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Scope: Dietary lipids are considered to be primary potentiators of carotenoid absorption,
yet the amount and source required to optimize bioavailability has not been systematically
evaluated. The objective of this study was to examine the impact of both amount and source of
triacylglycerols on postprandial absorption of carotenoids from vegetable salads.

Methods and results: Healthy subjects (n = 29) were randomized using a Latin square design
(3x3) and consumed three identical salads with 3, 8, or 20 g of canola oil, soybean oil, or
butter. Blood was collected from 0-10 h and triacylglycerol-rich fractions (TRLs) were isolated
by ultracentrifugation. Carotenoid contents of TRL fractions were analyzed by HPLC-DAD.
Considering all lipid sources, 20 g of lipid promoted higher absorption compared to 3and 8 g
for all carotenoid species (p < 0.05), except for a-carotene (p = 0.07). The source of lipid had
less impact on the absorption of carotenoids than amount of lipid. Pooling results from all lipid
amounts, monounsaturated fatty acid rich canola oil trended toward enhancing absorption of
lutein and a-carotene compared to saturated fatty acid rich butter (p = 0.06 and p = 0.08,
respectively).

Conclusion: While both amount and source of co-consumed lipid affect carotenoid bioavail-
ability from vegetables, amount appears to exert a stronger effect.
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1 Introduction

Increased consumption of carotenoid containing foods is as-
sociated with a reduced risk of several chronic diseases includ-
ing cancer [1-5], cardiovascular disease [6-9], and age-related
macular degeneration [10-12]. The 2010 Dietary Guidelines
encourage consumption of 4.5 cups (approximately 640 g) of
carotenoid rich fruits and vegetables per day. However, the
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average consumption of fruits and vegetables by adults in the
USA is only 2.6 cups (approximately 370 g) [13]. This low level
of fruit and vegetable consumption is further compounded
by the limited absorption of fat soluble, health-promoting,
phytochemicals such as carotenoids from foods [14]. The
combination of low intake and inefficient absorption of di-
etary carotenoids diminishes their potential effectiveness as
disease preventative compounds.

Carotenoid absorption is a complex process that occurs in
several stages including (i) release from the food matrix, (ii)
incorporation into bile-saltlipid mixed micelles, (iii) uptake by
intestinal epithelia, and (iv) packaging into chylomicrons and
secretion into the lymphatic system [14, 15]. Bioaccessibility
defines the proportion of carotenoids that have undergone
the initial stages, i.e., release and incorporation into mixed
micelles [16, 17]. Bioavailability more broadly describes the
proportion of carotenoids absorbed from foods and available
for utilization, metabolism, or storage by the organism [18].
Because carotenoids are fat soluble, co-consumption of lipids
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in the form of triacylglycerols (TAG) is a critical potentiator
of carotenoid bioaccessibility and bioavailability in vivo.

While the promoting role of dietary fats and oils on the ab-
sorption of carotenoids is well recognized, research address-
ing the relationship between specific amounts and sources
of dietary fat and oil and carotenoid absorption has been lim-
ited. Roodenburg et al. demonstrated that 3-5 g of fat was
adequate for absorption of a- and B-carotene from supple-
ments in humans [19]. Conversely, Brown et al. found that
bioavailability of carotenes and lycopene from vegetable sal-
ads in humans was highest when co-consumed with full fat
dressing (28 g) compared to reduced fat (6 g) or fat-free salad
dressings [20]. Regarding lipid source, Hu et al. demonstrated
that saturated fatty acids (SFA) in the form of beef tallow en-
hanced B-carotene absorption in humans compared to the
polyunsaturated fatty acids (PUFA) in sunflower oil [21]. This
observation was surprising as monounsaturated fatty acid
(MUFA) rich olive oil and PUFA-rich sunflower oil enhance
postprandial lipemic response compared to SFA-rich butter
[22]. A more detailed understanding of the effect that different
amounts and sources of lipid have on carotenoid bioavailabil-
ity is required to better define recommendations for formula-
tion and dietary strategies to enhance carotenoid absorption
from fruits and vegetables.

The objective of this study was to systematically compare
how three different amounts of three economically impor-
tant and commonly consumed dietary TAG sources affect
the postprandial absorption of carotenoids from fresh veg-
etable salads. Canola oil, soybean oil, and butter were used
as typical dietary sources rich in MUFA, PUFA, and SFA,
respectively. The amounts of lipids in the salad meals were
setat 3 g (low fat), 8 g (moderate fat), and 20 g (high fat).

2 Materials and methods
2.1 Materials

Lutein, zeaxanthin, B-cryptoxanthin, B-carotene, and ly-
copene standards, as well as aprotinin, phenylmethane-
sulfonylfluoride (PMSF), sodium azide, ethylenediaminete-
traacetic acid (EDTA), butylated hydroxytoluene (BHT),
sodium bicarbonate, sodium chloride, and anhydrous sodium
sulfate were purchased from Sigma Chemical Co. (St. Louis,
MO). a-carotene and a-cryptoxanthin standards were pur-
chased from CaroteNature (Lupsingen, Switzerland). All sol-
vents and celite were obtained from ].T. Baker (Phillipsburg,
NJ). All salad vegetables and butter were purchased at a local
market. Canola oil and soybean oil were generously donated
by Cargill, Incorporated (Minneapolis, MN).

2.2 Subjects

A total of 37 subjects were enrolled in the study and 34 of these
subjects completed all three interventions. Three subjects
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discontinued participation due to a dislike of the pretesting
controlled dietary washout protocol. Of the 34 subjects who
completed the study, three had high baseline TAG levels dur-
ing one or more interventions and their data were excluded
due to suspected noncompliance. Data from two additional
subjects were excluded due to missed blood draws resulting
from veins poorly compatible with phlebotomy. Data from
the remaining 29 subjects (14 male, 15 female) are reported.
Average age and BMI of the subjects were 27 + 1 years (range
18-46) and 22.8 + 0.3 kg/m? (range 20-26), respectively.

