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Summary Background Several
lines of evidence indicate that diet
rich in fruit and vegetable can pro-
tect against cardiovascular diseases
by acting on cholesterol metabo-
lism and on oxidative stress. Aim of
the study The aim of this study was
to assess whether daily carrot con-
sumption (provided as lyophilized
powder) could differentially influ-
ence the consequences of choles-
terol supplementation on lipid me-
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triacylglycerol
low-density lipoprotein
very low-density lipoprotein

Ferric Reducing Ability of Plasma

Lyophilized carrot ingestion lowers
lipemia and beneficially affects
cholesterol metabolism

in cholesterol-fed C57BL/6J mice

tabolism and oxidative stress in
C57BL/6] mice. Methods Fourteen
mice were randomized in four
groups. Mice were fed either con-
trol diets (without or with 0.25 %
cholesterol added) or lyophilized
carrot enriched diets (20 % wt/wt
without or with 0.25 % cholesterol
added) for 4 weeks. Cholesterol and
triglycerides in plasma and in liver
were measured at the end of the ex-
perimental period. Fecal excretion
of sterols was evaluated. Vitamin E
and carotenoid concentrations
were also determined. Several bio-
markers relative to oxidative stress
such as FRAP (Ferric Reducing
Ability of Plasma) and isoprostanes
were investigated. Results Feeding
the carrot diet resulted in a de-
crease of cholesterol (-41%) and
triglycerides (-49 %) in plasma and
in the liver (-41 % and -39 %, re-
spectively) in animals fed choles-
terol-supplemented diets. Carrot
diet induced an increase of total
neutral sterols fecal excretion,

Introduction

which inhibits digestive cholesterol
absorption. Carrot diet increased
antioxidant status in cholesterol-
fed mice as related by the 16 %
higher FRAP values. Although vita-
min E was not affected by carrot
diet, vitamin E/TG ratio was signif-
icantly higher in animals fed carrot
diets. The carrot diet induced an
increase of vitamin E in the heart
in both cholesterol-free and choles-
terol-supplemented mice suggest-
ing a higher protection of this tis-
sue. Conclusion This study shows
that carrot ingestion decreases
lipemia and improves antioxidant
status in mice. Such results suggest
that carrot intake may exert a pro-
tective impact against CVD linked
to atherosclerosis. It is likely that
these effects could be due to the
synergistic effect of fiber and asso-
ciated antioxidants.

Keywords carrot intake - bile
acids — cholesterol — oxidative
stress

Consumption of fruit and vegetable is associated with

a lowered risk of cancer and cardiovascular diseases
common in the western countries [1-4]. Carrot is one of
the major vegetables consumed in the western world,
whatever the season. Its consumption has been increas-
ing in western countries.

Carrot is one of the richest vegetables in fibers and
carotenoids. Fibers represent 3-4% of carrot with a
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large proportion of soluble fiber (more than 40 %). Car-
rot is also a valuable source of carotenoids (6 mg/100 g)
mainly represented by a- and B-carotene (90 % of the to-
tal carotenoids, the remaining 10 % represent 9 cis and
13 cis isomers of P-carotene and a small amount of
lutein). It also contains other antioxidants such as vita-
min E (515ug/100 g), vitamin C (7 mg/100 g) and phe-
nolics such as p-coumaric, chlorogenic and caffeic acids
[5].

Mainly dietary fiber and antioxydants, such as
polyphenols, could be an important protective factor
against hyperlipidemia and associated risk. Convincing
evidence that fibers may also prevent the progression of
atherosclerosis has been provided by animal and human
studies [6-8]. Hypolipidemic or anti-atherogenic effects
have been obtained with diverse fiber sources such as
fruit and vegetable (apples, legumes or bran cereals).
Among the fibers isolated, cellulose is generally without
effect, whereas pectins or lignins appear to have a more
consistent hypocholesterolemic potential by lowering
plasma and liver cholesterol and increasing fecal bile
acids or steroids output [9]. It was hypothesized that the
lipid-lowering effect of fiber could contribute to im-
prove the lipid protection by plant-antioxidants. Thus,
the simultaneous supply of fiber and carotenoids in
carrot diet could optimize the protective effect of this
vegetable on condition that fiber does not avoid
carotenoids’ bioavailability.

