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We analyzed the retinoid levels and gene expression in various tissues after wild-type (Wt)

and lecithin:retinol acyltransferase (LRAT�/�) knockout mice were fed a high retinol diet

(250 IU/g). As compared to Wt, LRAT�/�mice exhibited a greater and faster increase in serum

retinol concentration (mean � S.D., Wt, 1.3 � 0.2 mM to 1.5 � 0.3 mM in 48 h, p > 0.05; LRAT�/

�, 1.3 � 0.2 mM to 2.2 � 0.3 mM in 48 h, p < 0.01) and a higher level of retinol in adipose tissue

(17.2 � 2.4 pmol/mg in Wt vs. 34.6 � 8.0 pmol/mg in LRAT�/�). In the small intestines of Wt

mice higher levels of retinol (96.4 � 13.0 pmol/mg in Wt vs. 13.7 � 7.6 pmol/mg in LRAT�/�)

and retinyl esters (2493.4 � 544.8 pmol/mg in Wt vs. 8.2 � 2.6 pmol/mg in LRAT�/�) were

detected. More retinol was detected in the feces of LRAT�/� mice (69.3 � 32.6 pmol/mg in

LRAT�/� vs. 24.1 � 8.6 pmol/mg in Wt). LRAT mRNA levels increased in the lungs, small

intestines, and livers of Wt mice on the high retinol diet, while CYP26A1 mRNA levels

increased greatly only in the LRAT�/�mice. After 4 weeks, no significant differences between

Wt mice and LRAT�/� mice were observed in either the serum retinol level or in the

prevalence of Goblet cells in jejunal crypts. Our data indicate that the LRAT�/�mice maintain

the homeostasis of retinol as the dietary retinol increases by increasing the excretion of

retinol from the gastrointestinal tract, increasing the distribution of retinol to adipose

tissue, and enhancing the catabolism by CYP26A1. We show that LRAT plays a role in

serum retinol concentration when dietary retinol concentration
fluctuates.
maintaining a stable
# 2008 Elsevier Inc. All rights reserved.
1. Introduction

All-trans retinoic acid (RA) is a metabolite of retinol (vitamin A)

which regulates cell proliferation and differentiation [1]. RA

acts via binding and activating its nuclear receptors, which are

transcription factors that directly regulate the transcription of

certain ‘‘target’’ genes [2]. Mammals acquire retinol either as

the provitamin carotenoids, such as b-carotene, or as
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preformed vitamin A from the diet [3]. b-Carotene enters

enterocytes intact and is converted to retinol in the enter-

ocytes [4,5], while the preformed retinyl esters are first

hydrolyzed to retinol in the intestinal lumen, and the free

retinol is then taken up by the mucosal cells [6]. Within

enterocytes, retinol is re-esterified and then packed into the

nascent chylomicrons [3,7]. Two enzymes, lecithin:retinol

acyltransferase (LRAT) and acyl-coenzyme A:retinol acyl-
ll Medical College, 1300 York Avenue, Room E-409, New York, NY
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transferase (ARAT), are involved in the re-esterification of

retinol [7]. The cellular retinol-binding protein type II (CRBP-II),

complexed with retinol, facilitates the reaction catalyzed by

LRAT [8]. Retinol not bound to CRBP-II is thought to participate

in the reaction catalyzed by ARAT, but the physiological

significance of this reaction catalyzed by ARAT is unclear [3].

The chylomicron retinyl esters are hydrolyzed to retinol, taken

up primarily by the hepatocytes, and then transferred and

stored as retinyl esters in the perisinusoidal stellate cells

[9–11]. In liver, the CRBP-I is responsible for delivery of retinol

to LRAT [12]. The stored retinyl esters can be hydrolyzed to

retinol and released into the circulation as needed. Retinol

circulates in the blood as a complex with the serum retinol-

binding protein (RBP4). STRA6, a membrane receptor for RBP4,

mediates the cellular uptake of retinol [13].

LRAT not only catalyzes esterification of retinol in the

enterocytes, but also esterifies retinol for storage as retinyl

esters in a variety of tissues. LRAT activity has been found in

many tissues in which metabolism of retinol actively occurs,

including the liver [14–17], lung [18,19], eye [20–22], testis [23],

small intestine [24,25], skin [26–28], mammary gland [27,29],

and prostate epithelium [30]. In certain tissue types, such as

adipose tissue, the esterification of retinol may be indepen-

dent of LRAT activity [19,31].