Informed consent was obtained from all subjects and the
study procedures were approved by the Purdue University
Committee on the Use of Human Research Subjects. Inter-
ested subjects completed health and lifestyle questionnaires
and were screened for liver and kidney functions, protein
and iron status (anemia), blood glucose, cholesterol, and elec-
trolytes. Exclusion criteria included those who were <18 or
>50 years old, had a BMI of <20 or >29 kg/m?, had a weight
change >4.5 kg in the past 3 months, exceeded exercise ac-
tivities of a recreational level over the past 3 months, had
intestinal disorders including lipid malabsorption or lactose
intolerance, had abnormal liver or kidney function tests, or
had fasting blood glucose >110 mg/dL. Those who smoked,
consumed more than two alcoholic drinks per day, used medi-
cation affecting lipid profiles or dietary supplements affecting
plasma cholesterol (e.g., Benocol or fiber supplements) were
also excluded. Additionally, this study excluded menopausal
women, those using hormone-based contraceptives, those
with abnormal menstrual cycles, and those who were preg-
nant, lactating or planning to become pregnant.

2.3 Experimental diet

All subjects consumed a low carotenoid diet for 7 days prior
to each testing day to sufficiently reduce circulating, endoge-
nous levels of carotenoids and minimize the contribution of
carotenoids in VLDL in the triglyceride rich fraction (TRL) as
this is known to be elevated from previously consumed meals
[23]. During the washout period (days 1-5) subjects were pro-
vided with lists of low carotenoid meals, snacks, fruits, veg-
etables, condiments, and beverages from which to choose.
Meals on these days provided no more than 750 g carotenoid
intake per day. On days 6 and 7 (2 days preceding each inter-
vention), subjects consumed a controlled, low carotenoid diet
of conventional foods that was provided. The meals on these
days were designed to provide 2100, 2500, or 2850 calories
per day to best meet the energy needs for each subject. A veg-
etarian diet (2500 calories) was also provided upon request.
Regardless of caloric content, meals were designed to provide
less than 500 wg carotenoids daily. The macronutrient and
carotenoid contents of these diets are listed in Table 1.

On test day (day 8), subjects consumed the test salad in
the morning and were fed a low fat, low carotenoid lunch
half way through the test day. The lunch provided 638 kcal,
25 g protein, 130 g carbohydrates (CHO), 1.95 g fat (31%
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Table 1. Composition and approximate carotenoid content of
controlled diets?

Calorie Calories Total
level provided Protein CHO Fat carotenoids
(kcal) (%) (%) (%) (ng)
2100 (Day 6) 2210 18 58 24  266-326
2100 (Day 7) 2128 19 59 22 321-381
2500 (Day 6) 2555 19 56 25 279-339
2500 (Day 7) 2423 19.5 57  23.5 349-409
2850 (Day 6) 2859 19 55 26 301-361
2850 (Day 7) 2869 20 55 25 394-454
Vegetarian 2469 20 61 19  279-339
2500 (Day 6)
Vegetarian 2450 15 61 24 293-353
2500 (Day 7)

a) Estimated via ProNutra software (Version 3.3.0.10, Viocare, Inc,
Princeton, NJ).

MUFA, 40% PUFA, 29% SFA), and 172 pg carotenoids. (The
vegetarian lunch provided 645 kcal, 26 g protein, 131 g CHO,
1.9 g fat, and 172 ng carotenoids.) All foods were weighed
and prepared by research staff in the Department of Nutrition
Science Metabolic Kitchen at Purdue University. The nutrient
content of all meals was estimated using ProNutra software
(Version 3.3.0.10, Viocare, Inc, Princeton, NJ).

2.4 Test salads

All vegetables for experimental salads were analyzed initially
for carotenoid content to ensure provision of an appropri-
ate carotenoid dose. Test salad composition and average
carotenoid content was designed based on per capita con-
sumption and serving weights of individual carotenoid rich
vegetables [24] with minor modifications to ensure balanced
delivery of all major carotenoid species including lutein, zea-
xanthin, a-carotene, B-carotene, and lycopene. Representa-
tive samples of weekly test salads were homogenized using
an immersion blender (KitchenAid, Benton Harbor, MI),
flushed with nitrogen, and stored at —20°C until analysis.
Salad composition and average carotenoid contents provided
throughout the study are shown in Table 2 and Supporting
Information Figure 1. Total carotenoid content of test salads
during the study period ranged from 16 to 32 mg and pro-
vided and average of 25 mg of total carotenoids per serving.
Cis isomers were present only in low quantities, accounting
for <8% oflutein, <3% of B-carotene, and <13% of lycopene.
Zeaxanthin, originating from Chinese wolfberries, was pri-
marily present as di- and monoesters (86.2%) with only 13.8%
free or nonesterified. Individual and total carotenoid concen-
trations in TRL fractions of plasma were normalized by salad
carotenoid concentrations obtained during the same week
of testing (Supporting Information Fig. 1) to offset weekly
variability in composition.
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Table 2. Composition and average carotenoid content of test
salad?

Vegetable composition Carotenoid content

Ingredient Weight Species Weight
(Raw) (9) (mg)
Beefsteak 100 Lutein 4.22 +£0.15
tomatoes
Julienne 62 Zeaxanthin 6.86 + 0.14
carrots
Baby spinach 70 a-cryptoxanthin  0.03 £ 0.00
Romaine 25 B-cryptoxanthin  0.28 + 0.01
lettuce
Chinese 5 a-carotene 3.12 £0.19
wolfberry
3-carotene 6.32 £ 0.22
Lycopene 4.38 + 0.24
(4.16 trans,
0.22 cis)
Total 262 25.21 + 0.75

a) Values obtained via carotenoid extraction, as described in Sec-
tion 2, and analysis via HPLC-DAD.