Little is known about the lipid-lowering effect of car-
rot and its impact on antioxidant status. We determined
the status of several antioxidant molecules (vitamin E,
carotenoids) and several parameters related to oxidative
stress, such as FRAP which represents total plasma an-
tioxidant capacity, and isoprostane excretion which rep-
resents arachidonic end-product of lipid peroxidation.
To investigate the cardiovascular protective effect of car-
rot consumption, we either supplemented or not the diet
of C57BL/6] mice with 0.25% of dietary cholesterol and
then examined both lipid metabolism and antioxidant
biomarkers. Under these conditions, we also investi-
gated the impact of dietary cholesterol ingestion on ox-
idative stress.

Materials and methods
Animals and diet

Male C57BL/6] mice (obtained from IFFA CREDO, LU Ar-
bresle, Lyon, France), 5 weeks old, were used. Animals
weighing about 17 g each were housed five per cage in a
room maintained at 22°C with a 12-h light-dark cycle
(light from 8.00 a.m. to 8.00 p.m.) with access to food
from 4.00 p.m. to 8.00 a.m. Mice were randomized in
four groups of ten animals each and fed ad libitum for 4
weeks semipurified diets distributed as a powder (Table

1). Mice received diets containing either cellulose or
lyophilized carrot in powder (200 g/kg of diet) with or
without 2.5 g of cholesterol/kg.

The basal vitamin E supply was limited to one-third
of the recommended value. During the last week of the
experimental period, mice were housed two or three per
cage in metabolic cages for urine and feces collection.
Daily food consumption and body weight were recorded
once a week.

Animals were maintained and handled according
to the recommendations of the Institutional Ethic
Committee (Institut National de la Recherche Agro-
nomique), in accordance with decree n° 87-848. The ex-
periment was also approved by the Institutional Ethic
Committee.

Sampling procedures

Non-starved mice were anesthetized during the post-
absorptive period (between 8.00 a.m. and 10.00 a.m.),
when the cecal fermentation is still active, by sodium
pentobarbital intraperitoneal injection (40 mg/kg of
body weight). Blood was drawn from the vein cava into
heparinized tubes and centrifuged at 12,000 g for 2 min.
Plasma samples were immediately stored at -20°C for

Table1 Composition of diets

Components Control Carrot  Control + Carrot +
(9/kg diet) cholesterol  cholesterol
Casein 160 160 160 160
Wheat starch 610 542 607.5 539.5
Sucrose 30 / 30 /
Glucose 20 / 20 /
Fructose 20 / 20 /
Mineral mixture' 50 40 50 40
Vitamin mixture?3 10 8 10 8
Corn oil 50 50 50 50
Cellulose powder 50 / 50 /
Lyophilized carrot*> / 200 / 200
Cholesterol / / 25 25

T Mineral mixture AIN-93M (per kg of diet) [36]: Ca HPO, 15 g; K,HPO, 2.5 g; KCl
5 g;NaCl5 g;MgCl 2.5 g; Fe;05 2.5 mg; MnSO,4 125 mg; CuS04 125 mg; ZnS0O4, 7H,0
100 mg; KI 0.4 mg

2 Vitamin mixture (mg/kg of diet): thiamin (15), riboflavin (20), pyridoxine (10),
nicotinamide (100), pantothenate (70), folic acid (5), biotin (0.3), cyanocobalamin
(0.05), retinyl palmitate (1.5), cholecalciferol (0.15), menadion (1.5), ascorbic acid
(50), myo-inositol (100), choline (1360). The mixture was prepared by mixing two
AIN-76A [37] preparations purchased from ICN Biomedicals (Ohio), one with o-to-
copherol and one without, which was further supplemented with choline

3 Control and control + cholesterol diets provided ci-tocopherol: 32.8 ug/g of diet
4 Carrot and carrot + cholesterol diets provided a-tocopherol: 41.6 pg/g of diet

> Carrot composition (% of dry weight): sucrose 20 %; glucose 13.5 %, fructose
13.5 %, fiber 37 %, protein 7 %, mineral 3 %, lipid 2 %

Diet composition in carotenoids (ug/g): lutein (5.3); oi-carotene (54.3); B-carotene
(102.4)
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lipid analysis or at -80°C for oxidative protection assays
and antioxidant molecules quantification.