The liver is the most important organ for retinyl ester

storage. Since disruption of the LRAT gene in mice eliminates

the retinyl esters in the liver, LRAT knockout mice are more

susceptible to vitamin A deficiency upon removal of retinol

from the diet [19,31,32]. As a result, a constant supply of retinol

from the diet is essential for the maintenance of the

appropriate physiological levels of retinol in the serum and

tissues of LRAT�/� mice [19,31,32]. Because LRAT�/� mice

cannot convert retinol to retinyl esters in most tissues, it is

important to determine what happens to the LRAT�/� mice

when retinol is provided in excessive amounts. The goal of the

experiments performed here was to determine how the LRAT�/

� mice responded to dietary retinol when it was present at a

level higher than the normal level.
2. Materials and methods

2.1. High retinol diet

The LRAT gene knockout mice were produced as previously

described and bred into a C57BL/6 background [19]. All studies

were performed with the approval of Research Animal

Resource Center (RARC) of Weill Cornell Medical College.

The pups were weaned at 3 weeks postpartum and the

genotypes were determined by PCR [19]. At 6 weeks of age

female wild-type (Wt) and LRAT�/� mice were divided

randomly into two groups. One group was fed the normal,

retinol-sufficient diet (control diet, Harlan TD05214, supplies

25 IU of retinol as retinyl palmitate per gram), while the other

group was fed the same formula but with 10-fold higher retinol

as retinyl palmitate (Harlan TD96008 supplies 250 IU of retinol

as retinyl palmitate per gram). All mouse diets, including the

control diet, were designed and customized exclusively for

this study. The amount of retinol in the control diet was

consistent with the formula used routinely in our animal
facility at Weill Cornell. The chow pellets and drinking water

were freely accessible at all times. Blood samples were

obtained via the mouse tails on days 0, 2, 4, 7, 14, 28 and 42,

approximately 100 ml each. The blood samples were allowed to

clot at 4 8C for 2 h at dark. The serum was collected after

centrifugation in a microfuge at 5000 rpm at 4 8C for 15 min.

The feces (20–50 mg, wet weight) and urine samples (50–150 ml)

were collected at the designated time during the experiment.

We did not monitor whether the wild-type and LRAT�/� mice

generated the same amounts of feces per day, but we closely

monitored the body weights during this study and we did not

find any statistically significant differences in the body

weights between wild-type and LRAT�/�mice. On day 42 mice

were sacrificed and the samples of liver, adipose tissue, small

intestine, lung and kidney were harvested in the dark. All

samples were stored at �70 8C until the retinoids were

extracted for assays.

2.2. Analyses of retinoids

The analyses were performed by the high-performance liquid

chromatography (HPLC) as previously reported [19]. Briefly,

frozen tissue samples from liver, adipose tissue, small

intestine, lung and kidney were weighed and homogenized

in cold phosphate buffered saline (PBS) (100 ml PBS per 100 mg

tissue). For the fecal analyses, feces were homogenized in cold

PBS. The volumes of both homogenized tissue and fecal

samples were adjusted to 500 ml with cold PBS. The retinoids

were extracted into 350 ml of organic solution (acetonitrile/

butanol, 50/50, v/v) in the dark as previously described [33,34].

The HPLC was performed using a Waters Millennium system

(Waters Corp., Milford, MA). Each sample (100 ml of the 350 ml)

was loaded onto an analytical 5-mm reverse phase C18 column

(Vydac, Hesperia, CA) and eluted at a flow rate of 1.5 ml/min.

The concentrations of retinoids were calculated from the

areas under the peaks detected at a wavelength of 340 nm. The

levels of retinol and retinyl esters were normalized to the wet

weight (tissues and feces) or the volume (serum and urine).

2.3. Semi-quantitative RT-PCR and quantitative
real-time PCR

The tissues from the lung, small intestine, and liver were

dissected and stored in RNA later (Ambion, Austin, TX) at

�70 8C. Total RNA was extracted using the mini RNAeasy

columns (Qiagen, Valencia, CA). Total RNA (1 mg each) was

used for reverse transcription in a 20-ml reaction using

SuperScriptTM II Reverse Transcriptase (RT) from Invitrogen

(Carlsbad, CA). The synthesized cDNA was diluted to 100 ml

with water, and 1 ml of each diluted cDNA sample was used in

the PCR. The PCR was performed using the following

conditions: 94 8C for 30 s, 58 8C for 30 s, and 72 8C for 80 s,

with a final extension at 72 8C for 10 min. Taq polymerase was

from Invitrogen (catalog number 18038-042). The PCR products

were subjected to 1.2% agarose gel electrophoresis. The gel

images, stained with ethidium bromide, were recorded with a

FluorChem 8800 system (Alpha Innotech, San Leandro, CA).