Canola oil, soybean oil, and butter were selected as test
oils and fat based on their common use in food prepara-
tion and processing, as well as their relative levels of MUFA
(65%; mainly as oleic acid in canola oil), PUFA (59%; mainly
as linoleic acid in soybean oil), and SFA (61%; mainly as
palmitic and myristic acids in butter), respectively (Support-
ing Information Table 1). The three lipid levels included in
meals were chosen to best estimate alow (3 g), moderate (8 g),
and high (20 g) lipid load for each source of fat. Subjects were
instructed to pour the oil or melted butter onto the salad and
consume the test salad within 30 min. After consumption of
the salad, subjects were instructed to wipe the salad and oil
bowls with a piece of white bread to ensure that all butter or
oil was ingested.

2.5 Experimental design

Each subject completed three separate treatments (designated
by groups A, B, or C in a 3x3 Latin square design) with the
order of consumption randomized and separated by a 3-week
interval (Supporting Information Fig. 2). During each treat-
ment, subjects consumed identical vegetable salads, differing
only in amount and source of dietary lipids added as desig-
nated by treatment group. The 3-week interval between treat-
ments was designed to allow for equilibration and assessment
of female subjects in the follicular phase, as phase in the men-
strual cycle may affect the concentration and distribution of
carotenoids in lipoprotein fractions [25, 26].

On day 1 of each treatment period, subjects arrived at
the clinical research center (CRC) following a 12-h fast. A
trained phlebotomist collected 5 mL of blood into EDTA-
containing tubes, which were immediately placed on ice,
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protected from light, and centrifuged to collect plasma (3000
x g, 15 min, 4°C). Aliquots of plasma were flushed with
nitrogen and stored at —80°C. Plasma samples were later an-
alyzed for carotenoid content and compared to day 8 (test
day) baseline plasma carotenoid levels to assess compliance
to the washout and controlled diet periods. Subjects were
then instructed on how to follow the washout dietary pro-
tocols to be followed for the next 5 days. On day 6 of each
study period, subjects were given a cooler of food at the
metabolic kitchen containing their controlled meals for days 6
and 7.

On each of three test days (day 8 of each test period), sub-
jects returned to the CRC following a 12-h fast, and a catheter
equipped with a disposable obturator was inserted into an
antecubital vein by a trained phlebotomist. After collection of
a baseline blood sample (20 mL), subjects immediately con-
sumed the experimental salad with the randomly assigned
fat or oil. Upon completion of the salad, blood samples (15
mL) were collected hourly for 10 h. Blood samples were col-
lected by syringe, transferred to EDTA-containing tubes and
placed on ice, protected from light, and centrifuged (3000 x
g 15 min, 4°C) to separate plasma for immediate isolation of
TRL fractions or for future assessment of compliance to the
washout and controlled diet periods. Aliquots of plasma used
to assess dietary compliance were flushed with nitrogen and
stored at —80°C until analysis. Sterile physiological saline
(3 mL) was injected into the catheter via the obturator af-
ter each draw to prevent clotting. Additionally, an intra-
venous drip of physiological saline (9 g NaCl/L) was initi-
ated upon catheter placement and maintained at 30 mL/h
to keep the line patent. Saline was removed from the
line before each collection of blood. The low carotenoid
(< 2 mg), low fat (< 2 g) lunch (~650 calories) was
given after blood was collected at hour 5. Water was al-
lowed ad libitum throughout the day. A courtesy meal
was provided to all subjects following completion of each
test day.

2.6 TRL isolation

TRL fractions were isolated via ultracentrifugation as de-
scribed by Weintraub et al. with minor modifications [27].
Briefly, fresh plasma was transferred to centrifuge tubes
(Ultra Clear; Beckman Instruments, Inc, Palo Alto, CA)
and preserved with EDTA, sodium azide, aprotinin, and
phenylmethyl sulfonyl fluoride as described by Gianturco and
Bradley [28]. Preserved samples were overlaid with a density
solution of 1.006 g/mL and were centrifuged (L8-M 70; Beck-
man Instruments Inc) in a swinging bucket rotor (SW41ti)
at 152 000 x g for 35 min at 20°C. TRL fractions were iso-
lated (0.6 mL), standardized to 5 mL with saline, flushed with
nitrogen, and stored at —80°C until analysis. All isolations
were carried out under red light to minimize photo-oxidative
reactions.
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2.6 Carotenoid analysis in plasma and TRL fraction

Carotenoids were extracted from plasma and from plasma
TRL fractions as described by Brown et al. [20]. Samples were
initially deproteinated with methanol and subsequently ex-
tracted three times with acetone:petroleum ether (1:2 with
0.1% BHT). Ether layers were combined and dried under
vacuum using a RapidVap (Labconco Corporation, Kansas
City, MO). Dried samples were resolubilized in ethyl ac-
etate:methanol (1:1) and analyzed immediately. Carotenoid
analysis was completed by HPLC as described by Kean
etal. [29] using a Hewlett Packard model 1090A HPLC pump,
model 79880A diode array detector, and a YMC Carotenoid
C30 column (2.0 x 150 mm, 3 pm particle size). Lycopene was
detected at 470 nm, while all other carotenoid species were
detected at 450 nm. Chemstation software and data man-
agement system (Rev. A.10.02 [1757], Agilent Technologies,
Santa Clara, CA) were used to collect, integrate, and store the
chromatographic data.

2.7 Extraction and HPLC analysis of carotenoids in
salad vegetables

Five grams of test salad homogenate was combined with
~0.5 and 1 g of sodium bicarbonate and celite, respectively,
and carotenoids were extracted with a 1:1 solution of ace-
tone:petroleum ether (0.1% BHT). The salad solvent suspen-
sion was vacuum filtered through two no. 1 Whatman filter
papers. The filter cake was re-extracted two additional times
with acetone/petroleum ether (1:1, 0.1% BHT) and combined
acetone/petroleum ether layers were saponified by mixing
with 40% KOH in methanol on a magnetic stir plate for 30
min at room temperature in the dark. Following saponifica-
tion, the mixture was quantitatively transferred to a separatory
funnel, where the ether layer was washed with distilled wa-
ter, collected and subsequently poured through a column of
sodium sulfate to remove residual water, and brought to a to-
tal volume to 100 mL with petroleum ether. Three mL aliquots
were dried by vacuum and stored at —80°C until analysis.
Dried extracts were resolubilized in ethyl acetate:methanol
(1:1, v/v), and analyzed by HPLC-DAD as described
above.

