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Abstract

The human diet contains b-carotene as themost abundant precursor of vitamin A, an essential nutrient for embryogenesis.

Our laboratory previously showed the importance of b-carotene metabolism via b-carotene-15,159-oxygenase (CMOI) to

support mouse embryonic development. However, the mechanisms regulating embryonic acquisition and utilization of

b-carotene from thematernal circulation via placenta remain unknown.We usedwild-type (WT) and Lrat2/2Rbp2/2 (L2/2R2/2)

mice, the latter being a model of marginal vitamin A deficiency. Pregnant dams, fed a nonpurified diet sufficient in vitamin A

throughout life, were i.p. supplemented with b-carotene or vehicle at 13.5 d postcoitum (dpc). Effects of this acute maternal

supplementation on retinoid and b-carotenemetabolism inmaternal (serum, liver) and developing tissues (placenta, yolk sac,

embryo) were investigated at 14.5 dpc. We showed that, upon supplementation, placental b-carotene concentrations were

greater in L2/2R2/2 than in WT mice. However, the retinoid (retinol and retinyl ester) concentrations remained unchanged in

placenta (and in all other tissues analyzed) of both genotypes upon b-carotene administration. We also showed that upon a

single i.p. b-carotene supplementation, placental LDL receptor-related protein (Lrp1) mRNA expression was lower in WT

mice, and embryonicCmoImRNA expression was greater in L2/2R2/2mice. Together, these data suggest a potential role of

LRP1 inmediating the uptake ofb-carotene across the placenta and that even amarginally impairedmaternal vitamin A status

may influence uptake and utilization of b-carotene by the placenta and the embryo. J. Nutr. 142: 1456–1462, 2012.

Introduction

Vitamin A is an essential nutrient that is vital for normal em-
bryogenesis (1–3), because its biologically active form, retinoic
acid, regulates the transcription of hundreds of genes crucial for
growth and development by binding to the nuclear receptor
families of retinoic acid receptor and retinoid X receptor (4,5).
b-Carotene is the main vitamin A precursor, mostly found in
green leafy vegetables, yellow- and orange-colored vegetables,
and orange-colored fruits. The enzymatic cleavage of this
provitamin A carotenoid by the action of b-carotene 15,159
oxygenase (CMOI, also known as BCMOI) or b-carotene 99,109
oxygenase (CMOII, also known as BCDO2) gives rise to 2 or
1 molecule(s) of retinaldehyde, respectively (6). Retinaldehyde,

in turn, can either be directly oxidized to form retinoic acid or be
reduced to retinol and then esterified mainly by lecithin:retinol
acyltransferase (LRAT) to generate retinyl esters, the tissue storage
form of vitamin A (6). A number of studies support the notion that
CMOI is the predominant enzyme generating retinoid (vitamin A
and its derivatives) from b-carotene in vivo (6–8).

Although in Western countries, b-carotene contributes;30%
to vitamin A intake, an adequate vitamin A intake requires the
contribution of both b-carotene and preformed vitamin A
(mainly retinol and retinyl ester from meat and dairy products)
(9). Hence, there is a risk of vitamin A insufficiency even in
developed countries, especially in certain groups of people with
a poor or highly restrictive dietary regimen, such as women of
childbearing age or pregnant teenagers (9). On the other hand,
b-carotene supplementation of infants and children as well as
maternal supplementation before, during, and after pregnancy
has been shown to improve neonatal development and growth
and attenuate the incidence of premature birth, external birth
defects, and infant morbidity and mortality associated with
vitamin A deficiency, which is estimated to affect hundreds of
millions of people (10). Therefore, furthering our understand-
ing of the mechanisms that regulate retinoid production from
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b-carotene in the developing tissues in vivo is of utmost
importance for human nutrition and health.