The gene-specific primers for PCR are listed as follows: for

LRAT (GenBankTM accession number AF255061), the 50-primer

5-CTGACCAATGACAAGGAACGCACTC-3 and 30-primer 5-
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CTAATCCCAAGACAGCCGAAGCAAGAC-3 were used, and a

370-bp product was expected; for CYP26A1 (GenBankTM

accession number NM_007811), the 50-primer 5-GCAGAT-

GAAGCGCAGGAAATACG-3 and 30-primer 5-CCCACGAGTGCT-

CAATCAGGA-3 were used, and a 635-bp product was expected.

The LRAT and CYP26A1 primers were designed around introns

to avoid detection of any genomic DNA contamination

(if existed). GAPDH (upstream primer, 5-ACCACAGTCCATGC-

CATCAC-3; downstream primer, 5-TCCACCACCCTG-

TTGCTGTA-3, 22 cycles, expected product size 451 bp) was

used as a control for the semi-quantitative RT-PCR. Various

dilutions of the PCR products were analyzed to show that the

PCR was in the linear range (not shown).

For quantitative real-time RT-PCR, the reactions were

performed in 20 ml using a BioRad thermal cycler (MyiQTM

Single-Color Real-Time PCR Detection System). Samples were

denatured initially at 95 8C for 3 min, and then 46 cycles were

performed using the following conditions: 94 8C for 30 s, 58 8C

for 30 s, and 72 8C for 45 s. The SYBR Green (IQTM SYBR Green

Supermix were from BioRad) fluorescence emissions were

recorded at 80 8C after each cycle. The PCRs were performed in

triplicate. The quantitative results were calculated using MyIQ

software (BioRad) and normalized to 36B4 (upstream primer 5-

AGAACAACCCAGCTCTGGAGAAA-3 an downstream primer 5-

ACACCCTCCAGAAAGCGAGAGT-3) [35]. The means of the

triplicates along with the standard deviations are presented.

2.4. Histology

Histochemical staining of Goblet cells in the jejunum samples

was performed by using Alcian blue (AB) followed by periodic

acid-Schiffs reagent (PAS) on paraffin sections of tissue [36,37].

The Goblet cells were counted in the crypts, which were

sectioned longitudinally [38].

2.5. Statistical methods

The means � S.D. were calculated using Graphpad Prism

Program (Version 4.0a). Dunnett’s test was used to compare

the changes in serum retinol concentrations to the basal

serum retinol levels. The unpaired t-test was used to

determine the differences between two groups of the tissue

or fecal samples. Differences with a p-value of <0.05 were

considered to be statistically significant. Dr. Kathy Zhou at the

Weill Cornell Biostatistics Division was consulted for assis-

tance in the statistical analyses of these data.
Table 1 – Retinol concentration in serum

Day 0 (mM) Day 2 (mM) Day 4 (mM)

Wild-type mice (n = 6) 1.3 � 0.2 1.5 � 0.3 1.5 � 0.2

LRAT�/� mice (n = 7) 1.3 � 0.2 2.2 � 0.3** 2.1 � 0.1**

The amount of retinol in the serum was measured by HPLC. The values a

the mice were placed on a high retinol (250 IU/g) diet for 6 weeks. In the

retinol (25 IU/g) diet, the serum retinol levels were stable through out the

and 1.22–1.33 mM in LRAT�/� mice. Two asterisks (**) indicate a statist

determined by the Dunnett’s test, and the p-value was <0.01.
3. Results

3.1. Retinol levels in the serum

We monitored the serum retinol concentration for up to 6

weeks after the high retinol diet (250 IU/g) was initiated. On

day 0, when the mice were still fed the control, retinol-

sufficient diet (25 IU/g), the concentration of serum retinol was

1.3 � 0.2 mM (mean � S.D.) in wild-type mice and 1.3 � 0.2 mM

in LRAT�/�mice. No significant differences between wild-type

and LRAT�/� mice could be detected. In response to the high

retinol diet, the concentration of serum retinol in the wild-

type mice slowly increased, and peaked at 1.8 � 0.3 mM on day

14. The serum retinol level in Wt mice then decreased to

1.6 � 0.3 mM on day 28, and further decreased to 1.5 � 0.3 mM

on day 42 (Table 1). In contrast, the serum retinol concentra-

tion in the LRAT�/� mice increased at a faster rate upon

initiation of the high retinol diet (Table 1). On day 2, the serum

retinol level was 2.2 � 0.3 mM, which was significantly higher

than the serum retinol level on day 0 (p < 0.01, Dunnett’s test).