After blood sampling, the cecum (wall with contents)
was removed and weighed. Samples of cecal contents
were collected into 2 mL microfuge tubes, immediately
frozen, and stored at -20°C. Supernatants from cecal
content obtained by centrifuging one of the two micro-
tubes at 20,000 g for 10 min at 4°C were used for short-
chain fatty acid (SCFA) analysis. The cecal wall was
flush-cleaned with water, dried and weighed (cecal wall
weight).

The liver was freeze-clamped into liquid nitrogen
and stored at -80°C for the measurement of lipid and
carotenoid contents. The heart was rapidly washed in ice
physiological buffer (9g NaCl/L) to remove blood, and
quickly frozen in liquid N, and stored at -80°C for lipid
peroxidation assay.

Analyses on tissues were carried out within 3 weeks
after sacrifice.

Analytical procedures

SCFA were measured on aliquots of cecal supernatants
by gas-liquid chromatography as previously described
[10].

Bile acids were quantified using the enzymatic
method with 3 o-hydroxysteroid dehydrogenase (EC
1.1.1.50; Sigma Chemical Co., L'Isle d’Abeau Chesnes,
France) from 20 pL of the extract [11]. Bile acids and
neutral steroids were extracted twice from feces at 70°C
for 2h by 2 x 10 volume of alkaline ethanol (KOH 0.5
mol/L). Neutral steroids in alkaline ethanol solution
(100uL) were extracted three times with hexane
(500 uL) after addition of 5 a-cholestane (internal stan-
dard, Sigma St Louis). The hexane extract was concen-
trated to 200 uL and 2 pL were injected into the gas chro-
matograph (Danieducational, Paris, France) fitted with
a 12m x 0.25mm fused silica capillary column (BP 10)
and a flame-ionization detector. Helium was used as a
carrier gas, and an isocratic temperature (260°C) was
used for the steroid separation. Sterol concentrations
were calculated from the peak area relative to the area of
the internal standard.

Plasma total cholesterol concentration was enzymat-
ically determined using a kit purchased from Bio-
Merieux (Charbonniéres-les-bains, France) and plasma
triglyceride concentrations were determined using a kit
from Biotrol (Paris, France). Liver lipids were extracted
from approximately 200 mg of liver with chloroform/
methanol (2:1, v/v) according to the method previously
described [12]. Triglycerides in lipid residue were
saponified by 0.5 mol/L KOH-ethanol at 70°C for 30 min,
then 0.15 mol/L MgSO,4 was added to neutralize the mix-
ture. Cholesterol in the lipid residue was measured with
an enzymatic procedure as above. A polyvalent control

serum (Biotrol-33-plus, Paris, France) was treated in
parallel with samples and served as a control in tissue
lipid analysis.

Ferric reducing ability of plasma (FRAP) was deter-
mined on 100 uL plasma samples diluted 1:2 with dis-
tilled water and the tripyridyltriazine complex formed
immediately with the reduced ferrous ions were mea-
sured at 593 nm by spectrophotometer (Uvikon 941 plus
series, Kontron Instruments, St Quentin en Yvelines,
France) and the reaction was monitored up to 4.2 min
[13]. Results were calculated from a standard scale of
FeSO,.

Free isoprostane (8-epiPGF2 alpha) were extracted
from urine as described by Morrow etal. [14]. The uri-
nary samples were assayed using an enzyme immunoas-
say kit (Cayman Chemical, Ann Arbor, MI, and Oxford
Biomedical research, Oxford, MI, respectively) [15].

Carotenoids and vitamin E in plasma were analyzed
by HPLC-UV [16]. Briefly, carotenoids were extracted
from plasma after addition of echinenone (internal
standard) by 2 x 2 volumes of hexane. Tissues were pre-
viously homogenized with potter in three volumes of
PBS 1X before hexane extraction. The HPLC equipment
included a photodiode array detector on line with a Wa-
ters Millemium. The range of wavelength used was from
270nm to 520 nm for vitamin E and carotenoids quan-
tification. The separation was carried out on a Vydac
TP54 (250 x 4.6 mm; Hesperia, CA) and a Nucleosil col-
umn (150 x4.6 mm; Interchim, Montlu¢on, France) in
series. Elution was performed with an isocratic mobile
phase consisting of 70% acetonitrile, 15% methanol
containing 50 mM ammonium-acetate, 10% dichlo-
romethane and 5 % water (v/v/v/v), at a constant flow of
2 mL/min. Carotenoids were analyzed in the diets as de-
scribed previously [17].