The importance of b-carotene metabolism during mam-
malian embryonic development is supported by a variety of
evidence. First, placenta, yolk sac, and embryo express both
CmoI and CmoII genes at different stages of development in
mice (8,11,12), as do humans, in amniotic membranes and
fetal heart (13–15). Second, intact b-carotene is present in the
mammalian circulation and in humans, a direct correlation has
been shown between maternal circulating b-carotene concen-
trations and those in infant plasma (16,17). Third, by using a
mouse model lacking both CMOI and retinol-binding protein
(RBP), the sole specific carrier for retinol in the bloodstream, our
laboratory recently demonstrated that intact b-carotene from
maternal circulation can reach the developing tissues to be used
in situ for de novo synthesis of retinoids, mainly via CMOI
action (8). Because b-carotene is transported in the bloodstream
in association with lipoproteins (18–20), it is likely that key
players involved in lipoprotein uptake may also mediate tissue
uptake of this provitamin A carotenoid. Most of the current
knowledge regarding the enzymatic activity and the transcrip-
tional regulation of the cleavage enzymes as well as the uptake of
b-carotene pertains to adult tissues, such as intestine, liver, and
adipose, and derives from studies that have mainly examined the
effects of chronic administration of b-carotene (7,21–25). The
current manuscript provides novel insights into the unknown
mechanisms that regulate b-carotene uptake and utilization by the
developing tissues in response to a single maternal b-carotene
supplementation of wild-type (WT)4 and double knockout
mice lacking both Lrat and Rbp fed a nonpurified, vitamin
A-sufficient diet.

Experimental Procedures

Mice and b-carotene supplementation. WT and Lrat2/2Rbp2/2

(L2/2R2/2double knockout mice (26) were used for our study, with the

latter being a model of marginal vitamin A deficiency (26). All mice
employed in this study were from amixed genetic background (C57/BL63
129sv). Both diet and water were consumed ad libitum and mice were

maintained on a 12-h-light/-dark cycle with the period of darkness between

1900 and 0700. Experiments were conducted in accordance with the NIH
Guide for the Care and Use of Laboratory Animals (27) and were approved

by the Rutgers University Institutional Committee on Animal Care.

WT and L2/2R2/2mice were fed a nonpurified diet (Supplemental

Table 1; Prolab Isopro RMH3000 5p75; energy from protein, fat, and
carbohydrates: 26, 14, and 60%, respectively; vitamin A: 9.98 mg/g of

diet; b-carotene: from trace to 2.6 mg/g of diet) manufactured by LabDiet

(W.F. Fisher and Son). Note that mice lacking RBP rely on dietary
vitamin A to support normal embryonic development and do not breed if

fed a diet containing ,7.57 mg vitamin A/g diet (8,28). To be consistent

with the nutritional requirements of the mice with an RBP knockout

background, which represents the majority of the genetically modified
strains in our colony, we fed our mice a diet containing vitamin A levels

higher than those recommended (29). Other laboratories use a similar

concentration of vitamin A in the mouse diet and define this diet as

“copious in vitamin A” (30). Furthermore, note that the diet used in this
study was different (samemanufacturer, different product) from the diets

used in previously published papers from our laboratory. Three-month-old

female mice were mated with males of the respective genotype. At the time

of detecting a vaginal plug [set as 0.5 d postcoitum (dpc), the onset of
gestation], females continued with this diet and were randomly assigned to

the vehicle (veh)- or b-carotene (bc)–treated group. Following the study

performed by Glise et al. (31), we added 50 mg of b-carotene in a 5-mL

vehicle mixture of ethanol, cremophor (Sigma), and PBS (1:11:18 ratio)

under red light, resulting in an emulsion of 2–5 g b-carotene/L based on the

reading from the spectrophotometer at a wavelength of 450 nm. At 13.5
dpc, dams were given a 250-mL i.p. injection of this emulsion, which

yielded a dose of ;20–50 mg b-carotene/g body weight. This resulted in

serum b-carotene concentrations ranging from 4.3–12.3 mmol/L. Veh-

assigned dams were injected with 250 mL of the vehicle mixture described
above. All mice were killed at 14.5 dpc by CO2 asphyxiation between the

hours of 0900 and 1100.Maternal serum and liver as well as placenta, yolk

sac, and embryos were collected, frozen, and stored at2808C until further

analyses.

HPLC. Measurements of serum and tissue (liver, placenta, yolk sac, and

embryo) retinol, retinyl ester, and b-carotene concentrations were per-
formed by reverse-phase HPLC analysis as previously described (8,32).

RNA extraction, cDNA synthesis, and qPCR. RNA extraction, cDNA

synthesis, and qPCR were performed as previously described (8). To
determine changes in gene expression, the DDCt method was used. All

groups were expressed as fold of the control group (WT +veh). The

primer list and amplicon size is reported in Supplemental Table 2.