The higher serum retinol concentration was maintained in the

LRAT�/�mice for at least 2 weeks. On day 14, the retinol serum

level in the LRAT�/�mice was 2.2 � 0.5 mM. The retinol level in

the serum of the LRAT�/� mice decreased to 1.6 � 0.2 mM on

day 28, and further decreased to 1.5 � 0.3 mM on day 42. In the

wild-type and LRAT�/� mice the serum retinol concentrations

on day 28 and day 42 were not significantly higher than the

concentrations on day 0 (p > 0.05, Dunnett’s test). In

the control Wt and LRAT�/� mice that were maintained on

the normal, retinol-sufficient (25 IU/g) diet, the serum retinol

levels were stable through out the experimental period,

ranging from 1.2 to 1.5 mM in wild-type mice and 1.2–1.3 mM

in LRAT�/� mice.

3.2. Retinoids in the liver, adipose tissue, lung and kidney

We next determined whether the high vitamin A diet could

increase the storage of retinol in the tissues. We first analyzed

the retinol and retinyl esters in the liver. In the wild-type mice

that were fed the high retinol diet for 6 weeks, as compared to

the wild-type mice maintained on the normal retinol diet,

there was a fivefold increase in the retinol level

(310.0 � 66.9 pmol/mg vs. 61.6 � 13.8 pmol/mg) (mean � S.D.)

and a twofold increase in the retinyl ester level

(7911.5 � 984.1 pmol/mg vs. 3606.3 � 1358.6 pmol/mg) in the

liver. In the LRAT�/� mice the high retinol diet also caused an
Retinol in serum

Day 7 (mM) Day 14 (mM) Day 28 (mM) Day 42 (mM)

1.6 � 0.4 1.8 � 0.3 1.6 � 0.3 1.5 � 0.3

2.0 � 0.5** 2.2 � 0.5** 1.6 � 0.2 1.5 � 0.3

re presented as mean � S.D. After the samples were taken on day 0,

control Wt and LRAT�/� mice that were maintained on the normal

experimental period, ranging from 1.17 to 1.52 mM in wild-type mice

ically significant difference from the wild-type mice on day 0, as
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increase in the hepatic retinol levels (8.6 � 1.2 pmol/mg on the

high retinol diet vs. 3.0 � 0.7 pmol/mg on the normal retinol-

sufficient diet) and retinyl ester levels (4.6 � 1.2 pmol/mg on

high retinol diet vs. 2.8 � 2.2 pmol/mg on normal retinol-

sufficient diet), but these levels of retinoids were extremely

low as compared to those in the wild-type mice. The retinol

and retinyl ester levels in the livers of the LRAT�/�mice on the

high retinol diet were approximately 2.78 and 0.06%, respec-

tively, of the retinol and retinyl ester levels detected in the

livers of the wild-type mice on the same high retinol diet (Fig. 1

and Table 2).

We then examined the retinol and retinyl esters in adipose

tissue. Adipose tissue was taken from dorsal region between

the scapulae. As compared to the mice maintained on the

normal retinol-sufficient diet, the high retinol diet resulted

in a 13-fold increase in retinol levels in adipose tissue
Fig. 1 – All-trans-retinol and retinyl esters in liver and small inte

The results from one representative HPLC experiment are shown

LRATS/S mice, either on the normal retinol-sufficient diet or on

weight: wt, normal diet, 43.4 mg; LRATS/S, normal diet, 52.9 mg

69.1 mg. (B) Retinol and retinyl esters in cell extracts from small

retinol-sufficient diet or on the high retinol diet for 42 days. Tis

normal diet, 105.5 mg; wt, high retinol diet, 17.4 mg; LRATS/S, h

the same scale range was applied to the HPLC tracings for the w

and retinyl ester peaks were undetectable in most LRATS/S sam

wild-type mice; LRATS/S: LRATS/S mice; Rol: retinol.
(17.2 � 2.4 pmol/mg vs. 1.4 � 1.3 pmol/mg) and a 2.5-fold

increase in retinyl ester levels (7.0 � 1.8 pmol/mg vs.

2.8 � 2.2 pmol/mg) in the wild-type mice. In the LRAT�/� mice

the high retinol diet resulted in a sevenfold increase in retinol

levels in adipose tissue (34.6 � 8.0 pmol/mg vs. 5.0 � 1.9 pmol/

mg), but the change in the retinyl esters was not significant

(8.5 � 2.2 pmol/mg vs. 8.1 � 0.7 pmol/mg, p > 0.05, unpaired t-

test). The retinol levels in the adipose tissue of LRAT�/� mice

maintained on a high retinol diet were approximately twofold

higher than the retinol levels in the adipose tissue of the wild-

type mice ( p < 0.01, unpaired t-test), but the differences in the

levels of retinyl esters between the wild-type mice and LRAT�/

� mice were not statistically significant (p > 0.05, unpaired t-

test) (Table 2).