2.8 Analysis of triacylglycerol and cholesterol
content of TRL fractions

TRL fraction total cholesterol and TAG were analyzed in du-
plicate by a Cobas MIRAS Plus chemistry analyzer (Roche
Analytical Instruments, Nutley, NJ).
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2.9 Statistical analyses

A power analysis was conducted based on carotenoid post-
prandial response data from Brown et al. [20]. Based on an an-
ticipated 40% differences between groups and approximately
40% standard deviation in carotenoid response, a group size
of nine subjects results in a power of 0.81 (& < 0.05). There-
fore, it was estimated that a total of 27 subjects would provide
an adequate sample size to detect differences between treat-
ments in the 3x 3 design.

Postprandial TRL TAG and carotenoid concentrations
were baseline corrected using fasting values. Baseline cor-
rected 0-10 h area under the curve (AUCy.1qp) for TAG and
carotenoids were calculated using the PK functions plug-in
for Microsoft Excel [30]. Baseline corrected AUCy.1q, Were
normalized by salad carotenoid concentrations obtained dur-
ing the same week of testing. Normalization was carried out
by dividing AUCq.1gn values by the percent of carotenoids
consumed on the week of testing compared to the average
amount of carotenoids provided in all salads throughout the
study. Normalization was carried out for both individual and
total carotenoid content. The maximum plasma concentra-
tion (Cumax), and time at which the maximum plasma con-
centration was observed (Tyax) were determined from in-
dividual plasma pharmacokinetic curves and expressed as
mean + standard error of the mean (SEM). The main ef-
fects of lipid source, lipid dose, and the interaction between
source and dose on TAG and carotenoid AUCg 105, Cmax, and
Twuax, values, as well as differences in plasma carotenoid con-
centrations before and after washout periods, were estimated
by ANOVA using the mixed procedure in SAS 9.1.4 (Cary,
NC), with subject as the random variable. Differences be-
tween treatments were determined by Bonferroni’s multiple
comparison test (¢<0.05, two tailed). Plots of the data were
evaluated to confirm normal distribution and homogeneity
of variance prior to ANOVA. The Corr procedure in SAS was
used to determine Pearson correlations between carotenoid
and TAG AUC values. Data are reported as mean + SEM.

3 Results

3.1 Adequacy of combined washout and controlled
diet period

Significant reductions (p < 0.05) were observed in concentra-
tions of each individual carotenoid and for total carotenoids in
plasma following the 7-day washout and controlled diet peri-
ods, indicating adequacy of the washout protocol (Supporting
Information Fig. 3).

3.2 Change in TRL carotenoid content

The effects of co-consumed lipid on carotenoid bioavail-
ability were primarily assessed for the most abundant
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carotenoids in the test salad including the xanthophylls,
lutein and zeaxanthin (as zeaxanthin esters), and the apolar
carotenes and lycopene. Although less abundant carotenoids
(a-cryptoxanthin, B-cryptoxanthin, and cis-lycopene) were not
significantly affected by lipid, data for these compounds are
included in the calculation for total carotenoid absorption.
Additionally, no significant differences were noted in indi-
vidual or total carotenoids response based on factors such
as gender, intervention group (A, B, or C as designated by
the Latin square design), and intervention number (1%, 2,
or 31).

3.2.1 Total carotenoids

Analysis of TRL AUCy gy, values revealed that the main ef-
fect of lipid amount significantly affected absorption for
combined carotenoids (p = 0.01). Considering all sources,
presence of 20 g lipid promoted greater absorption of total
carotenoids compared to both 3 g (106.5 versus 66.0 nmol
L' h, p = 0.03) and 8 g (106.5 versus 60.0 nmol L~! h,
p = 0.02) (Fig. 1A). There was no significant difference in
absorption of carotenoids co-consumed with either 3 or 8
g lipid. The main effect of lipid source was not as strong
as lipid amount and did not significantly affect absorption
of total carotenoids (p = 0.13). Comparison of individual
sources revealed that MUFA-rich canola oil promoted the
highest absorption of carotenoids (92.5 nmol L' h) followed
by PUFA-rich soybean oil (79.8 nmol L' h) and SFA-rich
butter (60.2 nmol L™! h), however these differences were not
statistically significant (Fig. 1A). Cyax values for the main
effects reflected trends observed for AUC. 1, data. The re-
sults of these main effects also generally reflected the lipemic
responses following the consumption of test meals, and the
AUC for total carotenoids was significantly correlated with
the AUC for TAG (p < 0.01). However, considering all lipid
sources, a stronger dose response relationship was observed
when evaluating the lipemic response (Fig. 1, Supporting
Information Table 2). Also, both canola oil and soybean oil
promoted significantly greater amounts of TAG in the TRL
fraction compared to butter.

Although the overall interaction between type and amount
of lipid did not significantly impact total carotenoid AUCy. g1,
values, there was a clear dose-response relationship within
soybean oil responses (Fig. 2A, Table 3). This trend became
more apparent when evaluating Cyax, as consumption of 20 g
of soybean oil significantly enhanced these values compared
to 3 g (p < 0.01) and 8 g (p = 0.01) of soybean oil (Table
3). This dose-response relationship was not observed with
either canola oil or butter. The large amount of carotenoid
absorption following consumption of 3 g of canola oil may be
responsible for the lack of a dose-response relationship from
this oil at 8 and 20 g. Similarly, absorption of total carotenoids
was doubled when consumed with 3 g of canola oil compared
to 3 g of soybean oil or 3 g of butter. This enhancement of
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Main Effects: Total Carotenoids
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carotenoid absorption with 3 g of canola oil occurred in the
absence of an elevated lipemic response (Fig. 2).

