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The activity of the enzyme lecithin: retinal ucyltrunsferase (LRAT) is extremely low in the liver of vitamin 
A-deficient rats, but is rapidly induced after administration of retinoic acid (RA). The nuclear receptors for RA 
are closely related to the receptors for thyroid hormone, and molecular cross-talk between these receptors has 
been observed in vitro and in cultured cells. Therefore we have examined whether retinoid status and thyroid 
hormone status interact in the regukation of hepatic LRAT activity in vivo. Vitamin A-deficient male Lewis rats, 
either euthyroid or made hypothyroid by treatment with propylthiouracil, were treated once or three times with 
20 @g of all-trans-RA, 10 pg/lOO gm body weight of triiodothyronine (TJ, or both hormones. Hepatic LRAT 
activity, which was negligible in all retinoid-deficient rats, was induced by RA (P < 0.0002) regardless of the 
animal’s thyroid hormone status. T3 by itself had no ability to induce hepatic LRAT activity (P = 0.42). nor did 
co-administration of T, with RA increase or decrease the response to RA (P = 0.13). In retinoid-suficient rats, 
hypothyroidism did not alter hepatic LRAT activity: however, LRAT activity was reduced by half(P < 0.05) after 
three treatments with T3. Therefore we conclude that thyroid hormone status alone does not regulate LUAT, nor 
does thyroid status affect the ability of RA to induce hepatic LRAT in retinoid-deficient animals. However, in 
retinoid-sufficiency, repeated treatment with T3 may reduce the hepatic esterification of retinol by LRAT. (J. 

Nutr. Biochem. 8:4X-460, 1997) 0 Elsevier Science Inc. 1997 
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Introduction 
The liver plays a central regulatory role in vitamin A 
storage, metabolism and retinoid distribution to peripheral 
organs. In well-nourished animals and humans, the liver 
contains over 85% of total body retinoids stored as fatty 
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acid esters of retinal. Biochemical and nutritional studies 
have identified lecithin: retinol acyltransferase (LRAT), a 
microsomal enzyme that preferentially esterifies retinol 
bound to the cellular retinol-binding protein, CRBP,’ as 
principally responsible for the formation of retinyl esters. 
LRAT activity is present in homogenates and microsomes 
prepared from liver, isolated liver cells, and several periph- 
eral tissues. 

Hepatic LRAT activity is strongly influenced by vitamin 
A status. The liver of vitamin A deficient animals has 
essentially no hepatic LRAT activity, whereas activity is 
again measurable 4 to 8 hr after repletion with retino12 or its 
active metabolite, retinoic acid (RA).3 In retinoid-deficient 
rats, all-trans-RA in doses as low as 2 pg per rat produced 
a measurable rise in hepatic LRAT activity within a few 
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days old, they were treated one or three times with RA and/or T,, 
or with vehicle only. All-trans-RA (Sigma, St. Louis, MO USA) 
was dissolved in ethanol, mixed with Tween 80, and diluted in 
sterile PBS3 After spectrophotometric determination of RA con- 
centration, the solution was diluted so that a 0.5 mL ip injection 
contained 20 pg of RA in 0.2% Tween 80 and 2% ethanol. For rats 
treated three times, this solution was prepared fresh each day. 
L-tri-iodothyronine (T,. Sigma) was dissolved in PBS containing 
10 mmol/L of potassium hydroxide’ ’ and administered ip at a dose 
of 10 p,g/lOO gm body weight. Some of the rats were treated once 
with RA, T,, or both, and then killed 18 hr later by CO, 
asphyxiation. Other rats were treated daily for 3 days (0, 24, and 
approximately 48 hr) and then killed at 72 hr. All rats were killed 
between 8 a.m. and 10 a.m. Heparinized blood was collected for 
plasma preparation and later assayed for total retinol’O by HPLC 
and T, hormone by RIA. ” Livers were removed, blotted, and 
minced so that portions from each lobe were sampled, and 
approximately 1 gm of tissue was rapidly frozen in liquid nitrogen 
and then stored at -70°C before analysis. As noted below, liver 
and other tissues from these rats were used for several different 
studies.“-” Data on the body weights, plasma total retinol, and 
total T, concentrations of the rats used in this study have been 
reported previously (study 2 in Breen et al.“). 

hours.3 This increase could be inhibited completely by 
pretreating rats with cycloheximide or actinomycin D.3 