We measured the levels of retinol and retinyl esters in the

lung and kidney because of the importance of these organs for
stine from wild-type (LRAT+/+) vs. knock-out (LRATS/S) mice.

. (A) Retinol and retinyl esters in livers from wild-type and

the 10-fold higher retinol diet for 42 days. Tissue sample

; wt, high retinol diet, 56.0 mg; LRATS/S, high retinol diet,

intestine from wild-type and LRATS/S mice on the normal

sue sample weight: wt, normal diet, 125.7 mg; LRATS/S,

igh retinol diet, 17.4 mg. For convenience in comparisons,

ild-type mice and LRATS/S mice. On this scale the retinol

ples from the group on the 10-fold higher retinol diet. Wt:



Table 2 – Retinol and retinyl esters in tissues

Retinol (pmol/mg tissue wet weight) Retinyl esters (pmol/mg tissue wet weight)

Wild-type mice (n = 4) LRAT�/� mice (n = 3) Wild-type mice (n = 4) LRAT�/� mice (n = 3)

Ctrl diet HV diet Ctrl diet HV diet Ctrl diet HV diet Ctrl diet HV diet

Liver 61.6 � 13.8 310.0 � 66.9*** 3.0 � 0.7 8.6 � 1.2** 3606.3 � 1358.6 7911.5 � 984.1** 2.8 � 2.2 4.6 � 1.2

Adipose 1. 4 � 1.3 17.2 � 2.4*** 5.0 � 1.9 34.6 � 8.0** 2.8 � 2.2 7.0 � 1.8* 8.1 � 0.7 8.5 � 2.2

Intestine 9.1 � 5.8 96.4 � 13.0*** 2.8 � 1.7 13.7 � 7.6 21.3 � 13.5 2493.4 � 544.8*** 4.1 � 1.0 8.2 � 2.6*

Lung 40.8 � 9.7 65.5 � 14.6* 1.2 � 0.3 4.9 � 0.9** 1610.1 � 876.4 10998.2 � 835.6*** 0.9 � 0.2 3.5 � 1.0*

Kidney 2.1 � 0.4 5.7 � 0.4*** 2.5 � 0.7 7.4 � 2.1* 5.7 � 1.0 16.9 � 2.1*** 7.0 � 4.7 11.7 � 2.2

The levels of retinol and retinyl esters were measured by HPLC. Data are presented as mean � S.D. Asterisks indicate statistically significant

differences from mice fed the control diet, as determined by the unpaired t-test. One (*) asterisk indicates that the p-value was <0.05, two (**)

asterisks indicate that the p-value was <0.01, and three (***) asterisks indicate that the p-value was <0.001. Ctrl diet: retinol sufficient, control

diet; HV diet: 10� higher retinol diet.
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retinol storage in wild-type mice. In the LRAT�/� mice

maintained on the high retinol diet the retinol levels in lung

were 4.9 � 0.9 pmol/mg, which was 7.50% of the retinol levels

(65.5 � 14.6 pmol/mg) in the lung of the wild-type mice

maintained on the same high retinol diet; the retinyl

ester level was 3.5 � 1.0 pmol/mg, which was 0.03% of the

retinyl ester level in the lungs of wild-type mice

(10998.2 � 835.6 pmol/mg). Among the tissue types examined,

the lungs of wild-type mice showed the greatest increase in

the retinyl ester levels after the mice were placed on the high

retinol diet.

In the kidneys of the animals maintained on the high

retinol diet the retinol concentration was 5.7 � 0.4 pmol/mg in

the wild-type mice and 7.4 � 2.1 pmol/mg in the LRAT�/�mice.

There was no significant difference between the wild-type

mice and LRAT�/� mice (p > 0.05, unpaired t-test). The renal

retinyl ester level was 11.7 � 2.2 pmol/mg in LRAT�/� mice,

lower than the renal retinyl ester level in wild-type mice

maintained on a high retinol diet (16.9 � 2.1 pmol/mg)

(p < 0.05, unpaired t-test).