3.2.2 Xanthophylls

For both lutein and zeaxanthin, there was a significant main
effect of lipid amount on AUCy 0, independent of source
(p < 0.01). As with total carotenoids, 20 g of lipid promoted
significantly higher absorption of lutein compared to both
3 g (15.0 versus 7.9 nmol L™! h, p = 0.01) and 8 g (15.0
versus 6.1 nmol L™! h, p < 0.01). Similarly, 20 g of each
lipid promoted significantly greater absorption of zeaxanthin
compared to either 3 g (6.5 versus 2.8 nmol L' h, p < 0.01)
or 8 g (6.5 versus 2.7 nmol L~! h, p < 0.01). There was no
significant difference in absorption of lutein or zeaxanthin
from salads containing either 3 or 8 g of lipid. Also, there was
a significant (p < 0.05) main effect of lipid source for lutein,
but not zeaxanthin. Considering all lipid amounts, canola oil
promoted greater absorption of lutein than butter (11.7 versus
6.6 nmol L™' h, p = 0.06). This trend became significant
when evaluating differences in Cyax (p = 0.04). Otherwise,
Cuax values reflected AUCy.qq, values for xanthophyll main
effects. As for total carotenoids, the AUC values for lutein
and zeaxanthin were significantly correlated to the TAG AUC
values (p < 0.01).

While the interaction of type and amount of lipid was not
significant for absorption of the two xanthophylls overall, indi-
vidual differences within specific lipid sources were observed
(Table 3, Supporting Information Fig. 4). For both lutein and
zeaxanthin, 20 g of soybean oil increased AUC.;on and Cyax
values compared to 3 and 8 g of this oil (p < 0.05). Simi-
larly, differences in xanthophyll absorption were observed for
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ing all amounts) and lipid amount (considering
all sources) on absorption of carotenoids and
TAG. (A) Mean (+SE) TRL AUCy.1on carotenoid
concentrations after consumption of salads with
3,8, and 20 g of canola oil, soybean oil, and but-
ter. (B) Mean (£SE) TRL AUCy.1o0n TAG concen-
trations after consumption of salads with 3, 8,
and 20 g of canola oil, soybean oil, and butter.
Significant differences between lipid amounts
and lipid types are denoted by different letters
(p < 0.05).

Butter

same amount of different lipid sources. For example, 20 g of
soybean oil appeared to promote higher AUCy.1q, values for
lutein compared to 20 g butter (p = 0.09). This trend became
significant when evaluating Cyax values (p = 0.04). Differ-
ences in amount and source of co-consumed lipid did not
significantly affect Tyax (Table 3).

3.2.3 Carotenes

Absorption of both o- and B-carotene was significantly af-
fected by amount of co-consumed lipid (p = 0.02 and p <
0.01, respectively). Considering all three lipid sources, 20 g
promoted significantly higher absorption of a-carotene com-
pared to3 g (13.5 versus 8.2 nmol L' h, p = 0.03) and trended
toward promoting higher absorption compared to 8 g (13.5
versus 7.5 nmol L' h, p = 0.07). Similarly, 20 g of lipid in
any form tested promoted significantly higher absorption of
B-carotene compared to both 3 g (33.1 versus 19.5 nmol L~}
h, p < 0.01) and 8 g (33.1 versus 17.9 nmol/L, p = 0.01).
There was no significant difference in absorption of a- or
B-carotene for salads containing either 3 or 8 g of lipid. The
source of lipid had less impact on the absorption of carotenes
than on xanthophylls, and this main effect was not significant.
However, when compared individually, canola oil trended to-
ward enhancing absorption of a-carotene compared to butter
(12.3 versus 6.8 nmol L™ h, p = 0.08). Cyax values for the
main effects of a- and B-carotene reflected trends observed for
AUC ¢, data. As with the xanthophylls and total carotenoids,
AUC values for the carotenes were significantly correlated to
the TAG AUC values (p < 0.05).

Also similar to the xanthophylls and total carotenoids,
the interaction of type and amount of lipid on absorption
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Figure 2. (A) Interaction of lipid source and amount on absorption of carotenoids from salad by human subjects. Mean (+SE) TRL AUCq.10n
carotenoid and TAG concentrations following ingestion of salads with either 3, 8, and 20 g of canola oil (O), soybean oil (o), and butter
(®@). Significant differences between amounts of the same dietary lipid are denoted by different letters (p < 0.05). (B) Pharmacokinetic
response of total carotenoids following consumption of salad meals with different sources and amounts of lipids. Mean (+SE) for TRL total
carotenoids and TAG following ingestion of salads with either 3, 8, and 20 g of canola oil (O), soybean oil (0), and butter (®).
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Table 3. Mean (+SE) baseline corrected and normalized TRL carotenoid AUCg.10n, Cmax, and Tyax values?)-?)-¢)

873

Area under the curve—AUCq.1on (nmol L=1 h)