Statistical analyses. All the data were tested for normal distribution

using the Shapiro-Wilk test. When the data were normally distributed,

comparisons between genotype and supplementation were evaluated
using a 2-way ANOVA for HLPC retinoids and qPCR followed by the

Fisher’s least significance difference post hoc test. For serum retinyl ester

concentrations, which were not normally distributed, comparisons among

genotypes and supplementation groupswere evaluated by the KruskalWallis
test, followed by a Mann-Whitney test. For b-carotene concentrations,

comparisons between the 2 genotypes were analyzed by Student’s t test.
Comparisons between the 2 treatments within the WT strain for tissue

retinyl ester concentrations were also analyzed by Student’s t test, given that
retinyl esters are undetectable in the L2/2R2/2 strain (26). Analyses were

performed with SPSS statistical software (IBM SPSS Statistics, version 19). P
, 0.05 was considered significant.

Results

Retinoid and b-carotene concentrations in maternal and
developing tissues. In agreement with a previous report from
our laboratory (8), we showed that b-carotene, injected at 13.5
dpc in WT and L2/2R2/2 dams fed a nonpurified diet, was
detected at 14.5 dpc in maternal liver, placenta, yolk sac, and
embryos by HPLC analysis (Table 1). Only the placental
b-carotene concentration was greater in the L2/2R2/2 +bc
group than in the WT +bc group (P , 0.05). The b-carotene
concentration did not differ between genotypes in other tissues
(Table 1). Note that b-carotene was undetectable in serum and

TABLE 1 Tissue bc concentrations 24 h after supplementation
of WT and L2/2R2/2 dams1,2

Liver Placenta Yolk sac Embryo

nmol/g nmol/g nmol/g nmol/g

WT +bc 1730 6 780 15.9 6 4.4 4.60 6 2.4 0.34 6 0.14

n 9 21 8 25

L2/2R2/2 +bc 1320 6 424 30.7 6 6.1* 2.70 6 0.7 0.37 6 0.14

n 4 6 6 6

P value 0.35 ,0.001 0.22 0.65

1 Data are mean 6 SD. Analyses of placenta and embryos include more than one from

each litter. Yolk sacs were analyzed as pools of 3–4 individual yolk sacs/litter and more

than 1 pool/litter was analyzed. *Different from WT +bc, P , 0.05 (t test). bc,

b-carotene treated; L2/2R2/2, Lrat2/2Rbp2/2; veh, vehicle treated; WT, wild-type.
2 bc concentrations in veh-treated groups were analyzed and were below the

detection limit (,0.186 nmol/g).

4 Abbreviations used: bc, b-carotene treated; dpc, days postcoitum; L2/2 R2/2 ,

Lrat2/2 Rbp2/2 ; veh, vehicle treated; WT, wild-type.
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tissues of veh-treated mice, as previously reported [data not
shown; (8)].

b-Carotene supplementation did not affect maternal serum
and hepatic retinoid (retinol and retinyl esters) concentrations
compared with the veh-treated dams, regardless of the genotype
(Table 2). The serum and hepatic retinol and retinyl ester
concentrations of the L2/2R2/2 mice were as previously
reported (26).

Maternal b-carotene supplementation inWTmice did not alter
retinol or retinyl ester concentrations in embryonic or in extra-
embryonic tissues compared with the WT +veh group (Fig. 1).
Interestingly though, whereas the embryonic retinol concentration
was similar between the 2 strains irrespective of the maternal
supplementation (Fig. 1A), the yolk sac retinol concentration was
greater in the L2/2R2/2 mice than in the WT mice (P , 0.05)
regardless of the maternal treatment (Fig. 1A). In the case of the
L2/2R2/2 strain, the placental retinol concentration did not differ
upon maternal b-carotene supplementation. Furthermore, the
retinol concentration was greater in L2/2R2/2 +bc placenta than
in WT +bc placenta (P , 0.05) (Fig. 1A). As expected, due to the
lack of LRAT, retinyl esters were not detectable in developing
tissues of the double knockout strain irrespective of treatment
(Fig. 1B).

Taken together, the HPLC data indicate that under a normal
maternal vitamin A status (e.g., in the WT mice), a single
maternal administration of b-carotene does not perturb retinoid
concentrations in maternal and developing tissues. However, a
marginally impaired maternal vitamin A status, like that of the
L2/2R2/2 mice, may affect only placental uptake of b-carotene.

