol - Fluorescence 001 ggg‘; gfﬂg ”723 108 were constructed by plotting the peak-area
0.05 0421 556 A7 o4 rati.o of the analyte.-intemal standard
050 0.561 404 313 97 against the concentration of the analyte. A
y-Tocopherol  Fluorescence 1.129 2.66 419 linear least-squares regression analysis was
0.08 1.180 5.45 5.24 64 performed for each analyte, and the final
040 1549 372 236 105 calibration curve for each analyte was the
400 5.279 439 3.13 103 . . .
a-Tocopherol  Fluorescence 8.699 7.78 4.90 ave.rage based On, ten_tlme. repl1cates n
03 8.796 8.26 5.46 3 which the correlation coefficient was above
150 9.966 9.31 406 84 0.99. Plasma concentrations of each analyte
e oo 150 2(3)(3)172 ;162 ‘7‘?2 ¥ were quantified on the final calibration
utein 5 . .
0.01 0.088 3.14 8.3 120 CUIVES.
0.05 0.130 3.86 5.07 107
050 0.590 154 3.55 103 Recovery, reproducibility, and precision
Zeaxanthin PDA 0.022 5.13 12.15 For reproducibility and recovery studies,
0.005 0.028 1.79 9.16 116 pooled human plasma samples were sup-
ggég 8(2)‘5‘3 igg 13(;? 18? plemented with d?fferent concentrations of
Canthasanthin PDA 0038 335 -7 the. analytes of interest. Twelve s.ets of
0.005 0.044 285 767 126 enriched samples were prepared to give the
0.025 0.064 3.97 8.82 106 concentrations listed in Table II. Analyses
' 0.250 0.285 1.54 6.37 » were carried out within 24 h for within-day
B-Cryptoxanthin - PDA - 88;1 égi ?22 - variation, and between-day variation was
0.10 0,150 490 168 100 determined by repeating t_he same assay
1.00 1038 278 276 99 once a week for 6 consecutive weeks. Two
Lycopene PDA 0.145 3.72 13.36 lyophilized standard reference materials
88; 8};2 ;g; 1?3? 1;2 (SRM 968c¢) from NIST were processed to
050 0652 Sen 530 01 determine the accuracy of the method.
a-Carotene PDA 0.058 4.93 8.60
0.02 0.075 3.80 5.05 85
0.10 0.155 5.32 2.83 97 . .
1.00 1.003 215 280 94 Results and Discussion
f-Carotene PDA 0.191 4,07 8.36
8(2)3 8§§; ;; 23? 1;3 Thg six most. common fiietary car-
2.00 2,080 223 926 94 otenoids are lutein, zeaxanthin, lycopene,
B-cryptoxanthin, a-carotene, and p-car-
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otene, which reportedly account for more than 90% of the
carotenoids present in human plasma (30). The critical issues for
simultaneous analysis of these carotenoids along with the other
antioxidants in human plasma include selectivity, sensitivity, and
reliability. Figure 1 shows a set of overlaid chromatograms of the
calibration standard mixture from different channels with PDA
and fluorescence detection. All-frans-retinol and retinyl acetate
(IS1) were detected at 326 nm and the seven carotenoids and
echinenone (IS3) at 450 nm with PDA detection, and the
tocopherols and a-tocopherol acetate (IS2) were measured with
excitation wavelength 285 nm and emission wavelength 325 nm
by fluorescence detection.

Although separation of lutein and zeaxanthin can be achieved
by the use of polymeric C18 or C30 columns with a gradient
elution (23), the retention of a-carotene, lycopene, and f3-
carotene tends to increase, resulting in decreased sensitivity.
Because the smaller particle size of the column packing could
provide a higher number of theoretical plates and, therefore,
have higher resolution for separation, a polymeric C18 column
packed with 3 pm spherical particles was used for testing with an
isocratic elution method. With this approach, lutein and zeaxan-
thin were sufficiently resolved to enable their individual quan-
tification.