All-truns-RA and its isomer, 9-cis-RA, function as the 
ligands of the nuclear retinoid receptors, RAR and RXR, 
respectively, which are ligand-activated transcription fac- 
tors that bind to DNA to regulate the transcription of a 
potentially large number of genes.4 Molecular cloning and 
sequence analysis has demonstrated that the nuclear tran- 
scription factors RAR and RXR are members of a gene 
superfamily that includes the receptors for steroid hor- 
mones, thyroid hormone (TJ and 1,25dihydroxyvitamin D, 
and the peroxisome proliferator-activated receptors and 
several orphan receptors.5 Whereas all-truns-RA binds with 
high affinity to members of the RAR subfamily, 9-cis-RA is 
a high-affinity ligand of the RXR, a receptor subfamily 
which may interact, as a heterodimeric partner, with RARs 
and with the receptors for thyroid hormone (TR) and 
vitamin D (VDR). All the receptors in this superfamily 
contain a highly conserved DNA-binding domain that 
mediates receptor binding to specific DNA sequences in the 
promoter region of target genes (hormone response ele- 
ments), and a less conserved domain in the C-terminus that 
is essential for ligand binding. The RAR and the TR share 
a high degree of sequence similarity in both their DNA- 
binding and ligand-binding domains.’ Molecular cross-talk 
has been demonstrated between these receptors in in vitro 
transactivation assays [see Ref. 61. Additionally, members 
of the RXR subfamily may enhance the expression of 
certain retinoid-, thyroid- or vitamin D-responsive genes by 
forming heterodimers that induce gene expression,7-9 or 
they may function indirectly as negative regulators by 
sequestering the RAR, VDR, or TRs.* However, the inter- 
actions of retinoic acid and thyroid hormone in vivo on gene 
expression and protein functional activity have not been 
studied extensively. 

The purpose of this study was to examine the physiolog- 
ical interaction between RA and T, in regulating hepatic 
LRAT activity in intact rats. For this purpose young rats 
were made retinoid-deficient and/or thyroid hormone-defi- 
cient, after which groups of rats were treated with RA, T,, 
or both hormones and, after 18 hr to 3 days, hepatic LRAT 
activity was assayed.* 

Methods and materials 

Animals and diets 

The animal protocol followed the NIH Guide for the Care and Use 
of Laboratory Animals and was approved by the Animal Use and 
Care Committee of the Medical College of Pennsylvania. Male rats 
of the Lewis strain, obtained as 2 to 5 day-old nurslings of virus 
antibody-free lactating dams, were purchased from Charles River 
Breeding Laboratories (Wilmington, MA USA). On arrival, the 
dams were fed a vitamin A-free semipurified diet” (Dyets Inc., 
Bethlehem, PA USA). When they were 20 to 21 days old, 42 rats 
were weaned onto the same vitamin A-free diet, and 12 were 
weaned onto diet of the same composition but containing 4 mg of 
retinol (as retinyl palmitate) per kg of diet.” All rats had free 
access to food and water throughout the study. Half of the rats 
undergoing retinoid depletion and nine of the vitamin A-sufficient 
rats were made hypothyroid by including 0.05% 6-propyl-2- 
thiouracil (PTU) in their drinking water.’ ‘When rats were 55 to 61 

Preparation of liver homogenates and assay of liver 
LRAT activity 

Liver samples were thawed and homogenized in four volumes of 
ice-cold 0.25 M sucrose using a Potter-Elvejhem homogenizer. 
LRAT activity was assayed in duplicate for each sample in a final 
reaction volume of 0.2 mL containing approximately 1 mg of 
homogenate protein, 5 p,M of 3H-retinol bound to rat liver 
CRBP,“’ 0.15 M potassium phosphate buffer, pH 7.4, and 2 mM 
dithiothreitol. which was incubated at 37°C for 4 min. These 
conditions have been shown to yield 3H-retinyl esters in proportion 
to the time of incubation and amount of protein assayed.2 The 
reaction was stopped by the addition of 1 mL of ethanol containing 
0.1% butylated hydroxytoluene and the neutral lipids were quan- 
titatively partitioned into hexanes.15 A boiled aliquot of each 
homogenate was run in parallel as a control and served as the blank 
that was later subtracted. The product 3H-retinyl esters were 
separated from 3H-retinol by chromatography on open columns of 
deactivated aluminum oxide, and eluted with diethyl ether/hexane 
(3:97 v:v) into scintillation vials. The solvent was evaporated and 
the ‘H-retinyl ester activity determined by liquid scintillation 
spectrometry. I5 The protein concentration of each homogenate 
was determined by the method of Markwell et al.” The LRAT 
specific activity for each liver was expressed as the pmol of retinyl 
ester formed/(min of incubation . mg of homogenate protein). 