Expression of genes controlling b-carotene cleavage.
Maternal hepatic expression of CmoI 24 h following a single
administration of b-carotene did not significantly differ between
the experimental groups (Fig. 2A). Placental (Fig. 2B) and
embryonic (Fig. 2C) expression following CmoI mRNA did not
show any significant difference on b-carotene supplementation
among the WT groups. Interestingly, placental CmoI expression
was greater in the L2/2R2/2 strain than in the WT mice (P ,
0.05), even though no further upregulation was observed upon
maternal b-carotene supplementation (Fig. 2B). In contrast to
placenta, embryonic CmoI mRNA expression was lower in the
L2/2R2/2 +veh group than in the WT +veh group (P , 0.05)
(Fig. 2C). However, in the double knockout strain, embryonic

mRNA expression of CmoI was greater in L2/2R2/2 +bc than in
L2/2R2/2 +veh (P , 0.05) (Fig. 2C).

Taken together, these results suggest that an acute adminis-
tration of b-carotene does not perturb the provitamin A
processing in placenta and embryo from dams with a normal
vitamin A status, e.g., in the WT mice.

Placental uptake of b-carotene. mRNA expression of LDL
receptor-related protein 1 (Lrp1) was lower in the placenta of
the WT +bc group than in the WT +veh group (P, 0.05) (Fig. 3).
This downregulation did not take place in placenta from L2/2R2/2

+bc dams (Fig. 3). However, placental expression of Lrp1 was
lower in L2/2R2/2 +veh group than in the WT +veh group (P ,
0.05) (Fig. 3). Interestingly, in placenta from the L2/2R2/2 +bc
dams, mRNA expression of lipoprotein lipase (Lpl) was
greater than in placenta from the L2/2R2/2 +veh group (P ,
0.05) as well as fromWT+bc dams (P, 0.05) (Fig. 3). Expression
of LDL receptor (Ldlr) and Scavenger receptor-b1 (Srb1) mRNA
did not differ regardless of genotype and treatment (Fig. 3).

Overall, these data suggest a potential role of LRP1 and LPL
in mediating the uptake of maternal circulating intact b-carotene
by the placenta.

Discussion

Recent studies from our laboratory have unequivocally shown
the importance of b-carotene and its metabolism during
mammalian embryonic development (8). The current manu-
script expands this research by specifically evaluating the effects
of a single maternal supplementation of b-carotene at mid-
gestation, first, on retinoid concentrations in maternal and
embryonic tissues; second, on provitamin A processing by
maternal and developing tissues; and third, on placental
b-carotene uptake. In addition to WT mice, we took advantage
of mice lacking both Lrat and Rbp (L2/2R2/2) as a model of
marginal vitamin A deficiency (26) to gain insights into whether the
maternal vitamin A status would influence the above-mentioned
metabolic processes. These mice are considered marginally
vitamin A deficient, because the retinoid content of their tissues
is limiting, even though when maintained on a regimen of
sufficient vitamin A intake they may not show signs of overt
deficiency of the vitamin.

TABLE 2 Maternal serum and hepatic retinoid concentrations 24 h after veh or bc supplementation of
WT and L2/2R2/2 dams1,2

Tissues

Groups P value

WT +veh WT +bc L2/2R2/2 +veh L2/2R2/2 +bc G T G x T

Serum, mmol/L

n 6 8 7 7

Retinol 0.18 6 0.03 0.24 6 0.07 0.30 6 0.10 0.20 6 0.10 0.14 0.53 0.08

Retinyl esters n.d.–0.13 n.d.–0.25 n.d. n.d. n.a. n.a. n.a.

Liver, mmol/g

n 6 9 7 4

Retinol 0.06 6 0.02b 0.10 6 0.05b 0.02 6 0.01a 0.02 6 0.01a ,0.001 0.23 0.25

Retinyl esters 10.5 6 2 11.4 6 3 n.d. n.d. n.a. 0.52 n.a.

