Vitamin A deficiency increases hepatic
apolipoprotein A-I mRNA expression
in both euthyroid and hypothyroid rats
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We have examined the effects of chronic thyroid hormone deficiency, vitamin A deficiency, and subsequent acute
repletion with thyroid hormone (T;) and/or retinoic acid (RA) on the expression of hepatic apolipoprotein (apo)
A-I mRNA. Chronically hypothyroid and/or retinoid-deficient male Lewis rats were treated once or three times
with T, all-trans-RA, or both hormones. The hypothyroid state significantly reduced (P < 0.001) and the vitamin
A-deficient state significantly elevated (P < 0.0001) the expression of apo A-I mRNA. A single injection of T, (10
w.g/100 gm body weight) significantly elevated apo A-I mRNA in hypothyroid rats (P < 0.001). A single injection
of RA (20 p.g/rat) reduced apo A-I mRNA by about 20 to 25% and daily injection of RA for three days reduced
apo A-I mRNA abundance further in hypothyroid (P << 0.05), but not euthyroid, rats. There was a significant
interaction between T, hormone treatment and vitamin A status of the rats, as well as between RA and T,
treatment and the thyroid status of the rats. These in vivo results may indicate that nuclear retinoid receptors and

thyroid hormone receptors interact in the regulation of the apo A-I gene in liver. (1. Nutr. Biochem. 8:451-455,

1997) © Elsevier Science Inc. 1997
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Introduction

Apolipoprotein A-I (apo A-I), the major protein of high
density lipoprotein (HDL), has been implicated in the
process of “reverse cholesterol transport” [see Ref. 1 for
review]. HDL transports cholesterol from peripheral tissues
to the liver where it may be metabolized and excreted as bile
acids. Apo A-l is primarily expressed in the small intestine
and liver? and its expression has been shown to be regulated
by both dietary factors and hormones.>'® Two such hor-
mones are RA and thyroid hormone (T;). Previous studies
have shown that the expression of apo A-I mRNA is
increased in the liver of intact, retinoid-deficient rats, and is
reduced toward normal after retinoid-deficient rats are
treated with all-trans-RA.'"7

It is well known that RA can activate retinoid-responsive
genes through two classes of nuclear receptors which
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function as ligand-activated transcription factors.'®1® All-
trans-RA and 9-cis-RA both may serve as a high-affinity
ligand for the RA receptors (RAR alpha, beta, and gamma),
whereas only 9-cis-RA is a high-affinity ligand for the
retinoid X receptors (RXR alpha, beta, and gamma). Both
the RAR and RXR are members of the thyroid/steroid
hormone receptor superfamily. The retinoid receptors reg-
ulate the expression of target genes by binding as dimers to
specific regulatory regions of DNA (retinoid response
elements).' In addition to forming dimers with RAR, the
RXR proteins form heterodimeric partners with some of the
other members of the steroid/thyroid hormone family.
including the thyroid hormone receptors (TRs), vitamin D
receptor, peroxisome-proliferator activated receptors, and
others.'® The RARs and TRs share considerable structural
homology. for exampie, more than 60% of the amino acid
residues in the DNA binding domain of RAR-alpha are
identical to those in the DNA binding domain of TR-beta.!®
There also may be functional interactions between these
receptors. The RAR and TR may interact to activate specific
thyroid hormone response elements,?® or the TR may
function antagonistically to reduce the induction of RAR or
RXR-mediated gene expression.'®?122 Moreover, members
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of the RXR subfamily may activate the expression of certain
retinoid-responsive and thyroid hormone-responsive genes
directly through the formation of RAR-RXR or TR-RXR
heterodimers, or they may function as negative regulators
by binding with and sequestering the RAR or TR proteins.'®
Finally, RXR gene expression itself may be regulated in
vivo by thyroid status as well as the administration of T,
hormone.?*

The regulatory region of the hepatic apo A-I gene,
located immediately upstream of the gene’s promoter,
contains nucleotides sequences that are recognized by RXR
and RAR.?#7?° Additionally, in vivo studies have shown
that thyroid status can regulate hepatic apo A-I gene
expression through both transcriptional and post-transcrip-
tional mechanisms.*~%!%1227 With this background, the
present experiments were designed to evaluate the effects
and possible interaction of thyroid status and retinoid status
on the hepatic expression of apo A-I mRNA in intact adult
rats. We also have examined the effects of acute in vivo
treatment with RA and T;, either alone or in combination,
on the level of apo A-I mRNA in retinoid-deficient rats.

