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Abstract

To study the regulation of hepatic apo A-I gene expression, we
measured synthesis and abundance of cellular apo A-I mRNA
and its nuclear precursors in livers of hypothyroid and hyper-
thyroid rats. In hypothyroid animals, both synthesis and abun-
dance of apo A-I mRNAwas reduced to half of control values.
After injection of a receptor-saturating dose of triiodothyro-
nine into euthyroid rats, apo A-I gene transcription increased
at 20 min, reached a maximumof 179%of control (P < 0.01) at
3.5 h, and remained elevated for up to 48 h. The abundance of
nuclear and total cellular apo A-I mRNAincreased at 1 and 2
h, respectively, and exceeded the levels expected from en-
hanced transcription more than twofold at 24 h after hormone
injection. Upon chronic administration of thyroid hormones,
levels of nuclear and cytoplasmic apo A-I mRNAremained
elevated but transcription of the apo A-I gene fell to 42% of
control (P < 0.01). Thus, thyroid hormones rapidly stimulate
apo A-I gene transcription. Posttranscriptional events leading
to increased stability of nuclear apo A-I RNAprecursors be-
come the principal mechanism for enhanced gene expression in
chronic hyperthyroidism and may cause feedback inhibition of
apo A-I gene transcription. Our results furthermore imply that
the majority of hepatic nuclear apo A-I RNAprecursors are
degraded in euthyroid animals. (J. Clin. Invest. 1990. 85:659-
667.) apoproteins * liver - biosynthesis * hormones * gene ex-
pression - mRNAstabilization

Introduction

The liver produces the majority of plasma lipoproteins (1), and
hepatic lipoprotein biosynthesis is a principal determinant of
plasma lipoprotein levels. Various dietary and hormonal per-
turbations have been exploited to gain insight into the regula-
tory mechanisms of hepatic apolipoprotein synthesis, trans-
port, lipid association, and secretion of lipoproteins. Hor-
monal stimuli affecting hepatic apolipoprotein production
include insulin (2-4), corticosteroids (5), sex steroids (6-8),
and thyroid hormones (9-11). Thyroid hormones increase
fatty acid synthesis, but also fatty acid oxidation and ketogen-
esis in rat liver (12). Hepatic apolipoprotein production is al-
tered as well by thyroid hormones. Apo E production is re-
duced without changes in apo E mRNAabundance (1 1). The
synthesis of apo B-48 in rat liver increases at the expense of
apo B- 100 due to an enhanced posttranscriptional introduc-
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tion of a stop codon into apo B-100 mRNA(13). The net
production of both apo A-I and apo A-IV in rat liver is in-
creased (10) and can be accounted for by increases in apo A-I
and apo A-IV mRNAabundance (9, 11). Thus, thyroid hor-
mones affect the biosynthesis of individual apoproteins at dis-
tinct levels of gene expression. Studies in hyperthyroid rats
further showed that apo A-I production was independent of
VLDL production since the decreased output of VLDL in the
hyperthyroid state was reversed by increasing the hepatic con-
centration of glycero-3-phosphate without altering the stimu-
lated production of apo A-I (14).

The molecular events whereby thyroid hormones increase
mRNAlevels of hormone responsive genes are complex and
may comprise a number of mechanisms. Increased transcrip-
tion plays an important role in the induction of several genes
by thyroid hormones, including those coding for growth hor-
mone (reviewed in reference 15), a-myosin heavy chain (16),
and ornithine transcarbamylase (17). Stabilization of nuclear
mRNAprecursors is probably the predominant mechanism of
the induction of S14 mRNAin rat liver by thyroid hormones
(18). The S14 gene is expressed at high levels in brown adipose
tissue and may code for a lipogenic enzyme (19). Decreased
catabolism of the mature mRNAhas been implicated in the
rise of malic enzyme (20) and 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (21) mRNAlevels in response to thy-
roid hormones.

To understand the stimulatory effect of thyroid hormones
on hepatic apo A-I biosynthesis, we studied the effect of these
hormones on apo A-I gene transcription rates, and nuclear and
total cellular apo A-I mRNAabundance in rat liver. Wereport
that thyroid hormones rapidly increase apo A-I gene tran-
scription. The major effect of thyroid hormones on apo A-I
gene expression, however, is posttranscriptional, and can be
explained by stabilization of nuclear apo A-I RNA. Prolonged
thyroid hormone administration actually decreases apo A-I
gene transcription, while nuclear apo A-I RNAand total cel-
lular apo A-I mRNAremain elevated. These findings are con-
sistent with a feedback inhibition of apo A-I gene transcription
by the abundance of nuclear apo A-I RNA(22).

Methods

[3',5'-3H]UTP (35 Ci/mM) was purchased from ICN Radiochemicals
(Irvine, CA), and [5'-32PlUTP (800 or 3,000 Ci/mM) and [5'-32P]dCTP
(2,000 Ci/mM) were from New England Nuclear (Boston, MA). Re-
striction enzymes were obtained from Boehringer Mannheim Bio-
chemicals (Indianapolis, IN) or Bethesda Research Laboratories
(Gaithersburg, MD). RNase-free DNase I, RNA-dependent RNA
polymerase from Escherichia coli, a-amanitin, and actinomycin D
were from Boehringer Mannheim Biochemicals. Nitrocellulose (BA
85) was purchased from Schleicher & Schuell, Inc. (Keene, NH), and
Zeta ProbeO nylon membranes were obtained from Bio-Rad Laborato-
ries (Richmond, CA).