1 Data are mean 6 SD or range (serum retinyl esters). bc, b-carotene treated; L2/2R2/2, Lrat2/2Rbp2/2; n.a., P value not present due to

samples being below the detection limit; n.d., below detection limit (serum ,0.004 nmol/L and tissues ,3.5 nmol/g); veh, vehicle treated;

WT, wild-type.
2 Statistical analysis by 2-way ANOVA with G (genotype) 3 T (treatment) as factors. Labeled means within a row without a common letter

differ significantly, P , 0.05.
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Because developing tissues can metabolize b-carotene in situ
(8) and chronic b-carotene intake has been shown to affect
retinoid homeostasis in adult tissues (7,33), we sought to
investigate the effects of an acute maternal b-carotene admin-
istration on retinoid concentrations during mammalian devel-
opment. The mouse embryo at mid-gestation, when the majority
of the organogenesis is completed (34), can be considered
“metabolically” active and capable of regulating its own
retinoid metabolism (26,35,36). In addition, the genes for the
b-carotene cleavage enzymes CMOI and CMOII (8) as well as
the genes for proteins involved in tissue lipoprotein uptake (36)
are expressed at this stage of development in both embryonic
and extra-embryonic tissues. Hence, we chose to perform the
maternal b-carotene supplementation at mid-gestation, because
we hypothesized that at this stage of development, the embryo
would also be capable of regulating its own b-carotene metab-
olism. We confirmed that intact b-carotene is taken up by both
maternal (liver) and developing tissues (placenta, yolk sac, and
embryo). A gradient of tissue b-carotene concentration was
observed from the maternal liver to the embryo, with the former
tissue being the one with the highest concentration of the
provitamin A carotenoid. These results support the notion that
the liver is the main site of b-carotene uptake and storage
(21,37,38), and are in agreement with the literature suggesting
that placenta and yolk sac act as a barrier to regulate the uptake
and transfer of nutrients to the fetus, including retinoids and
their carotenoid precursors (39). In contrast to previous reports
of adult tissues of mice chronically fed with b-carotene (7,33),
our data showed that a single i.p. dose of b-carotene adminis-
tered to the dams 24 h prior to killing did not affect retinoid
homeostasis either in maternal or developing tissues of the WT
mice. We therefore wondered whether this was the result of some
regulatory mechanism aimed at downregulating b-carotene con-
version into retinoid via CMOI action, under a normal vitamin A
status, such as that of the WT mice. Data from the literature
indicate that b-carotene supplementation regulates intestinal
CmoI expression by a transcriptional feedback mechanism
mediated by retinoic acid (25). Also, b-carotene supplementa-
tion has been shown to induce CmoI expression in inguinal
white adipose tissue in a mouse model of vitamin A deficiency
(24,40), and feeding with lycopene, a nonprovitamin carote-
noid, downregulated CmoI expression in adrenal gland and
kidney of rats (41). Here, we demonstrate that a single i.p. b-
carotene supplementation does not perturb the transcription of
CmoI either in maternal (liver) or developing (placenta or
embryo) tissues of WT mice. We hypothesize that this discrep-
ancy may be due to the length of our supplementation protocol

compared with previously published reports (i.e., acute vs.
chronic). Nevertheless, our data do not rule out an effect of
b-carotene availability on CMOI enzymatic activity (23).

The rather scarce knowledge regarding how tissues acquire
b-carotene from the bloodstream pertains to adult tissues
(19,42,43) and the molecular mechanisms that regulate the

FIGURE 1 Placental, yolk sac, and

embryonic retinol (A) and retinyl

ester (B) concentrations at 14.5

dpc, 24 h after veh or bc supple-

mentation of WT and L2/2R2/2

dams. Data are mean 6 95%CI.

Sample size (n) analyzed for differ-

ent groups and tissues is indicated

in parentheses above the bar. Anal-

yses of placenta and embryo include

more than one for each litter. Yolk

sacs were analyzed as pools of 3–4

individual yolk sacs/litter and more

than 1 pool/litter was analyzed. Retinol and retinyl ester concentrations were obtained from the same sample. Statistical analysis was carried out

by a 2-way ANOVA, with G (genotype) 3 T (treatment) as factors. Placental retinol concentrations were not normally distributed and analyzed by

Kruskal Wallis. Differences in retinyl ester concentrations were analyzed by t test. Labeled means without a common letter within each tissue

differ, P , 0.05. bc, b-carotene treated; dpc, days postcoitum; L2/2R2/2, Lrat2/2Rbp2/2; veh, vehicle treated; WT, wild type.

FIGURE 2 qPCR analysis of CmoI expression in maternal liver (A),

placenta (B), and embryo (C) 24 h after veh or bc supplementation of

WT and L2/2R2/2 dams. Tissues from WT +veh set as a calibrator at 1.