Methods and materials

Animals and diets

The experimental animals and diets used in this study have been
reported elsewhere.?8-2° Briefly, lactating dams of the Lewis strain
with litters of ten 2-to-5-day-old male pups were purchased from
Charles River Breeding Laboratory (Wilmington, DE USA) and
fed a vitamin A-free diet on arrival. When the pups were 20 to 21
days old, 42 of them were weaned onto the same vitamin A-free
diet and 12 were given diet of the same composition except that it
contained 4 mg of retinol, as retinyl palmitate, per kilogram of diet.
Half of the rats undergoing retinoid depletion and nine of the
vitamin A-sufficient rats were made hypothyroid by the inclusion
of 0.05% of propylthiouracil (PTU) in their drinking water. When
the rats were 55 to 61 days old, they were treated either once or
three times with 20 pg RA and/or 10 pg/100 g of T, or with
vehicle only. Rats treated once were killed 18 hr post-treatment
and rats treated three times received a daily injection of hor-
mone(s) and were killed approximately 18 hr after the final
treatment (72 hr from the beginning of hormone treatment). Rats
were euthanized by CO, inhalation and blood was drawn from the
inferior vena cava. The liver was removed, cut into small pieces,
and frozen immediately in liquid nitrogen before storage at
—70°C. The body weights, plasma and liver retinol concentration,
and plasma T; hormone concentration of these rats have been
reported previously®®>? and are summarized in the accompanying
manuscript.3°

RNA extraction and dot-blot analysis

Total RNA was extracted with guanidine salts®! from approxi-
mately 1-gm portions of individual livers. Each sample of RNA
was dissolved in diethyl pyrocarbonate-treated autoclaved water,
quantified spectrophotomerically, and subjected to electrophoresis
in formaldehyde-containing agarose to evaluate its integrity. In
previous studies'¢ we had observed excellent specificity of the apo
A-I and beta-actin probes by Northern blot analysis and had
obtained comparable quantitative results using Northern blot and
dot-blot techniques. We chose the dot-blot method for the present
studies because the sample RNA is applied directly to the Nytran
membrane (Schleicher & Schuell, Inc., Keene, NH USA) used for
hybridization to avoid the transfer step necessary in Northern blot
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analysis. For this, 5 pgm of each total RNA sample was applied to
two separate Nytran membranes using a dot-blot apparatus (Bio-
Rad Laboratories, Inc., Hercules, CA USA), then cross-linked by
UV light (Stratalinker, Stratagene, San Diego, CA). As probes we
used a full-length rat apo A-1 ¢cDNA (kindly provided by Dr.
Lawrence Chan, Baylor University, Houston, TX USA) and, as a
control, a rat beta-actin cDNA probe (kindly provided by Dr.
Laurence Kedes, USC, Los Angeles, CA USA). The probes were
labeled by the random primer method (Prime-A-Gene labeling kit,
Promega, Madison, WI USA) using [alpha->?P}-dCTP (specific
activity of 3,000 Ci/mmol, New England Nuclear, Boston, MA
USA). Each probe was purified before use by passage through a
Sephadex G-50 DNA mini-column (Boehringer Mannheim Bio-
chemicals Co., Indianapolis, IN USA). After prehybridization, the
membranes were hybridized overnight at 42°C in a solution of
50% formamide with the purified, denatured radiolabeled apo A-1
probe (10° cpm/mL),?! then washed twice for 10 min at room
temperature in 2X SSC solution (0.3 M NaCl + 0.03 M sodium
citrate, pH 7.0) and 0.1% SDS, and twice for 40 min at 55°C in
0.1X SSC and 1% SDS. The membranes were then exposed to x-ray
film (XAR-5, Eastman Kodak Co., Rochester, NY USA) in a cassette
with an intensifying screen at —70°C. After exposure, films were
developed and the intensities of the radiographic signals were quan-
tified using a scanning laser densitometer (Hoefer Scientific Instru-
ments, San Francisco, CA USA). The Nytran membranes were then
stripped of the apo A-I probe by boiling in 0.1% SDS solution for
20 min; stripping was confirmed by re-exposure of the membranes
to x-ray film. Thereafter, the membranes were rehybridized with
the radiolabeled beta-actin probe, re-exposed to x-ray film, and
subjected again to scanning densitometry. The relative abundance
of each mRNA was determined and the two duplicates for each
sample were averaged. The ratio of apo A-I mRNA:beta-actin
mRNA was calculated for each rat liver. For comparison among
groups, the mean ratio of hepatic apo A-I:beta-actin for euthyroid
vitamin A-sufficient rats was set to 1.00, and all other ratios were
calculated as a fraction of this ratio. It is important to note that the
differences reported for the ratio of apo A-I mRNA:beta-actin
mRNA reflect true differences in the numerator of this ratio.