Calculation

The neutral steroids balance was calculated as: [daily
cholesterol intake — fecal excretion of neutral sterols ex-
cretion]. The total steroids balance was calculated as:
[daily cholesterol intake - (fecal excretion of bile
acids + fecal excretion of neutral steroids)].

Statistical analysis

The statistical comparisons were performed with
STATVIEW software (version 5.0; SAS Institute Inc,
Cary, NC). Values are given as the means + SEM. A two-
way ANOVA was employed with dietary cholesterol and
carrot diet as main effects. ANOVA was followed by
Fisher’s least significant difference test to compare treat-
ment means. Differences of P < 0.05 were considered sig-
nificant.
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Results

C57BL/6] mice were used in the present study. Mice re-
ceived 20 % of lyophilized carrot in the diet compared to
5% cellulose to equilibrate fiber supply. Furthermore,
they were fed on cholesterol-free diet or cholesterol-
supplemented diet (2.5 g/kg).

Food intake, body and organ weight,
and symbiotic fermentation

Neither dietary lyophilized carrot nor exogenous cho-
lesterol affected food consumption and body weight
(Table 2). Absolute and relative heart and liver weights
were affected neither by the incorporation of 20% of
freeze-dried carrot nor by the incorporation of 0.25%
cholesterol.

The cecal short-chain fatty acids (SCFA) pool was
markedly enhanced due to carrot diet consumption in
both cholesterol-free and cholesterol fed mice
(P<0.001). Acetate was largely enhanced (+170% be-
tween control and carrot); propionate concentration in-
creased between cholesterol fed mice (+ 69 %), whereas
there was no change for butyrate (Fig. 1).

Effect of cholesterol metabolism

Plasma concentrations of cholesterol and triglycerides
were 2.31 and 0.63 mmol/L, respectively, in control mice

b
[ Control - Cholesterol % b
20
b [ cCarrot- Cholesterol ﬂ}
5 b [H Control + Cholesterol
]
8 [ Carrot+ Cholesterol
8 a a
t
= ab b
ab a
0 T T
Acetate Propionate Butyrate Total SCFA

Type of SCFA

Fig.1 Cecal short-chain fatty acids in mice fed control or 20 % lyophilized carrot
diet for 4 weeks. Values are means + SEM, n = 10 in each group

(Table 3). No difference was observed in plasma choles-
terol concentrations of mice fed cellulose or lyophilized
carrot in cholesterol-free diet. In contrast, choles-
terolemia was substantially decreased by carrot diet in
cholesterol fed mice (-41 %). Plasma triglyceride levels
were significantly reduced by carrot diet under both
conditions (-22 % with cholesterol-free diet and -49 %
with diet containing cholesterol).

Liver cholesterol and triglyceride concentrations did
not differ between control and carrot cholesterol-free
fed mice. Hepatic cholesterol and triglyceride amounts
were largely enhanced by cholesterol enriched diet lead-
ing to steatosis, although the accumulation of choles-
terol and triglycerides in the liver was significantly low-
ered (-41% and -39 %, respectively) by carrot diet.

Table2 Food intake, body and organs weight of a 4-week period of feeding experimental diet. Values indicate mean = SEM over the 4 weeks of the experiment (n = 10)

Control Carrot Control + Carrot + ANOVA (P-value)
cholesterol cholesterol
Cholesterol Carrot Cholesterol x carrot
Food intake (dry g/day) 2.7+£0.03 2.6+0.03 2.7+0.08 2.7+0.03 ns ns ns
Body weight (g) 21.1+0.4 20.0+0.3 20.9+0.5 20.8+0.5 ns ns ns
Relative liver weight (g/100 g) 4.10+0.15 4.07+0.20 4.19+0.22 4.17%0.19 ns ns ns
Relative heart weight (g/100 g) 0.51£0.02 0.58+0.05 0.58+0.05 0.51+0.02 ns ns ns

Table3 Plasma and liver lipids in mice fed control or 20 % lyophilized carrot diet for 4 weeks. Values are means + SEM, n = 10 in each group

Control Carrot Control + Carrot + ANOVA (P-value)
cholesterol cholesterol
Cholesterol Carrot Cholesterol x carrot