Statistical analysis 

Data for LRAT activity are reported as the mean 2 SD for each 
treatment group. The data from retinoid-deficient rats were ana- 
lyzed by a 2-factor analysis of variance (ANOVA) followed up by 
a least significant difference test, whereas the data from retinoid- 
sufficient rats were analyzed by a one-factor ANOVA and Stu- 
dent’s t test. 

Results 

Body weights, plasma retinol, and T3 concentrations 

Data on the body weights, plasma total retinol, liver total 
retinol, and plasma T4 concentrations of the rats used in this 
study, as reported previously,” are summarized in Table 1 
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Table 1 Effects of vitamin A and thyroid status on the body weight, plasma and liver retinol, and plasma T4 concentrations of male Lewis rats 

Body weight Plasma retinol 

(9) (14 

Liver total retinol 
(nmol/g) 

Plasma T, 

(i-@U 

Euthyroid 
Retinoid-sufficient 
Retinoid-deficient 

Hypothyroid (PTU treated) 
Retinoid-sufficient 
Retinoid-deficient 

289 k 7.6 (9) 1.09 r 0.17 (3) 197 2 41 (3) 4.73 2 0.83 (3) 
251 ? 12(9) CO.05 (3) < 1 .o (20) 5.35 t 0.35 (3) 

169 + 5.8 (21)b 0.75 2 0.27 (9)b 196 5 33 (9) <0.5 (9)b 
174 t 1.2 (2l)b <0.05 (21p CO.1 (20) CO.5 (9)6 

*Data are the mean t- SD for the numbers of animals indicated in parentheses. a, Significantly different from retinoid-sufficient rats of the same thyroid 
status, P < 0.02; b, sinnificantlv different from euthvroid rats of the same retinoid status, P < 0.02. 
PTU, propylthiouracil; Ti, thyroxine 

for convenience. Regardless of retinoid status, the body 
weights of hypothyroid rats were lower than those of 
euthyroid rats. Plasma total retinol concentration averaged 
1.09 ~.LM in vitamin A-sufficient, euthyroid rats and 0.75 
pM in hypothyroid rats. Plasma retinol was essentially 
undetectable in all retinoid-deficient rats (CO.05 p,M). Liver 
retinol concentration was not affected by hypothyroidism, 
but was nil in vitamin A-deficient rats. Plasma T4, a 
measure of thyroid hormone production, was very low 
(CO.5 pg/dL) in all hypothyroid rats. 

Hepatic LIZ.4 T activity 

Table 2 presents the LRAT specific activities for all 
treatment groups. In each of the retinoid-depleted, vehicle- 
injected rats, regardless of thyroid status, LRAT activity 
was essentially undetectable. It should be noted that CRBP- 
retinol substrate is not rate-limiting in these in vitro assays.2 
After treatment with 20 p,g of RA (18 hr after a single dose), 
hepatic LRAT activity was induced equally in euthyroid and 
hypothyroid rats (P < 0.0001 versus the respective vehi- 
cle-treated group). No induction was observed after a single 
dose of T, (10 kg/100 gm body weight). The combination 
of RA and T, was neither more nor less effective than RA 
alone in inducing hepatic LRAT activity in retinoid-de- 
pleted rats. 

When hormone treatments were repeated three times, the 
results were qualitatively similar but, for RA, quantitatively 
lower than for a single dose. Seventy-two hours after the 
first dose (approximately 24 hr after the third dose) of RA, 
hepatic LRAT activity was still induced significantly (P < 
0.0001 versus the respective vehicle-treated group), but the 
specific activity was about 50 to 70% of that after a single 
dose of RA. As was the case after a single dose of T,, three 
doses of T, did not induce hepatic LRAT activity. In both 
euthyroid and hypothyroid retinoid-depleted rats, the com- 
bination of RA and T, produced the same hepatic LRAT 
response as RA alone (P < 0.0001 versus the respective 
vehicle-treated group). 

Four groups of retinoid-sufficient rats were included as 
references. Comparison of hepatic LRAT activity in euthy- 
roid and hypothyroid rats shows that hypothyroidism alone 
did not affect enzyme activity. In retinoid-sufficient hypo- 
thyroid rats treated once with T,, the mean LRAT activity 
was not significantly different from the hypothyroid, vehi- 
cle-injected group. However, the hepatic LRAT activity of 
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hypothyroid rats treated three times with T, was reduced by 
about half (P < 0.05). 