Statistical analysis

Data are reported as the mean * SD of the ratio of apo A-] mRNA
to beta-actin mRNA for the number of rats indicated. The data for
apo A-I mRNA alone, beta-actin mRNA alone and the ratio were
analyzed statistically by two-way analysis of variance (ANOVA).
The statistically significant differences that are reported for the
ratio of apo A-I mRNA to beta-actin mRNA were confirmed to
exist for uncorrected values of apo A-I mRNA alone; indeed, the
treatment effects are represented more conservatively by the ratio
of apo A-] mRNA to beta-actin mRNA than by uncorrected apo
A-T mRNA. Statistically significant differences between treatments
were determined by a least significant difference test using the
program SuperANOVA (Abacus Concepts Inc., Berkeley, CA USA).

Results

Vitamin A deficiency was confirmed by the near absence of
liver total retinol and plasma retinol concentrations <0.05
pmol/LL and the hypothyroid state was confirmed by a
significant reduction in plasma T, hormone.*®

Effects of chronic thyroid hormone
and retinoid deficiencies

The mRNA levels of apo A-I and beta-actin were deter-
mined in liver of individual rats and expressed as the ratio
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Figure 1 Expression of apo A-I mRBNA in vitamin A-sufficient and
-deficient euthyroid and hypothyroid rats, and the effect of acute
administration of T in vitamin A-sufficient and -deficient hypothyroid
rats. The expression of both apo A-f and beta-actin were determined for
individual livers and the signal intensity ratio of apo A-l was divided by
that for beta-actin; the mean ratio for euthyroid vitamin A-sufficient rats
was then set at 1.00 and all other ratios were expressed as a fraction of
this ratio. Each bar represents the mean = SD. Panel A: By two-way
ANOVA there were significant main effects of vitamin A status (P <
0.0001) and thyroid status {P < 0.001) on apo A-l MRNA expression.
There was no significant interaction between the vitamin A status and
the thyroid status of the animals (P > 0.05). Significant differences
(P < 0.05) due to vitamin A status are shown by different lower case
letters in euthyroid groups and by different capital letters in hypothyroid
groups. Panel B: T, hormone was administered either once 18 hr or
three times beginning 72 hr before the end of the experiment. By
two-way ANOVA there was a significant effect of treatment with T; on
apo A-l mRNA expression in both vitamin A-sufficient and vitamin
A-deficient hypothyroid rats (P < 0.0001). There also was a significant
interaction between T, hormone treatment and the vitamin A status of
the animals (P < 0.05). Vitamin A-sufficient groups that differed
significantly (P < 0.05) from one another are indicated by different
lower case letters, whereas vitamin A-deficient groups that differed
significantly from one another are indicated by different capital letters.

of apo A-I mRNA:beta-actin mRNA. For group compari-
son, the ratio for euthyroid, vitamin A-sufficient rats was set
at 1.00. Hepatic apo A-1 mRNA was affected significantly
by both the thyroid hormone status and the vitamin A status
of the rats (Figure 1A). Regardless of vitamin A status,
hepatic apo A-1 mRNA was reduced significantly by hypo-
thyroidism (P < 0.001 by two-way ANOVA), whereas
regardless of thyroid status, vitamin A deficiency resulted in
higher levels of apo A-I mRNA (P < 0.0001). However,
there was no significant interaction (P > 0.05) between
retinoid status and chronic thyroid hormone status. The
results in Figure 1 show that hypothyroidism reduced apo
A-I mRNA proportionately in vitamin A-sufficient and
vitamin A-deficient rats.