To improve the resolution, ammonium acetate, acetic acid,
and triethylamine have previously been used in the mobile phase
(22,24). As a modifier, 0.065% triethylamine was added to the
mobile phase, which improved the sharpness of each carotenoid
peak. The use of an antioxidant such as BHT (9,22,25), or
ascorbic acid (12) during sample treatment is necessary to pre-
vent degradation of carotenoids, especially lycopene and -
carotene. Therefore, the antioxidant BHT was added to each
solvent used for the standard and sample preparation. Hexane
containing BHT protected the carotenoids from degradation
during the evaporation of the organic layers. Echinenone is a
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Figure 1. Typical chromatograms of calibration standards (A) as detected with
PDA and (B) fluorescence detection. 1 = all-trans-retinol, 2 = lutein, 3 = zeax-
anthin, 4 = canthaxanthin, 5 = p-cryptoxanthin, 6 = all-trans-lycopene,
8 = a-carotene, 9 = f-carotene, 10 = d-tocopherol, 11 = y-tocopherol,
12 = a-tocopherol, 1S1= retinyl acetate, 152 = a-tocopherol acetate, and
1S3 = echinenone.
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synthetic carotenoid and has structural and chemical properties
similar to the naturally occurring carotenoids in plasma. The use
of three internal standards allowed better quality control and
helped to correct analytical variations occurring for each antiox-
idant during the extraction and chromatography steps.

Figure 2 shows a set of chromatograms from a typical plasma
sample. With the 3 ym C18 column used in this method, lutein
and zeaxanthin were sufficiently separated under isocratic
elution with a mixture of acetonitrile and methanol (65:35, v/v)
containing 0.065% of triethylamine. As these results show, this
approach enables the individual quantification of lutein and
zeaxanthin. Figure 2 also shows that this method allows all ana-
lytes of interest to be well separated from each other and there is
no interference with other compounds found in human plasma.

The geometric isomers of lycopene are not baseline-resolved
(Figure 2), but are resolved sufficiently to separate and quanti-
tate the all-frans-lycopene and 5-cis-lycopene from other cis-iso-
mers. Because of the lack of standards, the peak assignment of
cis-lycopene isomers is not certain, which may affect the deter-
mination of the ratio between lycopene isomers (31-34). Peak 7
(Figure 2) was tentatively assigned to 5-cis-lycopene because its
peak area ratio to all-frans-lycopene is similar to previous studies
(21, 22, 31, 32). The additional two cis-isomers of lycopene were
also separated and are likely 9-cis and 13-cis lycopene according
to their peak order by comparison to a previous report that used
a similar C18 HPLC system (21). For quantitation, the calibra-
tion curve of all-frans-lycopene was used to calculate the con-
tents of its geometric isomers, although it was reported that
cis-isomers with a lower specific absorption than the all-frans-
isomer, such as 9-cis- or 13-cis-lycopene were somewhat under-
estimated (33). The two cis-isomers of B-carotene were also
resolved from their all-frans isomer by this method. Based on
their peak order, they are likely 9-cis-p-carotene and 13-cis-p-
carotene, respectively (21).

0.004
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Time (min)
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Figure 2. Typical chromatograms of human plasma (A) as detected with PDA
and (B) fluorescence detection. 1 = all-trans-retinol, 2 = lutein, 3 = zeaxan-
thin, 4 = canthaxanthin, 5 = p-cryptoxanthin, 6 = all-trans-lycopene,
7a = 5-cis-lycopene, 7b = 9-cis-lycopene, 7c = 13-cis-lycopene,
8 = o-carotene, 9 = B-carotene, 9b = 9-cis-p-carotene, 9c = 13-cis-p-carotene,
10 = d-tocopherol, 11 = y-tocopherol, 12 = a-tocopherol, IS1 = retiny!
acetate, 152 = a-tocopherol acetate, and 1S3 = echinenone.
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Table IlI. Limits of Detection and Retention Time
Detection limit Retention time

Compound Detection (pg/ml) (min)
Retinyl acetate (IS1) PDA 3.6
all-trans-Retinol PDA 0.007 32
a-Tocopherol acetate (IS2)  Fluorescence 9.8
d-Tocopherol Fluorescence 0.01 6.8
y-Tocopherol Fluorescence 0.008 7.8
a-Tocopherol Fluorescence 0.008 8.8
Lutein PDA 0.01 4.2
Zeaxanthin PDA 0.005 44
Canthaxanthin PDA 0.005 5.4
B-Cryptoxanthin PDA 0.01 9.9
Echinenone (IS3) PDA 11.2
all-trans-Lycopene PDA 0.01 14.5
5-cis-Lycopene PDA 0.01 15.2
a-Carotene PDA 0.01 224
p-Carotene PDA 0.02 244

Besides those identified retinoids, carotenoids, and toco-
pherols, a few unknown peaks at wavelength 450 nm with PDA
detection in human plasma were also observed. Some of these
unknown peaks are well resolved from the other peaks and are
present at relatively high concentrations. The identity of these
peaks, however, remains to be determined. The retention times
and detection limits of each analyte are summarized in Table III.
The limit of detection was defined as the lowest concentration of
an analyte in a standard solution that could be detected from
zero with 95% confidence (n = 10).