3.3. Retinoids in the small intestine, urine, and feces

In cell extracts from the small intestine retinol and multiple

retinyl esters were identified in both the wild-type and LRAT�/�

mice (Fig. 1). In wild-type mice the high retinol diet resulted in

more than a 10-fold increase in retinol level (96.4� 13.0 pmol/

mg on the high retinol diet vs. 9.1� 5.8 pmol/mg on the normal

control diet) and more than a 100-fold increase in retinyl ester

level (2493.4 � 544.8 pmol/mg on the high retinol diet vs.

21.3� 13.5 pmol/mg on the normal control diet) in the small
Table 3 – Levels of retinol in the feces

1/10 Rol diet (day 7)
(pmol/mg)

1� Normal
(pmol/m

Wild-type (n = 7) Undetectable 2.6 � 1.7

LRAT�/� (n = 5) Undetectable 4.1 � 2.9

The level of retinol in the feces was measured by HPLC and normalized

Asterisks indicate values which are statistically significantly higher tha

asterisk indicates that the p-value was <0.05, and two (**) asterisks indicat

to 1/10 of the normal retinol-sufficient control diet; 1� normal diet: norm

diet.
intestine (Table 2). In contrast, in the LRAT�/� mice the high

retinol diet resulted in a fivefold increase in the retinol level

(13.7� 7.6 pmol/mg on the high retinol diet vs. 2.8� 1.7 pmol/

mg on the normal control diet) and a twofold increase in retinyl

esters (8.2� 2.6 pmol/mg on the high retinol diet vs.

4.1 � 1.0 pmol/mg on the normal control diet) in the small

intestine (Table 2).

To evaluate the efficiency of retinol absorption by the

gastrointestinal tract we quantitatively analyzed the retinoids

extracted from the feces. No retinol was detected in the feces

from either wild-type mice or LRAT�/� mice which had been

fed a diet containing a 10-fold lower retinol level (Harlan

Teklad, TD05212, 2.5 IU retinol per gram) than the normal diet

for 7 days. In wild-type mice which were maintained on the

normal retinol-sufficient diet (Harlan Teklad, TD05214, 25 IU

retinol per gram) retinol was detected in the feces at

2.6 � 1.7 pmol/mg, and in LRAT�/� mice retinol was detected

at 4.1 � 2.9 pmol/mg in the feces. The difference between the

wild-type and LRAT�/� mice was not statistically significant

( p > 0.05, unpaired t-test).

Fecal retinoids were analyzed on day 3 and day 7 after the

high retinol diet (Harlan Teklad, TD96008, 250 IU retinol per

gram) was initiated. On day 3 the amount of retinol in the feces

of LRAT�/�mice was 2.0-fold higher than the amount of retinol

in the feces of the wild-type mice (45.2 � 14.9 pmol/mg vs.

22.7 � 9.9 pmol/mg, p < 0.05, unpaired t-test); on day 7, the

amount of retinol in the feces of LRAT�/� mice was 2.9-fold

higher than the amount of retinol in the feces of the wild-type

mice (69.3 � 32.6 pmol/mg vs. 24.1 � 8.6 pmol/mg, p < 0.01,

unpaired t-test) (Fig. 2 and Table 3). Only trace amounts of

retinyl esters were found in all fecal samples. The fecal retinol
diet
g)

10� Rol diet (day 3)
(pmol/mg)

10� Rol diet (day 7)
(pmol/mg)

22.7 � 9.9 24.1 � 8.6

45.2 � 14.9* 69.3 � 32.6**

to the fecal wet weight. The values are presented as means � S.D.

n in the wild-type mice, as determined by unpaired t-test. One (*)

e that the p-value was <0.01. 1/10 Rol diet: containing retinol reduced

al retinol-sufficient control diet; 10� Rol diet: 10-fold higher retinol



Fig. 2 – All-trans-retinol in feces from the wild-type (LRAT+/+)

and knock-out (LRATS/S) mice. Feces were collected from

individual mice. Fecal retinoids were extracted and

analyzed by HPLC. The values shown in the figure

correspond to mean W S.D. Rol: retinol.
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content was followed for 4 months while the mice were

maintained on the high retinol diet, and the threefold higher

level of retinol in the feces of LRAT�/� mice was maintained

over this time period.

We also analyzed the retinoids in the urine samples which

were collected after the wild-type and LRAT�/�mice had been

fed the high retinol diet for 2 weeks. In one sample from one

LRAT�/� mouse, a trace amount of retinol was detected by

HPLC. In other urine samples, including seven samples from

wild-type mice and three samples from LRAT�/� mice, the

retinol concentration was below the detectable level

(<0.015 pmol/ml).