Plasma mmol/L

Cholesterol 2.31+0.18+b 1.97+0.22%¢ 2.76+0.20 1.63+0.13¢ ns < 0.005 <0.05

Triglyceride 0.63+0.04° 0.49+0.03° 0.84+0.05¢ 0.43+0.04° ns < 0.001 < 0.005
Livermg/g

Cholesterol 2.00+0.08° 1.90+0.06% 17.314£0.94° 10.23+1.10¢ < 0.001 < 0.001 < 0.001

Triglyceride 9.47+1.002 8.33+0.422 24.27+1.90° 14.86+1.24¢ < 0.001 < 0.005 < 0.005

a:b,¢VValues within a line not sharing the same superscript are significantly different (P <0.05)
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Cholesterol intake and digestive balance of bile acids

Since bile acids and neutral sterols are the major way by
which cholesterol is eliminated from the body, we inves-
tigated the effect of carrot diet on the bile acids and neu-
tral sterols excretions (Table 4; Fig.2). In the absence of
dietary cholesterol, fecal excretion of both bile acids and
neutral sterols were of the same magnitude. Lyophilized
carrot consumption induced a twofold higher excretion
of both neutral sterols and bile acids. In diet supple-
mented with cholesterol, the fecal losses of cholesterol
were highly increased and carrot consumption induced
a significant 30 % increase in neutral sterol excretion. In
spite of a relatively high level of cholesterol supplemen-
tation, the digestive neutral sterol balance was only
slightly positive in the control mice; this balance re-
mained negative in mice fed carrot diet. Dietary choles-
terol significantly increased bile acids fecal excretion
and carrot addition failed to enhance bile acids excre-
tion by contrast to the cholesterol-free diets. The total
steroid balance was negative not only in mice fed on cho-
lesterol-free diet, but also in mice receiving cholesterol
supplementation. This balance was twofold lower in
both groups of mice fed carrot diet.

Effect on plasma and tissue antioxidants

Dietary cholesterol induced a decrease in plasma vita-
min E concentrations (Table 5) (P=0.004), whereas
lyophilized carrot did not significantly affect vitamin E
levels. Dietary carrot did not affect vitamin E/TG ratio in
mice fed cholesterol-free diet, whereas, in mice fed cho-
lesterol-enriched diet, carrot intake significantly im-
proved the ratio meaning a higher lipid protection. Vit-
amin E was also determined in heart tissue (Table 6). We
noticed an improvement of vitamin E content in heart
due to the carrot powder supplementation (P=0.002).
Dietary cholesterol enhanced the pool of liver vitamin E
in relation to the increase of triglyceride pool. The de-
crease of vitamin E in the liver of mice fed carrot-cho-
lesterol diet could be explained by the decrease of
triglyceride pool.

[T] Control - Cholesterol
[ Carrot - Cholesterol

4 A [E Control + Cholesterol
[] Carrot + Cholesterol

24 -
0

g

T 2

: : L

E 4 T J

]

Total steroid balance

-10 - Neutral steroid balance

Fig.2 Changes in fecal excretion of neutral steroids and in the total steroid bal-
ances. Values are means + SEM, n = 10 in each group

In mice fed on carrot diet, carotenoids (o-carotene
and (3-carotene) were recovered in plasma (Table 5). Nei-
ther isomers nor carotenoid metabolites were detected.
The level of these two carotenoids was lower in the
plasma of mice fed cholesterol diet,but this decrease was
not significant. Carotenoids were undetectable in heart
in both groups. The levels of o.-carotene and B-carotene
in the liver were twofold higher in mice fed on choles-
terol-rich diet (Table 6). This increase was explained by
the higher levels of triglycerides in the liver of these
mice (B-carotene/TG ratio was 0.03£0.003 vs.
0.04+0.002 in cholesterol-free and cholesterol-supple-
mented groups, respectively).

Effect on biomarkers of oxidative capacity
and oxidative stress

FRAP values, which reflect the total antioxidative capac-
ity of plasma protection, increased by about 15% in
mice fed 20% lyophilized carrot diet; however, this in-
crease was only significant in cholesterol-fed groups
(Table 5). Indeed, lyophilized carrot improved the an-
tioxidant protection in both the cholesterol-free and en-
riched groups, concurrently with a marginal increase
when cholesterol was added to the diet.