Acute treatment with T; and/or RA

The administration of thyroid hormone, T3, to hypothyroid
rats restored the level of hepatic apo A-I mRNA in both
vitamin A-sufficient and -deficient rats (Figure 1B). After
one injection of T, apo A-I mRNA was elevated four fold
higher in vitamin A-deficient rats compared with euthyroid
controls (set at 1.00, see Figure IA). There was no further
increase in apo A-I mRNA when vitamin A-deficient rats
were treated for 3 days with T5. When vitamin A-sufficient
rats were injected once with T;, there was a nonsignificant
increase in apo A-1 mRNA. This increase was statistically
significant after three treatments and the apo A-I mRNA
levels were then equivalent in treated vitamin A-deficient
rats and vitamin A-sufficient rats. The greater efficiency of
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Figure 2 The effect of acute administration of RA or T, alone or in
combination on the hepatic apo A-1 mRNA in euthyroid and hypothyroid
vitamin A-deficient rats. Rats were treated i.p. with RA or T, (or vehicle)
alone, or with both hormones in combination, either once 18 hr or three
times beginning 72 hr before the end of the experiment. Apo A-1 RNA
was analyzed for apo A-l mRNA and beta-actin mRNA as described in
Figure 1. Each bar in the graph shows the mean * SD. By two-way
ANOVA, there was a significant interaction between T, hormone and RA
treatment and the thyroid status of the animals (P = 0.005). Euthyroid
groups that differed significantly (P < 0.05) by the least significant differ-
ence test are shown by different lower case letters; hypothyroid groups that
differed significantly are shown by different capital letters.

T, treatment in inducing apo A-I mRNA in vitamin A-
sufficient rats than in vitamin A-deficient rats was apparent
as a statistically significant interaction (P < 0.05) between
T, treatment as one factor, and vitamin A-status, as the
other factor, in hypothyroid rats.

The effects of RA treatment in euthyroid and hypothy-
roid vitamin A-deficient rats are shown in Figure 2. After a
single injection of 20 pg of RA in euthyroid rats, apo A-I
mRNA was reduced by about 25%. A similar decrease of
about 20% was observed for hypothyroid rats. However,
neither of these reductions was statistically significant (P >
0.05). In euthyroid rats, three treatments with RA caused
no further decrease in apo A-I mRNA. However, in hypo-
thyroid rats there was a significant further reduction in apo
A-ImRNA (P < 0.05 vs. vehicle-treated hypothyroid rats).

The effects of combined, concomitant administration of
RA and T; also are shown in Figure 2. In euthyroid vitamin
A-deficient rats, a single treatment with RA plus T, resulted
in the same increase in expression as was observed with T,
alone. In hypothyroid rats treated once with RA plus T, apo
A-I mRNA was lower than in rats treated with T; alone
(P < 0.0001). In euthyroid rats treated three times with
RA, there was a reduction in the increase in apo A-I mRNA
caused by T; alone (P << 0.01 for three treatments with RA
plus T; versus T, alone). There was a significant interaction
(P < 0.01) between treatment with Ty and RA as one
factor, and thyroid status as the other factor, in vitamin
A-deficient rats. However, the inductive effect of T; was
generally predominant.