Discussion 

The main observations from this study are, first, that neither 
hypothyroidism nor the administration of T, to hypothyroid 
rats influenced the ability of RA to induce hepatic LRAT 
activity in retinoid-depleted rats. The induction of LRAT by 

Table 2 Effects of retinoid and thyroid hormone deficiency, and of 
retinoic acid and/or thyroid hormone repletion, on the activity of hepatic 
lecithin: retinol acyltransferase* 

Thyroid status, LRAT specific activity, 
pmol RE formed 

(min . mg liver protein) 

Euthyroid Hypothyroid 

Retinoid-deficient ratst 
Vehicle 
18hr 

RAa 

J-3 
RA + T,a 

72 hr 
RAa,b 

T3 
RA + Taa,’ 

Retinoid-sufficient rats* 
Vehicle 
18 hrT, 
72 hr T3 

0.05 _c 0.12 0.05 2 0.04 

7.91 k 1.46 7.06 t 1.70 
0.05 2 0.06 0.10 5 0.09 
6.60 r+_ 0.85 6.76 + 1.68 

3.90 i 0.63 5.03 2 0.06 
0.14 5 0.04 0.06 z 0.06 
5.50 -t 0.47 3.54 + 1.18 

13.53 2 3.59 11.83 + 1.59 
- 8.11 k 2.57 
- 5.48 + 3.65’ 

*Results are the mean 2 SD, n = 3 rats/group. 
tf?esults for retinoid-deficient rats were analyzed by a 2-factor ANOVA. 
The effect of hormone treatment was significant (P < O.OOOl), 
whereas that of thyroid status was not (P = 0.42), and there was no 
interaction (P = 0.13). By Fisher’s least significant difference test, all 
groups treated with RA (2 T3) differed significantly from the vehicle- 
treated controls as well as the groups that received T3 alone (P _c 
0.0001, denoted by superscript a). Groups treated with T, alone did 
not differ from the vehicle-treated groups. The 72-hr treatments with RA 
(2 T3) three times differed significantly from the 18-hr groups that 
received the same treatments once (P 5 0.002, superscript b). 
$Results for vitamin A-sufficient rats were analyzed by a 1 -factor 
ANOVA. Hypothyroid rats treated with T, for 72 hr differed significantly 
from the vehicle-treated groups (P < 0.05), superscript c. No other 
differences were significant, 
LRAT, lecithin: retinol acyltransferase; RE, retinyl ester; RA, all-frans- 
retinoic acid; T3, triiodothyronine. 
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affected RAR mRNA levels.” In recent studies, retinoid 
analogues that selectively bind to the RXR did not induce 
hepatic LRAT activity, whereas RAR-selective retinoids 
were effective.22 Therefore, if RXR also plays a role, it 
seems most likely that it may function as a silent partner of 
ligand-activated RAR. 

Two other observations are worthy of comment. First, a 
single dose of 20 pg of RA induced a higher level of hepatic 
LRAT activity than did the same dose given three times. 
All-truns-RA has a short half life in vivo23 and, at least after 
high doses, is capable of inducing its own catabolism.‘4 
Thus, the lower level of LRAT activity after three doses of 
RA may be attributable to an increased rate of RA degra- 
dation. Although a single dose of RA induced hepatic 
LRAT activity rapidly (Ref. 3 and Table 2), activity was 
shown to decline to a low level by 72 hr in the absence of 
subsequent RA treatments.3 Thus, RA apparently must be 
present continuously to maintain a high level of hepatic 
LRAT activity. In vitamin A sufficiency, the production of 
RA from retinol is believed to be continuous and well 
regulated.‘5.26 It is possible that the administration of 
periodic, bolus doses of RA results in a conditioned increase 
in RA catabolism that blunts the regulatory effect of 
subsequent doses of RA. 

Second, it was unexpected that the administration of 
three doses of T, to hypothyroid rats with normal hepatic 
LRAT activity would depress enzyme activity. Had there 
been evidence for RA-T, interactions, a plausible specula- 
tion would be that T,-activated TR interacted with RXR, 
reducing their binding to the RAR and, therefore, reducing 
hepatic LRAT expression. However, as discussed above, 
there is as yet no strong evidence of RXR participation in 
the regulation of LRAT activity. Alternatively, it is possible 
that the effect of repeated T, administration is secondary to 
the effects of T, on energy balance or other aspects of 
metabolism. Regardless of the mechanism(s) involved, the 
result suggests that chronic T, administration could have a 
significant effect on the capacity of the liver to store vitamin A. 