Table4 Digestive balance of total steroids in mice after a 4-week period of feeding experimental diet. Values are means + SEM, n = 10 in each group

Control Carrot Control + Carrot + ANOVA (P-value)
cholesterol cholesterol
Cholesterol Carrot Cholesterol x carrot

Cholesterol intake (pmol/day) nd nd 17.5+0.5 17.6+0.2 < 0.001 ns ns

Fecal cholesterol (umol/day) 1.6+£0.42 3.3+0.52 15.0+2.6° 21.3+£3.3¢ < 0.001 ns ns

Fecal coprostanol (umol/day) nd 0.4+0.1 0.4+0.1 1.0£0.1 <0.001 <0.005 ns

Total neutral sterols 1.6+0.4° 3.7+0.32 15.4+1.7° 20.1+2.1¢ < 0.001 < 0.001 < 0.001

Bile acids fecal excretion (umol/day) 144032 3.0+0.5¢ 53+0.2° 45+0.5° < 0.0001 ns <0.05

ab,<\Values within a line not sharing the same superscript are significantly different (P <0.05)
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Table5 Plasma FRAP level and plasma concentrations of antioxidant compounds in mice fed control or 20 % lyophilized carrot diet for 4 weeks. Values are means + SEM,

n = 10in each group

Control Carrot Control + Carrot + ANOVA (P-value)
cholesterol cholesterol
Cholesterol Carrot Cholesterol x carrot

FRAP (umol Fe/L) 240+7° 274+10° 267+10° 309+12° < 0.005 < 0.0005 ns
Vitamin E (umol/L) 9.9+2.52 9.0+1.62P 6.6+1.4b 73+1.02P < 0.005 ns ns
Vitamin E/TG ratio 16.6+0.62 19.9+1.02 8.3+0.6" 1.0+0.1 < 0.05 <0.01 ns
Carotenoids (nmol/L)

o-carotene nd 123.6+26.1 nd 100.8+11.2

[3-carotene nd 158.1+£37.4 nd 113.3£16.3

Detection limit is 2 ng for o- and B-carotene and 20 ng for o-tocopherol

b Values within a line not sharing the same superscript are significantly different (P <0.05)

Table6 Liver and heart carotenoids and vitamin E levels in mice fed control or 20 % lyophilized carrot diet for 4 weeks. Values are means + SEM, n = 10 in each group

Liver Heart
o-carotene [3-carotene Vitamin E oi-carotene [3-carotene Vitamin E
(ug/organ) (ug/organ)
Control nd nd 18.85+1.442 nd nd 0.09+0.01a
Carrot 0.14+0.01 0.22+0.02 14.19£1.01° nd nd 0.15+0.03"
Control + cholesterol nd nd 27.93+1.95 nd nd 0.07+0.012
Carrot + cholesterol 0.25£0.02*** 0.48+0.05*** 18.51+2.222 nd nd 0.13+0.02>"

*** P <0,0005

ab Values within a row not sharing the same superscript are significantly different (P <0.05)

Urinary excretion of isoprostanes was markedly in-
creased by dietary cholesterol (P=0.015), indicating an
increase of oxidative injury via free radical catalyzed
lipid peroxidation. Carrot addition remained with a
moderate effect; a non-significant 18 % decrease of uri-
nary excretion of isoprostane was only observed be-
tween mice fed carrot-cholesterol and control-choles-
terol diets (Fig. 3).

15 T
>~
S 104 —L I
2

5 4

0 T

Control Carrot Control Carrot
-Cholesterol -Cholesterol + Cholesterol + Cholesterol

Fig.3 Changes in isoprostane urinary excretion in mice fed control or 20 %
Iyophilized carrot diet for 4 weeks. Values are means + SEM, n = 10 in each group

Discussion

Effect on cholesterol metabolism

Both animal and clinical studies have previously sug-
gested that fruit and vegetable fibers can potentially ex-
ert an hypocholesterolemic effect [7, 18, 19] and it is in-
teresting to describe the main cardiovascular protective
effects of a vegetable largely consumed in human nutri-
tion.