Main effects LUT ZEA AC BC Lyc Total
3g 7.9 +1.3° 2.8 +0.7° 8.2 +2.8° 19.5 + 4.8 6.4 +1.0° 66.0 + 12.5°
8¢9 6.1 +0.8° 2.7 +£0.6° 7.5+ 1.12b 17.9 + 2.48 8.0 +£2.0° 60.0 + 7.92
20g 15.0 & 2.4° 6.5+ 0.9° 1356+ 1.7° 33.1+4.0° 17.9 + 3.6° 106.5 & 13.9P
Canola oil 11.7+1.8 45+ 0.8 123 +2.7 271+ 4.7 11.8+ 24 92.5+13.3
Soybean oil 10.6 £ 2.2 4.24+0.9 10.0 £ 2.0 247 + 4.1 124+ 3.5 79.8 £ 14.0
Butter 6.6 +1.0 3.3+0.6 6.8 +0.8 18.7 +£ 3.0 81+15 60.2 + 8.1
Area under the curve—AUCq_1on (nmol L=1 h)
Lipid amount Lipid source LUT ZEA AC BC LYC Total
3g Canola 120+ 2.4 4.7 +1.3 15.0 £ 7.7 29.8 +12.3 78+1.4 101.5 £+ 28.6
Soybean 6.0 + 2.3 1.3+ 0.62 54+1.1 16.3+4.4 6.3+24 45.3 +12.9
Butter 56+ 1.8 26 +£1.1 4.14+0.8 125+ 5.0 51+1.6 51.1 £ 15.1
8g Canola 8.0+ 1.7 23+0.6 10.3+1.7 251+ 45 12.1 +6.2 76.5+12.8
Soybean 49 +1.1° 2.8 +1.02 6.4+ 2.3 17.8 £ 4.5 79+24 58.9 + 16.5
Butter 53+1.6 29+1.1 5.8+ 1.1 10.9 +£ 2.3 4.1+ 0.8 44.7 +£9.1
209 Canola 15.0 + 4.0 6.6 +1.5 11.7 £ 2.0 26.4 + 5.6 15.6 +£ 4.1 99.6 + 22.7
Soybean 20.9 + 4.7° 8.6 + 1.5 18.3+4.0 40.0 + 8.7 23.0 £ 9.1 135.0 £ 29.0
Butter 9.1+2.1 43+1.1 105+ 1.6 32.7+54 15.2 +4.2 84.9 +14.8
Concentration maximum—Cpyax (nmol L=7)
Lipid amount Lipid source LUT ZEA AC BC LYC Total
3g Canola 3.24+0.8 1.1+0.3 3.1+£1.2 8.0+3.217 2.3+0.5 24.3+6.7
Soybean 1.6+0.62 0.4+0.22 1.5+0.3° 4.3+0.7'2 1.44+0.32 9.7+2.42
Butter 1.44+0.4 0.8+0.2 1.0+0.1 2.9+0.82 1.6+0.3 11.6+£2.7
8¢9 Canola 2.3+£0.7 0.8+£0.1 2.5+0.4 6.0£1.1 2.7£1.0 16.3+2.3
Soybean 1.6+0.32 0.8+0.22 1.94+0.6° 5.1+0.92 2.3+0.52P 13.6+3.12
Butter 1.7+0.4 0.9+0.2 2.1+0.3 4.54+0.7 2.1+£0.5 13.3+2.3
20g Canola 3.8+0.6 12 1.6+0.2 3.6+0.6 8.3+1.6 4.5+1.2 25.24+4.6
Soybean 5.4+1.1%P 2.4+0.4° 4.841.0P 13.243.4P 6.2+2.0° 34.1+5.8P
Butter 2.440.52 1.3+0.4 3.24+0.7 8.6+£1.0 4.64+0.7 19.94+2.0
Time of maximum concentration—Tyax (h)
Lipid amount Lipid source LUT ZEA AC BC LYC Total
3g Canola 7.1+0.9 6.3+1.0 5.1+0.4 5.0+0.4 5.1+0.7 4.94+0.3
Soybean 6.9+0.8 5.4+1.0 5.0+0.5 4.6+0.6 4.14+0.7 5.1+0.7
Butter 6.2+1.1 4.94+1.1 4.6+0.8 5.0+£0.9 4.440.92P 5.4+1.1
8g Canola 8.1+0.7 7.6+0.8 5.4+0.4 4.6+0.6 4.6+1.0 6.1+0.2
Soybean 6.3+0.7 5.84+0.8 5.1+£0.6 4.6+0.2 4.2+0.6 4.94+0.6
Butter 6.3+0.5 5.7+0.6 5.2+0.4 4.94+0.8 6.3+0.7°2 5.6+0.7
209 Canola 5.2+0.5 5.1+0.5 4.6+0.5 4.84+0.5 4.0+0.4 4.94+0.5
Soybean 5.4+0.1 6.1+0.1 3.6+0.5 3.6+0.5 3.44+0.4 4.1+0.7
Butter 5.9+1.0 5.84+0.2 5.3+0.5 5.1+0.5 2.6+0.3° 4.14+0.6

a) For main effects, for each carotenoid, significant differences between lipid amounts (considering all lipid sources) are denoted by different
letters (p < 0.05). No significant differences were noted between lipid sources (considering all amounts).

b) For interaction effects, for each carotenoid, significant differences between lipid amounts within the same lipid type are denoted by
different letters (p < 0.05). Significant differences within the same lipid amount across lipid types are denoted by different numbers (p <

0.05).

c) Normalization was carried out by dividing baseline corrected AUCy.10n values by the percent of carotenoids consumed on the week of
testing compared to the average amount of carotenoids provided in all salads throughout the study.

of carotenes was not significant. However, evaluation of
individual values reveals that there were several dose—
response relationships within specific lipid sources (Table
3, Supporting Information Fig. 5). For example, 20 g of soy-
bean oil promoted greater absorption of a- and B-carotene

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

compared to either 3 or 8 g of this oil. The same trend was
noted for absorption of B-carotene from butter as 20 g pro-
moted greater absorption than either 3 or 8 g, although the
differences between these amounts and sources were not sig-
nificant.
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As with total carotenoids and xanthophylls, individual dif-
ferences in Cyax within lipid types accentuated the trends re-
ported in AUCy. o, data (Table 3). Specifically, consumption
of 20 g of soybean oil promoted significantly greater Cyax
values compared to 3 g (a-carotene: p < 0.01; B-carotene, p <
0.01) or 8 g (a-carotene: p = 0.04; B-carotene: p = 0.01) of soy-
bean oil. Differences in Cyax between equivalent amounts of
different lipid sources were not observed. Also, differences in
amount and source of co-consumed lipid did not significantly
affect Tyax (Table 3).