Finally, it is of interest to comment on the differences we 
have observed within the same animals whose tissues were 
also used to examine the expression of thyroid stimulating 
hormone (TSH) @ subunit and growth hormone (GH) 
mRNAs in the pituitary gland,” the expression of omithine 
aminotransferase (OAT) mRNA in liver and kidney,” and 
the expression of apolipoprotein A-I (apo A-I) mRNA in 
liver and small intestine.13 For TSH-l3 gene expression, 
regulation by RA required either normal thyroid function or 
T, administration, indicating a regulatory interaction be- 
tween these hormones.’ ’ For GH mRNA expression in the 
same tissue, retinoid status did not affect GH mRNA 
expression, although RA had been shown previously to 
increase GH mRNA expression in cultured cells [see Ref. 
11 for references]. For OAT mRNA in liver (but not 
kidney), retinoid deficiency was associated with reduced 
expression and RA with increased expression, similar to the 
results for hepatic LRAT activity.” However, in contrast to 
the lack of an effect of T, on hepatic LRAT activity, 
administration of T, blocked the ability of RA to induce 
OAT mRNA in the liver of retinoid-deficient rats.” For apo 
A-I mRNA expression in liver, RA and T, were both 
regulatory, but showed little, if any, interaction.13 A com- 

RA was seen in all RA-treated animals 18 hr after either a 
single dose, or 3 days after the initiation of a three-dose 
treatment schedule. T, alone had no LRAT-inducing activ- 
ity in retinoid-deficient rats. Second, there was no interac- 
tion between retinoid status or RA treatment and thyroid 
hormone status or T, treatment on the in vivo induction of 
hepatic LRAT activity. Thus, from these results it may be 
concluded that RA administration restores hepatic LRAT 
activity in a manner that is independent of thyroid function. 

The mechanisms by which LRAT activity is regulated, 
and the mechanism underlying the induction of its activity 
by RA, have not yet been elucidated. From nutritional and 
physiological studies, it is clear that hepatic LRAT activity 
falls as animals are depleted of retinoids and that activity is 
restored rapidly after the administration (by ip injection, 
gavage or in the diet) of retinoids.‘*3.‘7 No increase in 
activity is observed after adding retinoids to vitamin A- 
deficient microsomes or homogenates in vitro,2.‘7 and the in 
vivo induction is blocked by pretreating animals with an 
inhibitor of RNA synthesis, actinomycin D, or an inhibitor 
of protein synthesis, cycloheximide.3 For these reasons, it 
seems likely that RA plays a role, either indirectly or 
perhaps directly, in maintaining the basal transcription of 
either the LRAT gene itself (which has not yet been isolated 
and characterized) or another gene whose protein regulates 
LRAT activity. If RA regulates LRAT activity transcrip- 
tionally, then it is most likely that the nuclear receptors of 
the RAR and/or RXR families are involved as mediators. 
The inhibitory effect of actinomycin D and cycloheximide 
suggests the requirement for another gene to be transcribed 
and/or translated, which seems to favor an indirect mode of 
action. 

Receptors in the RAR and RXR subfamilies may interact 
as homodimers (RAR-RAR and RXR-RXR) that bind to 
and transactivate RAREs and RXREs, respectively, or as 
RAR-RXR heterodimers. However, the RXRs, which bind 
9-cis-RA selectively, also are capable of forming het- 
erodimers not only with the RAR but also with several other 
receptor partners including the hormone receptors T,R and 
VDR, as well as more distantly related transcription factors 
(e.g., COUP-TF, 4*‘*.19). Despite the potential complexity of 
RAR-RXR and T,R-RXR interactions, the evidence from 
our in vivo study indicates that RA regulates hepatic LRAT 
activity in a manner that is independent of T, status, as T, 
by itself had no ability to induce hepatic LRAT activity, nor 
did co-administration of T, with RA increase or decrease 
the response to RA. Presuming that nuclear retinoid recep- 
tors are involved in the induction of hepatic LRAT activity 
by RA, a parsimonious explanation of these data would be 
that the regulation of LRAT expression is mediated by 
members of the RAR family, without involvement of the 
RXR. However, in nearly all well-characterized examples 
of gene regulation by RAR, RXR plays a role as a partner, 
either as a ligand-independent “silent” partner or as a ligand- 
binding heterodimeric partner. In rat liver, the mRNAs for 
members of both the RAR20.2’ and RXR families2’ are 
expressed,“‘.” with relatively strong expression of RAR-a 
and RXR-a, and detectable expression of RAR-P. RAR-l3 
mRNA was shown to be low in vitamin A-deficient rat liver 
and to increase rapidly after treatment with RA, whereas 
neither hypothyroidism nor T, administration significantly 
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parison of these results emphasizes the exquisite precision 
of hormonal control in vivo, as well as the importance of 
investigating potentially interacting hormones, or nutrients 
and hormones, within the intact organism. 
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