Data are mean 6 SD fold of WT +veh. Sample size for different groups

and tissues is n = 5–7. Statistical analysis was carried out by a 2-way

ANOVA, with G (genotype) 3 T (treatment) as factors. Labeled

means without a common letter within each tissue differ, P , 0.05.

Figure represents data from one experiment out of 2 repeats. bc,

b-carotene treated; L2/2R2/2, Lrat2/2Rbp2/2; veh, vehicle treated;

WT, wild type.
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uptake of b-carotene at the placental barrier have not been
investigated to date. b-Carotene circulates in the bloodstream in
association with lipoprotein particles like chylomicrons and
their remnants, VLDL, LDL, and even HDL (19,20,44). There-
fore, its tissue uptake is postulated to be mediated by the same
key regulators involved in lipoprotein uptake (19,20,44), such as
SRB1, LDLR, LRP1, and LPL. We hypothesized that the b-
carotene i.p. injected into the dams would transfer to the above-
mentioned lipoproteins, which are all present in the bloodstream
of constantly fed mice, like those used for this study, and thus
would be available for placental and embryonic uptake. The
transcriptional downregulation of Lrp1, in the placenta of
supplemented WT dams, strongly suggests the involvement of
this receptor in placental b-carotene uptake. Indeed, LRP1 has
high affinity for apoE-containing lipoproteins, such as VLDL,
HDL, and chylomicrons (45,46). A similar effect on Lrp1
transcription was not observed on maternal liver (data not
shown), suggesting a tissue-specific response. We interpret this
downregulation as a feedback mechanism that prevents the pla-
centa from acquiring excessive maternal circulating b-carotene
when the dams are on a regimen of sufficient vitamin A intake.
Placental LRP1 protein levels, however, did not change upon
maternal b-carotene supplementation (data not shown). At the
moment, we cannot exclude that changes in LRP1 protein levels
could occur at earlier or later time points or that a prolonged
maternal b-carotene supplementation is needed to induce an
effect on placental LRP1 protein.

We previously demonstrated that placental LRP1 is the main
player acting in concert with LPL and activated to respond to
chronic changes in vitamin A content of the maternal diet (36).
The failure to detect changes in WT placenta mRNA expression
for Lpl as well as Srb1 and Ldlr in our experimental conditions
does not rule out their possible involvement in b-carotene
uptake at the placental barrier under different dietary condi-
tions, such as prolonged maternal provitamin A supplementa-
tion, different regimens of maternal vitamin A intake, or in a
feed-deprived state, for instance.

Once taken up by the placenta, b-carotene can be also
transferred in its intact form to the embryo to be used as a
“local” source of retinoic acid (8). By using qPCR analysis, we
examined the above-mentioned genes in pools of mRNA from
WTembryos to determine if they were involved in the uptake of
b-carotene by the embryo per se. Our analysis did not show any

significant difference in the embryonic mRNA expression of Lpl,
Srb1, Lrp1, and Ldlr among our experimental groups (data not
shown), suggesting that the regulation of b-carotene uptake may
not be taking place at the embryonic level, at least when WT
dams were administered a single dose of the provitamin A
carotenoid. It remains to be established whether the transfer of
b-carotene from placenta to embryo through the secretion of
placental lipoproteins into the fetal circulation (47-49) could
also be affected by b-carotene availability.

Due to their extremely low concentration of hepatic retinol
stores, the lack of serum RBP and thus their increased suscep-
tibility to develop signs of vitamin A deficiency, the L2/2R2/2

mice can be considered a model of marginal vitamin A deficiency
when maintained on a dietary regimen of sufficient vitamin A
intake (26,50). Only the placental b-carotene concentration was
elevated in the L2/2R2/2 mice compared with the WT mice,
suggesting that the maternal vitamin A status may control up-
take of intact b-carotene by this organ that regulates the
exchange of gas and nutrients between mother and fetus (51).
We previously showed that LPL facilitates placental uptake of
postprandial retinoids (36). The upregulation of Lpl mRNA
expression upon b-carotene supplementation supports our pre-
vious studies (36) and may highlight a critical role of LPL in
mediating placental uptake of the provitamin A carotenoid in
this strain. In the double knockout placenta, Lrp1 expression
does not seem to be involved in responding to changes in
b-carotene availability, as was seen inWT +bc. Furthermore, the
baseline mRNA expression of Lrp1 in the double knockout
placenta was significantly lower compared with those of WT
mice. The reasons for these differences are unclear and currently
under investigation.