In the present study, we choose to evaluate the effect
of carrot in the C57BL/6] mice in which cholesterol me-
tabolism is well documented. However, mice are a less
suitable model for carotenoid research because their ab-
sorption of carotenoids is lower than that of humans.
Despite this inconveniency, the use of mice allows inves-
tigation of the effects of carotenoid-free and enriched
diet. Although the C57BL/6] mice are frequently used for
lipid metabolism study [20], we did not observe any ef-
fect of cholesterol addition in the diet as was observed
in a previous study despite cholesterol accumulation in
the liver. However, the carrot diet showed a plasma cho-
lesterol-lowering effect in mice fed on cholesterol-en-
riched diets (-41%). In cholesterol-free diet, the carrot
effect was lower (-15%). Similar phenomena were
found with a diet containing 5 g cholesterol/kg plus 5%
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of rhubarb fiber [21]. These results confirm that numer-
ous legumes or vegetables have a cholesterol-lowering
effect, but they may not all be equally potent. For exam-
ple, apple was found to be more potent than carrot in rat
model [22,23].

Unlike cholesterolemia, carrot diet decreased
markedly triglyceride levels in both cholesterol-free and
cholesterol-fed mice. In mice fed the cholesterol diet, the
effect of carrot on triglyceridemia was particularly po-
tent (-49 %).

Although dietary cholesterol has small effect on
plasma cholesterol, it induced a large increase of liver
cholesterol. Mice fed on the cholesterol diet did not have
heavier livers, but this tissue was very pale in color.
These observations were in agreement with previous
ones reporting fatty liver in rats and in mice fed on high-
fat, high-cholesterol diets [24, 25]. There was a massive
triglycerides and cholesterol accumulation in the liver,
which was effectively reduced by carrot diet.

The main mechanism involved in the lipid-lowering
effect of many vegetables was certainly linked to their
content of dietary fiber and associated compounds.In the
present study, we observed a marked increase of neutral
sterol fecal excretion, especially of cholesterol. In this
case, 5% carrot dietary fiber could completely inhibit di-
gestive cholesterol absorption. Carrot fibers, rich in
pectin or in soluble fermentable hemicellulose, were,
thus, very efficient in reducing cholesterol absorption in
contrast to cellulose. This result was previously observed
by Elliott et al. [26] who compared the respective effect of
pectin, cellulose and tomato pomace. Other compounds
such as plant-sterols, carotenoids or tocotrienols could
also be involved in the cholesterol-lowering effect of car-
rot, but the respective role of fiber and associated com-
pounds was not identified. It is possible that minor com-
pounds could enhance the fiber effect. Moreover, without
fiber,the isolated micronutrients may have a marginal ef-
fect on cholesterol absorption and metabolism.

Dietary fibers also act on the fecal excretion of bile
acids. Degradation of cholesterol to bile acids is one of
the major pathways by which cholesterol is eliminated
from the body. The sequestrants (useful drug therapy
for patients with hypercholesterolemia) work by bind-
ing the bile salts in the gut lumen, thus inhibiting their
re-absorption by the intestinal cells and facilitating their
fecal excretion. It has been demonstrated in vitro that
rhubarb fiber (mainly insoluble fraction, 66 %) has the
ability to bind bile salts [27], which could then be re-
sponsible for its consistent lipid-lowering effect ob-
served in humans [28]. The effect of carrot on bile en-
tero-hepatic cycling is unlikely to be due to a unique
component, but rather results from the effect of a com-
bination of several types of fiber (hemicellulose, pectin)
as well as lignin. As carrot contains about 1.5% of dry
weight of lignin, this polyphenol may possibly be in-
volved in the improvement of bile acids fecal excretion.

When cholesterol is included in the diet, enzymes in
the supply pathway are suppressed and cholesterol 7 o
hydroxylase is induced (the first enzyme involved in the
bile acids biosynthesis). This induction in turn leads to
an increase in bile acid production and to an increase of
their excretion [29], which could explain the difference
between diets without cholesterol and 0.25% supple-
mented diets. In mice fed cholesterol diet, carrot appar-
ently failed to enhance bile acids fecal excretion. This re-
sult may be explained by the fact that in mice fed carrot
diet, the liver received a lower amount of digestive cho-
lesterol.

Besides, the down-regulation of the cholesterol 7 .-
hydroxylase leads to a decrease of bile acids and then to
an increase of the hepatic cholesterol. This could also ex-
plain the fatty livers we observed. Carrot fibers largely
prevent the down-regulation leading to a lower accumu-
lation of cholesterol and triglycerides.