3.4. Expression of LRAT and CYP26A1 mRNA

In previous studies we found that CYP26A1 mRNA levels were

higher in some tissues in the LRAT�/�mice [19]. To assess how

dietary retinol affects CYP26A1 mRNA levels in the presence

vs. the absence of LRAT, we examined the levels of LRAT and

CYP26A1 mRNAs in the lungs, small intestines and livers from

six Wt and six LRAT�/�mice fed the 10-fold higher retinol diet,

and five Wt and five LRAT�/� mice maintained on the normal

retinol-sufficient diet. By semi-quantitative RT-PCR, LRAT

mRNA was observed in all samples from wild-type mice,

and higher levels of LRAT mRNA were also observed in

response to the 10-fold higher retinol. No LRAT mRNA was

detected in the LRAT�/�mice, as expected (Fig. 3A, B). In the Wt

mice maintained on the normal retinol diet, CYP26A1 mRNA

was not detected in the lungs, small intestines, or livers, but

CYP26A1 transcripts were detected in lung and liver samples

from the LRAT�/� mice. The CYP26A1 mRNA levels were

increased in both wild-type and LRAT�/� mice on the 10-fold

higher retinol diet, but higher levels of CYP26A1 mRNA were

observed in the lung, small intestine and livers of LRAT�/�

mice as compared to Wt mice (Fig. 3A, B). The results from two

representative mice of each group are shown (Fig. 3A). For

quantitative comparison of the changes in gene expression,
theCYP26A1 and LRATmRNA levels in the liver were examined

by real-time PCR and the results are shown (Fig. 3B). The

CYP26A1 mRNA levels in other tissues were not examined in

this study.

We also examined the mRNA levels of CRBP-II, Stra6 and

several RA responsive genes, including RARb2, IGFBP2 and

IGFBP5 in the lung, small intestine and liver. The transcript

levels of these genes were similar in the wild-type mice and

LRAT�/� mice maintained on the same type of diet (not

shown).

3.5. Number of Goblet cells in the jejunum

The number of Goblet cells in the small intestine is sensitive to

the vitamin A status [38,39]. To evaluate whether the LRAT

gene disruption affected the differentiation of the intestinal

stem cells into Goblet cells, we stained the slides of jejunum

samples, and the Goblet cells in each crypt, cut longitudinally,

were counted. After 16 weeks on the high retinol diet, the

numbers of Goblet cells in the jejunal crypt increased from

11.6 � 4.2 cells per crypt (n = 8) to 18.7 � 4.2 cells per crypt

(n = 12) in wild-type mice ( p < 0.01, unpaired t-test). The

prevalence of Goblet cells also increased in the jejunal crypts

in LRAT�/� mice, from 12.8 � 4.3 cells per crypt (n = 13) to

17.1 � 3.0 cells per crypt (n = 11) for mice on the high retinol

diet for 16 weeks (p < 0.05, unpaired t-test). However, no

significant difference was observed between wild-type mice

and LRAT�/�mice that were fed the same type of diet ( p > 0.05,

unpaired t-test) (Fig. 4).
4. Discussion

In response to the 10-fold higher retinol diet we observed a

rapid increase in serum retinol concentration in the LRAT�/�

mice, and the serum retinol concentration remained high for

at least 2 weeks (Table 1). In accord with previous studies

showing that the LRAT�/� mice easily become vitamin A

deficient upon removal of retinol from the diet [19,31], our data

suggest that LRAT is not only important for storing retinol as

retinyl esters in the liver, but is also involved in maintaining a

stable retinol concentration in the serum of adult mice when

the dietary retinol fluctuates.

We show that the LRAT�/� mice maintain retinol home-

ostasis by three compensatory mechanisms, i.e., increased

gastrointestinal excretion, re-distribution of retinol to adipose

tissue, and enhanced catabolism of retinoids. Unlike wild-type

mice, the LRAT�/� mice are unable to metabolize retinol to

retinyl esters in most tissues. Our data show that increased

excretion of retinol by the gastrointestinal tract is one of the

mechanisms by which the LRAT�/� mice regulate the retinol

concentration in the serum (Fig. 2). It was reported that the

LRAT�/� mice exhibited a lower efficiency of dietary retinol

absorption after they were given a gavage dose of retinol that

was equivalent to the amount of retinol consumed in one day

by mice receiving a standard diet [31]. Our data reported here

show that gastrointestinal excretion of retinol by the LRAT�/�

mice is related to the amount of retinol in the diet. When the

dietary retinol was low (e.g., 2.5 IU/g in our experiments), the

uptake of retinol by both the wild-type and LRAT�/� mice was



Fig. 3 – LRAT and CYP26A1 mRNA in tissues. (A) The mRNA

expression in the lung, small intestine, and liver was

examined by semi-quantitative RT-PCR. The tissues were

from wild-type mice and LRATS/S mice maintained on the

Fig. 4 – Number of Goblet cells in the jejunal crypts. The

Goblet cells were stained by using Alcian blue (AB)