3.2.4 All-trans lycopene

The main effect of lipid amount significantly affected all-
trans lycopene absorption as observed for total carotenoids,
xanthophylls, and carotenes (p<0.01). Considering all lipid
sources, 20 g promoted greater absorption than either 3 g
(17.9 versus 6.4 nmol L™' h, p < 0.01) or 8 g (17.9 versus
8.0 nmol L1 h, p < 0.01). There was no significant difference
in absorption of all-trans lycopene when the amount of co-
ingested lipid was either 3 or 8 g. As for zeaxanthin and the
carotenes, the main effect of lipid source did not significantly
affect the overall absorption of all-trans lycopene, and there
were no differences in absorption when comparing each lipid
source individually. As with all carotenoid species, lycopene
AUC and TAG AUC values were significantly correlated
(p < 0.01).

Also similar to the xanthophylls and carotenes, the interac-
tion was not significant. However, increasing doses of canola
oil and soybean oil did result in dose-depended increases in
lycopene absorption (Table 3, Supporting Information Fig.
6). Changes in Cyax for lycopene were consistent with these
trends in AUCq.1o5 and accentuated AUC 1, soybean oil re-
sponses. Consumption of 20 g of soybean oil promoted sig-
nificantly greater Cyax values compared to 3 g (p = 0.02) and
trended toward significance compared to 8 g (p = 0.07) of soy-
bean oil (Table 3). Also, Tyax for lycopene was significantly
affected by lipid amount (p < 0.01). Overall, Tyax occurred
earlier following consumption of 20 g lipid compared to 8 g

lipid (Table 3).

4 Discussion

Previous reports have shown that both amount [19, 20, 31]
and source [21] of lipid as TAG can affect the absorption of
carotenoids. In this study, the combined effect of both lipid
amount (3, 8, and 20 g) and source (MUFA-rich canola oil,
PUFA-rich soybean oil, and SFA-rich butter) on carotenoid
bioavailability from vegetable salads was evaluated simultane-
ously in human subjects. Our results suggest that within rea-
sonable dietary levels, the amount of co-consumed lipid ap-
pears to be a more significant influence on overall carotenoid
absorption than source of lipid.
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Considering all three sources, 20 g ingested lipid pro-
moted significantly higher absorption compared to both 3
and 8 g for all carotenoid species and total carotenoids (ex-
cept for 20 versus 8 g for a-carotene, p = 0.07) (Fig. 1; Table 3).
However, this dose-dependent effect across all lipid sources
was primarily driven by the response from soybean oil, as
there were no significant differences in absorption between
the three amounts of canola oil or butter (Table 3). Overall,
these findings are consistent with those from Brown et al. [20],
who provided subjects with a salad of similar size and com-
position compared to the present study and concluded that
the threshold for optimal carotenoid absorption from salads
exceeds 6 g of fat for a single meal. In their study, Brown et al.
observed a significant dose-dependent increase in the absorp-
tion of a-carotene, B-carotene, and lycopene when consumed
with 0, 6, and 28 g of canola oil. While we observed an over-
all effect for amount of lipid in the present study, increasing
levels of canola oil alone did not significantly increase the
absorption of carotenoids to the extent observed by Brown
et al. [20]. Differences between the present results and previ-
ous reports may be due to several factors. In the current study,
we were unable to detect a significant increase between our
designated low (3 g) and moderate (8 g) doses of lipid. It is
likely that in the absence of a fat-free group in the current
study, the 5 g difference in dietary TAG between the 3 and
8 g lipid groups was insufficient to generate a significant in-
crease in carotenoid absorption from raw vegetables. While it
was clearly documented that negligible carotenoid absorption
takes place in the absence of dietary lipid [20, 31-33], small
amounts of co-consumed lipid can significantly improve ab-
sorption [33]. Indeed, low levels of co-consumed canola oil
(3 g) resulted in appreciable carotenoid absorption in the
present study (Table 3). Similarly, modest levels of canola oil
(6 g) in the study conducted by Brown et al. [20] provided
a significant increase in carotene and lycopene absorption.
Brown et al. also observed significantly greater absorption of
carotenoids from salad ingested with 28 g canola oil. Con-
sidering these previous observations, our use of 20 g as the
highest amount of fat may have been below the necessary
threshold to induce further increase in absorption from raw
vegetables beyond that observed with low to moderate levels
(3-8 g) of canola oil. Further, by basing our power calculation
from a study that used a range of lipids from 0 to 28 g [20] and
then using a range from 3 to 20 g, the potential to detect signif-
icant differences in carotenoid absorption between treatment
groups may have been reduced. Retrospective power calcula-
tions based upon the values obtained from the present study
suggest that approximately 14 subjects per group would have
allowed for detection of additional significant differences be-
tween treatment groups.

Although the effect of lipid source on carotenoid absorp-
tion was not as evident as amount, some observations merit
further discussion. Specifically, MUFA-rich canola oil en-
hanced lutein and a-carotene absorption compared to SFA-
rich butter (Table 3). Additionally, carotenoid absorption
was higher when co-consumed with canola oil compared to
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PUFA-rich soybean oil for all carotenoids except lycopene
(Table 3). These findings are consistent with previous reports
suggesting that absorption of both carotenes [34] and xan-
thophylls [35] is enhanced when consumed with lipids rich
in MUFA compared to PUFA but that these trends are less
pronounced for lycopene [36, 37]. Further, from this clinical
trial, it appeared that lutein absorption was the most affected
by lipid source overall whereas lycopene was the least af-
fected. Zeaxanthin, in apolar mono- and diester forms, was
also minimally affected by lipid source. Together, these data
may suggest that lipid source may be more influential on the
absorption of polar carotenoids such as lutein.