Despite more b-carotene being taken up by the placenta of
L2/2R2/2 mice compared with WT mice, the placental retinol
concentration did not change upon supplementation in this
strain but was higher than in WT +bc. In addition, the placental
mRNA expression of CmoIwas elevated in the double knockout
mice regardless of the maternal treatment. We interpret our data
as the result of a compensatory mechanism that, under a mar-
ginal vitamin A-deficient status, such as that of the double
knockout mice (50,52), would maximize the conversion of the
b-carotene acquired from the maternal circulation into retinol
via CMOI action to ultimately increase the amount of retinol
available for transfer to the embryo. This is in agreement with an
earlier study in humans that suggested that b-carotene could be a
precursor of retinol in placenta and that its conversion could be
dependent on the nutritional status of the mother, being par-
ticularly efficient in a more depleted state (53). Nonetheless, the
embryonic retinol concentration was similar among our exper-
imental groups, regardless of genotype or treatment. We propose
2 possibilities to account for the difference in extra-embryonic
retinol available for transfer toward the developing tissues com-
pared with embryonic retinol concentration in the L2/2R2/2

strain. First, because these mice lack RBP, the transport of retinol
out of the placenta trophoblast toward the embryo could be
impaired (36). Second, we previously showed that despite their
inability to store vitamin A, increased retinoic acid oxidation via
CYP26A1 and intracellular retinol efflux via STRA6 ensure
adequate levels of retinoids in the developing tissues of the
L2/2R2/2 mice (26). So, these highly effective homeostatic
mechanisms could result in similar embryonic retinol concen-
trations despite different metabolic pathways of tissue retinoid
utilization.

Although more b-carotene was taken up by the placenta of
the L2/2R2/2 mice compared with WT, similar b-carotene

FIGURE 3 qPCR analysis of placental Srb1, Ldlr, Lrp1, and Lpl

mRNA expression 24 h after veh or bc supplementation of WT and

L2/2R2/2 dams. Tissues from WT +veh set as a calibrator at 1. Data

are mean 6 SD fold of WT +veh. Sample size for different groups

and tissues is n = 5–7. Statistical analysis was carried out by a 2-way

ANOVA, with G (genotype) 3 T (treatment) as factors. Labeled

means without a common letter within each gene differ, P , 0.05.

Figure represents data from one experiment of 2 repeats. bc,

b-carotene treated; L2/2R2/2, Lrat2/2Rbp2/2; veh, vehicle treated;

WT, wild-type.
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concentrations were detected in WT and double knockout
embryos from supplemented mothers. Interestingly, embryonic
transcription of CmoI was upregulated upon maternal b-carotene
treatment in the double knockout strain, suggesting that an
increased rate of utilization of b-carotene in the embryo could
account for the above-mentioned discrepancy. However, we cannot
rule out that the placenta could transport b-carotene based on the
need of the fetus. Indeed, although the L2/2R2/2 mice could be
considered marginally vitamin A deficient, they are viable and
fertile and their embryos are phenotypically normal when fed a
vitamin A–sufficient diet (26).

Finally, it is intriguing that in the absence of Lrat, as in the
double knockout strain, the embryonic baseline mRNA expres-
sion of CmoI was lower than that in WT mice. Because we
previously showed that Lrat embryonic mRNA expression was
attenuated in the absence of CmoI (8), these data may suggest
the existence of a reciprocal interference between CMOI and
LRAT on the transcriptional regulation of each other. The
molecular mechanisms and the biological significance of such
interactions are unknown at the moment, but this effect seems to
be tissue specific, because the mRNA baseline expression of
CmoI was significantly elevated in placenta lacking LRAT
compared with WT.

This study provides novel evidence that placental b-carotene
uptake and its processing by developing tissues are influenced by
b-carotene availability and maternal vitamin A status. It also
identifies, for the first time, to our knowledge, LRP1 and LPL as
potential molecular mediators of provitamin A uptake at the
placenta-fetal barrier, at least in the fed state. These results further
our knowledge onmaternal-fetal nutrition and metabolism of this
essential vitamin andmay ultimately help in establishing adequate
levels of b-carotene intake during pregnancy.
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