followed by periodic acid Schiffs reagent (PAS). Data are

presented as mean W S.D. Wt, control diet: 11.6 W 4.2

(n = 8); LRATS/S, control diet: 12.8 W 4.3 (n = 13); Wt, 10T Rol

diet: 18.7 W 4.2 (n = 12); LRATS/S, 10T Rol diet: 17.1 W 3.0

(n = 11). The comparisons between Wt and LRATS/S mice

under each condition were not statistically significant.
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complete. However, when the dietary retinol level was high,

the LRAT�/� mice excreted more retinol from the gastro-

intestinal tract, and furthermore, the amount of retinol

detected in feces showed an increase over time that was

not seen in the wild-type mice (Fig. 2). These data suggest that

the excretion of retinol by LRAT�/� mice from the gastro-

intestinal tract is precisely regulated and correlated with the

dietary retinol level.

In addition to increased excretion by the gastrointestinal

tract, a dynamic re-distribution of retinol between blood and

adipose tissue may contribute to the regulation of serum

retinol concentration in the LRAT�/� mice. The high retinol

level in the adipose tissue of LRAT�/� mice (Table 2) suggests

that adipose tissue is an important tissue type which contains

free retinol in LRAT�/� mice. Although esterification of retinol

occurs in the adipose tissue of LRAT�/� mice [19,31], the

synthesis of retinyl esters in the adipose tissue of LRAT�/�

mice was not further increased by the high retinol diet

(Table 2).

The expression of the catabolic enzyme CYP26A1 mRNA in

the lung, small intestine, and liver of the LRAT�/� mice was

higher than in Wt mice (Fig. 3), suggesting that the enhanced

catabolism of retinoic acid plays a role in the maintenance of

normal retinoid signaling in tissues. In the absence of LRAT,

retinol cannot be efficiently converted to retinyl esters in

many types of tissues. If more RA is synthesized from the free
control retinol-sufficient diet or the 10-fold higher retinol

diet. Each type of tissue was from two individual mice.

Number of PCR cycles: LRAT, 32 for lung, intestine and

liver; CYP26A1, 40 for lung, 39 for intestine and 32 for liver.

GAPDH (22 cycles) was used as a control for RNA quality

and loading. +/+: wild-type mice; S/S: LRATS/S mice; Rol:

retinol. (B) Examination of CYP26A1 and LRAT mRNA

expression in liver by real-time PCR. The means W S.D.

were calculated from triplicate reactions. 10T Rol: 10T

higher retinol diet; normal Rol: normal retinol control diet.
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retinol in these tissues, the CYP26A1 protein can catalyze the

enzymatic reaction that leads to the production of polar

retinoids such as 4-hydroxy-RA and 4-oxo-RA. Thus, CYP26A1

can maintain normal retinoid signaling in tissues by enhan-

cing the catabolism of all-trans RA [40]. A recent study

indicates that this regulation also occurs in mouse embryos

[41].

The prevalence of mucin-secreting Goblet cells in the

crypts of small intestines is a sensitive indicator of the retinoid

status [38,39]. The similar responses from wild-type and

LRAT�/� mice to the 10-fold higher retinol diet imply that the

LRAT gene disruption does not result in a permanent

disturbance in retinol homeostasis when a higher level of

retinol is present in the diet (Fig. 4). These results pertaining to

Goblet cells, along with our results on the RA responsive genes

(not shown), suggest that RA signaling in the LRAT�/� mice is

maintained at the same level as in wild-type mice. These

results are consistent with the previous report that the wild-

type mice and LRAT�/� mice contained the same levels of all-

trans retinoic acid in tissues when on a normal retinol diet [31].

In summary, our results indicate that the wild-type mice

and LRAT�/� mice employ different mechanisms to regulate

retinol levels when placed on a 10-fold higher retinol diet. By

increasing LRAT mRNA levels (Fig. 3), the wild-type mice

convert more retinol to retinyl esters in retinol storage organs

such as liver and lung (Fig. 1 and Table 2). In contrast, the

LRAT�/�mice regain normal retinol serum levels by increasing

the excretion of retinol by the gastrointestinal tract (Fig. 2 and

Table 3), enlarging the pool of free retinol in the adipose tissue

(Table 2), and enhancing the further metabolism of retinoids

(Fig. 3).
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