Discussion

This study was designed to examine the effect of vitamin A
deficiency and hypothyroidism in combination, and of
subsequent repletion with RA and/or T, on the expression
of apo A-I mRNA in the liver of intact adult rats. In
agreement with previous in vivo results which examined
either vitamin A status or thyroid hormone status as single

J. Nutr. Biochem., 1997, vol. 8, August 453



Research Communications

factors,273% we observed that vitamin A deficiency in-

creased and the hypothyroid state decreased the level of
hepatic apo A-I mRNA. In a previous study of vitamin
A-deficient rats, hepatic apo A-I mRNA was increased by
two to six fold in both male and female rats compared with
vitamin A-sufficient controls.'* This increased expression
was mostly attributable to an increase in apo A-I gene
transcription.' In the present study, vitamin A deficiency
caused an increase of 2.5-fold in euthyroid and more than
fourfold in hypothyroid rats as compared to the respective
vitamin A-sufficient groups. With respect to thyroid hor-
mone status, Apostolopoulos et al.® reported previously that
apo A-I mRNA was significantly reduced in hypothyroid
(vitamin A-sufficient) rats and that this reduction was
attributable to a significant decrease in the rate of apo A-I
gene transcription.

The i.p. administration of RA, once or twice, to vitamin
A-deficient rats was shown previously to reduce the apo A-I
mRNA levels by about 40% and 60%, respectively,'*
whereas the intragastric administration of RA in higher
amounts to vitamin A-sufficient rats for 7 days was reported
to lower hepatic apo A-I mRNA significantly.'> The results
of the present study are consistent with these results'*!> in
showing that RA reduces hepatic apo A-I mRNA expres-
sion, but differ from those of Nagasaki et al.'® who reported
an elevation, rather than reduction, in hepatic apo A-I
mRNA after the administration of RA in vitamin A-
deficient rats. Contrasting results between in vivo studied
and experiments in isolated hepatocytes have aiso been
reported previously;'> the latter could be attributable to a
lack of heterotypic cell-cell communication involved in the
normal regulation of gene expression in the intact liver.

A main objective of this work was to determine whether
there is an interaction between retinoid status and thyroid
hormone status on the regulation of apo A-1 mRNA. There
was a significant interaction (P < 0.01) between treatment
(with Ty and RA) as one factor, and thyroid status (enthy-
roid versus hypothyroid) as the other factor, in vitamin
A-deficient rats. However, the inductive effect of T, was
generally predominant. A combined effect of T, and RA has
been reported in the regulation of other genes.>”

Although we'# demonstrated previously that the increase
in hepatic apo A-I mRNA in vitamin A-deficient rats is due
almost exclusively to an increase in the rate of apo A-I gene
transcription, it should be noted that, in various thyroid
hormones states, the hepatic apo A-I mRNA level is
regulated by complex processes that includes both transcrip-
tional and positranscriptional mechanisms.®!>2733 Whereas
in hypothyroid rats, a decrease in the apo A-I mRNA level
was found to be caused by a reduction in transcription rate,®
in rats made hyperthyroid by chronic administration of T,
hormone, the transcription rate was shown to decrease, but
the stability of nuclear RNA increased so that, overall, the
level of apo A-I mRNA was increased.'>** As noted above,
we observed significant interactions during acute hormone
treatment between T; and RA treatment and the chronic
vitamin A and thyroid status of the animals. If control of apo
A-I mRNA expression is exerted at the level of transcrip-
tion, these data may indicate an interaction between the
RXR and RAR, or of either RAR or RXR with TR, in
regulating apo A-I mRNA transcription. A DNA response
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element that binds RXR and RAR (RARE) has been located
in the hormone response element region of the regulatory
region of the apo A-I gene.>*~?® However, no perfect
thyroid hormone response element (TRE) is located in this
region. Recently Tzameli and Zannis** demonstrated that
the hormone response element of the apo A-I gene is
recognized not only by the RXR-alpha homodimer and
RXR-alpha/RAR-alpha heterodimer but also by het-
erodimers composed of RXR-alpha/TR-beta. The activity of
the apo A-l1 promoter/enhancer has been shown to be
regulated in vitro by RXR-alpha/TR-beta in the presence of
T, hormone.** These interesting in vitro results seem
consistent with the in vivo results of the present study. From
these data we postulate the existance of an interaction
between RXRs/or RARs and TRs, all of which are ex-
pressed in liver, in the regulation of the apo A-I gene in
intact rats. Further in vivo studies are warranted to confirm
that such interactions occur not only under the conditions
used in this study for acute treatment with T hormone and
RA, but also after the long-term administration of retinoids
and/or thyroid hormone.
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