In conclusion, lipid-lowering effect seems mainly due
to the presence of carrot fibers, and associated com-
pounds are only an indicator of exposure. Nevertheless,
it is likely that other nutrients could also affect lipid sta-
tus. Thus, it should be interesting to investigate clearly
the impact of fiber or various lipophilic micronutrients
on lipid absorption and transport.

Effect on plasma and tissue antioxidants

Besides effects on cholesterol metabolism, carrot may
also be involved in other beneficial health effects due to
a large supply of antioxidants. The mouse as model pro-
vides many advantages for experimental atherosclerosis
research in which antioxidants are largely involved [30].

Various carrot constituents are potentially protective
against peroxide attack, chiefly lipid-soluble com-
pounds such as carotenoids (-carotene) or vitamin E.
After 4 weeks of carrot feedings, the level of o-toco-
pherol in plasma was marginally affected, whereas a-to-
copherol/TG ratio was increased by carrot diet, suggest-
ing a higher protection of lipid against radical attack. On
the other hand, we observed a significant direct correla-
tion between [-carotene and c-tocopherol in plasma,
promoting greater defenses. Indeed, B-carotene has
been shown to act synergistically with o-tocopherol as
radical-trapping antioxidant in membrane models [31].
Heart was also protected by carrot diet as suggested by
the o-tocopherol levels, which were 1.8 times higher
than in control mice. Carotenoids were undetectable in
heart, but were recovered in liver. The large differences
of vitamin contents in the tissues could be explained by
the lipid metabolism. In contrast to the heart, the liver
has the capacity to accumulate vitamin E in a large pool
of triglycerides and to release this vitamin by lipopro-
tein secretion. The development of steatosis enhances
the capacity of the liver to sequestrate vitamin E and
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carotenoids. Liver carotenoid levels were twofold higher
in mice fed cholesterol-enriched diet due to the eight-
fold and 2.5 fold increases of cholesterol and TG, re-
spectively.

Effect on biomarkers of antioxidative capacity
and oxidative stress

The results of the present study show that supplementa-
tion with 20% of lyophilized carrot, with or without
0.25% cholesterol, enhances plasma antioxidant capac-
ity, especially with cholesterol-enriched diets. Surpris-
ingly, FRAP also increased with cholesterol supplemen-
tation, whereas the higher isoprostane excretion shows
an increase of lipid peroxydation. At present, we have no
explanation for such effect: it could be discussed that ox-
idative damage caused by dietary cholesterol may be oc-
culted in plasma by the involvement of endogenous an-
tioxidants such as bilirubine or acid uric.

Among all the biomarkers of oxidative stress, the LDL
capacity to protect against exogenous stress is one of the
most investigated. Previous investigators have suggested
that B-carotene may protect mice tissues against lipid
peroxidation [32] or should inhibit atherosclerosis in
cholesterol-fed rabbits by a pathway independent of
making LDL resistant to oxidation [33]. However, no in-
hibition of atherogenesis was found with the antioxidant

combination of B-carotene (0.05%) and o-tocopherol
(0.05%) in the diet fed to apoE-deficient mice [34], al-
though this supplementation corresponded to a very
large dose (threefold higher in carotenoids and seven-
teen-fold higher in vitamin E).

Isoprostane urinary excretion, another biomarker of
oxidative stress, showed that cholesterol addition in the
diet induces isoprostane excretion and that carrot in-
gestion decreases non-significantly the F2-isoprostane
excretion (-18%). We have to keep in mind nutritional
conditions, as the amount of antioxidant contained in
20% carrot is lower than in pharmacological studies, as
demonstrated for vitamin E by Pratico et al. [35].

In conclusion, we have found that a carrot ingestion
can reduce plasma and hepatic lipids or improve antiox-
idant status and several biological parameters consid-
ered as a factor of risk for cardio-vascular diseases and
especially in nutrition-induced stress conditions. The
lipid-lowering effect of carrot mainly mediated by fibers
may contribute to enhance the effect of antioxidant by
increasing lipid-soluble antioxidants/TG ratio. The
question arises whether the impact of micronutrients
antioxidant could be enhanced by fibers or other minor
compounds in a complex vegetable.
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