Regression analysis of calibration data achieved good linearity
over the concentration range tested. Slopes, intercepts, squared
coefficients of correlation, and corresponding concentration
ranges of calibration are shown in Table IV. Squared correlation
coefficients (r2) were > 0.99, indicating a linear relationship in
the concentration ranges for all analytes. The day-to-day varia-
tions (n = 10) in slope and linearity were generally < 7% and
< 0.1%, respectively.

The within-day precision, between-day variations, and
recovery rates were tested by using the same human plasma
sample enriched with different concentra-

Table V. Linearity and Ranges of Calibration (n = 10) tions of the analytes of interest. The results
of the within-day (n = 6) and between-day
Mean CV (%) (n = 6) CV assays are shown in Table II,
Calibration Calibration Calibration with CV generally < 10%. The recovery
Compound range (pg/ml) curve* P curve* R rates through the concentration range
tested ranged from 85% to 120% for most
all-trans-retinol 0.02-6.0 y=02272x-0.0113 0.9998 5.05 0.01 of the analytes, indicating good reliability
d-Tocopherol 0.01-3.0 y =0.374x-0.0055 0.9998 5.04 0.02 of this HPLC method for human plasma
y-Tocopherol 0.08-24.0 y=03841x-0.0228 0.9997 6.88 0.02 samples.
a-Tocopherol 0.3-90.0 y = 1.0023x - 0.0799 0.9998 6.06 0.03 Two lyophilized standard reference
Lutein 0.01-3.0 y=0.2238x + 0.0008 0.9997 445 0.03 :
Zeaxanthin 000515 y=02031x-0.0075 09988 371 008 material SRM 968¢ from the NIST were
Canthaxanthin 0.005-1.5 y=02703x - 00028 0.9996 303 0.04 used to check the accuracy of the method.
p-Cryptoxanthin 0.02-6.0 y =0.2267x + 0.0057 0.9996 432 0.03 The measured concentration values of all-
Lycopene 001-3.0 y = 0.3254x - 0.0069 09982 6.75 017 frans-retinol, 6-tocopherol, y-tocopherol,
a-Carotene 0.02-6.0 y=0.1986x + 0.0074 0.9997 402 0.02 a-tocopherol, and frans-f-carotene were
p-Carotene 0.04-12.0 y = 0.2241x + 00225 0.9996 412 0.03 compared with NIST certified concentra-
tion values (Table V). The concentration
*y = concentration (pg/mL); x = peak area ratio. . .
values of lutein, zeaxanthin, p-cryptoxan-
thin, all-frans-lycopene, total lycopene,
A and a-carotene along with the NIST refer-
Table V. Results (pg/mL) for the Standard Reference Material 968c from NIST .
ence concentration values are also pre-
Level 1 Level 2 sented. Our values are in very good
Analyte Our result* NISTH Our result* NISTH agreement with NIST values. .

Plasma from 709 young subjects aged
all-trans-Retinol 0.844 £ 0,018 0.841 £ 0,027 0.486 £ 0.010 0.484 £ 0.012 20-29 years were chosen to compare values
d-Tocopherol 0.129 £ 0.007 01310018 0.600 = 0.015 0.527 £ 0.071 with those reported in various populations.
y-Tocopherol 3.76+0.16 3.90+0.13 1.61 +0.04 156 +0.10 Plasma concentrations of all-frans-retinol,
a-Tocopherol 7.80 +0.48 7.47 +0.47 17.99 +0.63 16.79 +0.76 three tocopherols, and eight carotenoids
trans-p-Carotene 0.174+0.010 0.157 £ 0.016 0.402 + 0.008 0.391 +£0.047 for these Selected Samples from women (n
Lutein 0.047 +0.003 0.047 +0.007 0.078 +0.003 0.068 +0.007 — 491) and men (n = 218) subjects are
Zeacanthin 0.027 £ 0.002 0.026 +0.009 0.019 +0.001 0.019 +0.009 reported in Table VL. The results of plasma
f-Cryptoxanthin 0.073 +0.003 0.072 +0.008 0.033 +0.001 0.030 + 0.006 concentrations for individual analytes are
all-rans-lycopene 0175 £0.014 0.13£0.03 0.230 +0.002 0.17 £0.03 ) ) .
total Lycopene 0357 = 0,034 034+ 0.04 04740010 045 £0.07 in good agreement with previously
a-Carotene 0.020 £ 0.001 0.020 £ 0.006 0.095 + 0.003 0.10+0.02 reported values in various populations
- (9-13).