The observed increase in absorption of select carotenoid
species with MUFA- compared to PUFA-rich lipid sources
may be a result of several factors. First, micelles contain-
ing PUFAs are larger in size, resulting in slower diffusion
through the unstirred water layer and decreased amounts of
absorption [37]. Also, fatty acid binding protein (FABP) is im-
plicated in the intracellular transfer of B-carotene as well as
fatty acids [38]. Because PUFA bind more readily to FABP,
B-carotene may be affected by competitive binding to FABP
when consumed with PUFA-rich soybean oil compared to
MUFA-rich canola oil [34]. Therefore, a greater degree of
fatty acid unsaturation in co-consumed lipid may decrease
incorporation of carotenoids into nascent chylomicrons for
secretion into lymph.

SFA-rich lipid sources also promote carotenoid absorp-
tion. Hu et al. observed greater absorption of B-carotene
from supplements consumed with beef tallow (SFA) com-
pared to sunflower oil (PUFA) [21]. This contrasts with re-
sults of the present study where carotenoid absorption was
lower when salads were co-consumed with SFA-rich butter
compared to MUFA-rich canola or PUFA-rich soybean oil
(Fig. 1). However, it is likely that poor responses from SFA-
rich butter relative to previously reported results with beef
tallow are due to physiochemical differences between the two
SFA lipid and carotenoid sources. Hu et al. utilized a supple-
mental form of B-carotene rather than the raw salad vegeta-
bles used in this study. Differences in carotenoid profile and
extractability from the matrix may have affected solubiliza-
tion of carotenoids in mixed micelles. Also, butter, a water-
in-oil emulsion, is poorly emulsified in the gut, has limited
digestibility, and therefore may have limited ability to aid in
carotenoid extraction from the food matrix and micellariza-
tion in the gut [22]. Additionally, in comparison to butter,
beef tallow contains a high amount of oleic acid, a MUFA,
which can enhance carotenoid absorption [39]. Regarding but-
ter, this product contains appreciable amounts of short and
medium chain fatty acids (Supporting Information Table 1),
resulting in a relatively low lipemic response following inges-
tion [22]. Huo et al. reported that short chain fatty acids fail
to facilitate micellarization of hydrophobic carotenoids dur-
ing small intestinal digestion [40]. Borel et al. demonstrated
thatalower lipemic response decreases carotenoid absorption
by reducing chylomicron secretion following medium chain
triglyceride (MCT) consumption [40]. Similarly, vanGreeven-
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broek et al. demonstrated that secretion of chylomicrons from
Caco-2 human intestinal cells is stimulated more effectively
by MUFA and PUFA than SFA [41]. Collectively, these find-
ings suggest that butter would be a relatively poor selection as
a lipid source to enhance carotenoid bioavailability compared
to MUFA- or PUFA-rich lipids.

Although there were differential effects of the three lipid
sources selected in the present study, TAG source and degree
of unsaturation was not found to be as significant a factor as
amount of lipid in affecting overall carotenoid absorption. The
relatively narrow range of amount of lipid (3-20 g) selected
for investigation, while extendable to many common dietary
practices, may have tempered the ability to detect possible
differences that such sources may have on preabsorptive (di-
gestive release and micellarization) and absorptive (uptake,
chylomicron synthesis, and secretion) stages of carotenoid
absorption. For example, a dose-dependent response in ab-
sorption was not observed when salads were consumed with
canola oil, although a robust dose-dependent relationship was
observed with soybean oil. The lack of a response with canola
oil was surprising considering the report of Brown et al. [20],
however, was likely due in large part, to the efficient absorp-
tion of carotenoids from salad with only 3 g of canola oil
(Fig. 2, Table 3). The inclusion of a fat-free group and higher
levels of canola oil, as done by Brown et al. [20] would likely
have resulted in observance of a dose response for canola oil
as well. However, the low lipemic response with 3 g of canola
oil and high extent of carotenoid absorption (Fig. 2) suggest
that absorption from the salad meal with low amount of lipid
may be significantly impacted by TAG type and specifically
by the presence of MUFAs such as oleic acid (Supporting
Information Table 1). The impact of oleic acid on chylomi-
cron synthesis and secretion was previously demonstrated
[41]. The possibility that a lower dose of a “healthy” oil can
be a strong potentiator of carotenoid absorption merits fur-
ther investigation to elucidate the mechanism behind this
observation.

In conclusion, the results of the current study suggest
that amount of co-consumed lipid is a primary potentiator of
carotenoid absorption from common salad vegetables. Over-
all, 20 g of lipid promotes greater absorption of carotenoids
from a raw vegetable salad than 3 and 8 g for the three dif-
ferent types of lipid tested in this study. However, source
of lipid may have distinct impact on carotenoid absorption
that merits further study. Compared to MUFA- and PUFA-
rich oils, SFA-rich butter appears to be least effective, in the
present study, at promoting carotenoid absorption. PUFA-
rich soybean oil promotes the greatest dose-dependent re-
sponse, however, 3 g of MUFA-rich canola oil promotes the
same amount of absorption compared to 20 g of the same oil.
Overall, considering observed effects on carotenoid absorp-
tion from canola oil, these data support the notion that ad-
hering to the 2010 Dietary Guidelines for Americans, which
suggest replacing saturated fats with unsaturated fats and
consuming oils in smaller quantities, would not negatively
impact carotenoid absorption from vegetables. The extent to
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which these findings would translate effectively within the
context of a balanced and more complex meal containing
both protein and carbohydrate ingredients remains to be ex-
plored. Additionally, the present study focused specifically on
the impact of co-consumed lipid on carotenoid bioavailabil-
ity. It has been documented that when co-consumed lipid
amounts or sources do not facilitate their incorporation into
chylomicrons, carotenoids can be stored in epithelial cells
until lipids from a subsequent meal are available to promote
their absorption [40]. Therefore, it will be important for fu-
ture research to evaluate not only the impact of co-consumed
lipids butalso intestinal lipid loading and meal patterns on the
bioavailability of carotenoids from common dietary sources.
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