t ?sszeitfalt?ig; Eeﬂiﬁed or referred by NIST, mean + the expanded uncertainty. The pla‘sma for which the mtmOI’ toco-
pherol, and carotenoid concentrations
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Table VI. Concentrations of Carotenoids, Tocopherols, and All-trans-retinol in Human Plasma

Women (n = 491) Men (n = 218)
Mean + SD Range Mean + SD Range
Analyte (ng/mL) (pmol/L) (pg/mL) (pmol/L) (pg/mL) (pmol/L) (pg/mL) (umol/L)
all-trans-retinol 0.554+0.163 1.933 £0.569 0.056-1.189 0.197-4.150 0.563 +0.109 1.966 +0.379 0.269-1.032 0.939-3.603
d-Tocopherol 0.096 +0.106 0238 £0.263 0.013-1.568 0.033-3.893 0.122 +0.225 0.302 +0.558 0.023-2.699 0.058-6.702
y-Tocopherol 1.56 +0.92 3.75+221 0.27-6.92 0.65-16.61 1.80£0.94 433+2.25 0.32-5.92 0.77-14.21
a-Tocopherol 12.26 +3.85 28.47 +8.95 0.71-29.74 1.64-69.05 11.89 £4.11 27.61+9.53 2.71-39.50 6.30-91.72
Lutein 0.227 £0.136 0.398 +0.239 0.053-1.573 0.093-2.766 0.194 +0.085 0.341+£0.149 0.036-0.500 0.064-0.879
Zeaxanthin 0.054 +0.040 0.095 £ 0.071 <D.L.*-0.688 <D.L-1210 0.050 £0.023 0.087 £0.040 0.009-0.138 0.01-0.243
Canthaxanthin® 0.012 £0.020 0.021 £0.036 <D.L-0225 <D.L-0.398 0.012 £0.023 0.020 £ 0.040 <D.L-0.171 <D.L-0.303
B-Cryptoxanthin ~ 0.166 +0.122 0301 £0.221 0.014-0.843 0.026-1.525 0.129 £0.092 0.234 £0.166 0.015-0.674 0.027-1.219
all-trans-Lycopene  0.546 + 0.358 1.017 £ 0.667 <D.L-1.928 <D.L-3.592 0.590 + 0.400 1.099 + 0.745 0.058-1.878 0.108-3.498
5-cis-Lycopene 0.203 £0.100 0.366 £0.181 0.048-0.514 0.087-0.929 0.196 +0.105 0.355+0.189 0.049-0.506 0.089-0.916
a-Carotene 0.102 £ 0.086 0.191 £0.161 0.011-0.738 0.021-1.375 0.066 = 0.057 0.122 £0.107 <D.L-0.381 <D.L-0.710
p-Carotene 0349 £0.274 0.650£0.510 0.028-1.906 0.052-3.550 0.208 £0.156 0.388 £0.291 <D.L-0.949 <D.L-1.768
*D.L. = detection limit.
tn =163 (women), n = 62 (men)
$n =130 (women), n = 50 (men)
were reported had been stored for up to 3.5 years and had under- Acknowledgements

gone only one freeze/thaw cycle prior to HPLC analysis.
Although no stability studies were performed using the HPLC
method described, retinol, a-tocopherol and p-carotene have
previously been reported to be stable for at least 15 years when
stored at temperatures at or below —70°C (35). Comstock et al.
(36), have also reported no significant losses of retinol,
a-carotene, p-carotene, cryptoxanthin, lutein, lycopene, a.-
tocopherol, and y-tocopherol for up to 4 years when stored at a
temperature of —70°C. Furthermore, stability studies on
extracted samples have shown that extracted samples reconsti-
tuted in a solvent containing an antioxidant are stable in an
autosampler for at least 24 h at a temperature of 10°C (12). In
this method, extracted samples were reconstituted in a solvent
(ethanol) containing the antioxidant BHT, placed in an
autosampler at 10°C and injected into the HPLC column within
24 h. These previous stability studies suggest that the plasma
analyzed using the HPLC method described did not undergo
significant losses of retinoids, carotenoids, or tocopherols prior
to HPLC analysis.

Conclusion

In summary, this method shows that all-frans-retinol, three
tocopherols and most of the major carotenoids and their isomers
in human plasma can be simultaneously separated and quanti-
fied by the use of a small particle size (3 pm) polymeric C18 chro-
matography column with isocratic elution. With this method, all
analytes of interest are well resolved including the geometric iso-
mers lutein and zeaxanthin and the different isomers of
lycopene. The sample preparation procedure in this method pro-
vides excellent recoveries for all analytes, and the method is
rapid, sensitive, reliable, and suitable for large-scale studies.
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