Adult male Sprague-Dawley rats (Texas Animal Specialties, Hum-
ble, TX) weighing - 250 g were housed in a room with a 12-h light
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cycle (7-19 h). Animals were fed normal rat chow ad lib. Triiodothy-
ronine (T3)' and thyroxine (T4) were dissolved in 0.15 MNaCl, pH 1 1.
Animals were injected subcutaneously or intraperitoneally as indicated
under Results. Rats serving as injection controls received the alkaline
saline only. Hypothyroidism was induced by feeding rat chow con-
taining 0.1% propylthiouracil (ICN Nutritional Biochemicals, Cleve-
land, OH). Food was removed at 9 a.m., and rats were anesthetized
with diethylether 1-7 h later. Triglycerides and cholesterol were deter-
mined by enzymatic methods (23, 24). Plasma apo A-I (25), T3, and T4
(QuantimuneO T3 and T4 RIA; Bio-Rad Laboratories) were measured
by RIA.

The recombinant plasmids used in this study included a recombi-
nant plasmid pGEM-3 containing a full-length apo A-I cDNA insert,
kindly provided by L. Chan, a recombinant plasmid pBR322 contain-
ing the entire coding sequence of rat apo E (26, 27), and the plasmid
clone pRSA57 containing 750 bp of the rat albumin gene (28) in a
pBR322 vector. The probes were cut from the vectors with Pst I or Eco
RI, isolated by agarose gel electrophoresis, and labeled with [32P]dCTP
by nick translation (29).

Total RNAwas extracted from 1 g of liver tissue by the guanidine
hydrochloride method (30). The abundance of apo A-I, apo E, and
albumin mRNAwas determined by quantitative slot blotting (30).
Increasing amounts (0.5, 1, and 2 gg) of RNAwere applied to nitro-
cellulose filters and hybridized to the 32P-labeled cDNAprobes. Radio-
activity was quantified by liquid scintillation counting. Relative abun-
dance of apo A-I, apo E, and albumin mRNAwas calculated from the
slopes of the hybridization signals. Northern transfer of RNAwas
performed as outlined by Thomas (31). Total liver RNAwas dena-
tured with I Mglyoxal, 50% DMSOand separated by electrophoresis
in 1.2% agarose. The RNAwas transferred to Zeta Probe" nylon
membranes by diffusion blotting and hybridized to 32P-labeled cDNA.
The relative abundance of mRNAwas determined from t1 intensities
of the bands, which were quantified by soft laser densitometry. Probe
stripping and rehybridization were carried out according to the manu-
facturers recommendation.

Isolated liver cell nuclei were prepared by the method of Northe-
mann et al. (32) as previously described (27). 6 g of liver were homoge-
nized at 4°C in 10 mMTris/HCl, 0.3 Msucrose, 5 mMMgCl2, and
0. 1%Triton X-405 with a Potter-Elvehjem tissue grinder. The homog-
enate was filtered through cheesecloth and adjusted to 1.6 Msucrose
with 10 mMTris/HCl, pH 7.5, 2.3 Msucrose, 5 mMdithiothreitol,
and 5 mMMgCl2. The nuclei were sedimented through 2.3 Msucrose,
10 mMTris/HCl, pH 7.5, and 2 mMMgCl2 in a rotor (SW-27; Beck-
man Instruments, Inc., Palo Alto, CA) at 20,000 rpm for 60 min. The
nuclear pellet was resuspended in 800 ,d of 50 mMHepes buffer, pH
7.5, containing 50% glycerol, 5 mMMgCl2, and 0.1 mMEDTA, and
frozen in aliquots at -70°C. The DNAcontent in the nuclei was
determined by a fluorimetric assay according to the method of Kapus-
cinski and Skoczylas (33) using salmon sperm DNAas a standard.

Cell-free transcription was performed by the method of Birch and
Schreiber (34) as previously described (27). Briefly, isolated nuclei were
allowed to continue RNAsynthesis initiated in vivo in a reaction mix
containing 50 mMHepes, pH 7.5, 50 mMNaCI, 2.5 mMMgC12, 0.05
mMEDTA, 5 mMdithiothreitol, 1 mMATP, I mMCTP, I mM
GTP, 2 mMcreatine phosphate, 2 Mug creatine phosphokinase, 25%
glycerol, 20 Mgheparin, I mMspermin, I mMEGTA, 0.1 mMPMSF,
50 U of human placental ribonuclease inhibitor, and 100 MuCi of [32P]-
UTPin a final volume of 200 Ml at 25°C for 30 min. After incubation,
nuclei were digested with 150 ug/ml proteinase Kand 0.5% SDSfor 30
min at 37°C. Nucleic acids were extracted twice with phenol/chloro-
form/isoamylalcohol (25:24:1, vol/vol/vol) and precipitated from the
aqueous phase with ethanol. DNAwas digested with DNase I, and
RNAwas extracted with phenol/chloroform/isoamylalcohol. Unin-

1. Abbreviations used in this paper: T3, triiodothyronine; T4, thyrox-
ine.

corporated [32P]UTP was removed by precipitation of the RNAwith
TCA(35). After a final ethanol precipitation, RNAwas dissolved in 10
mMTris/HCI, pH 8.0, and I mMEDTA. Total [32P]UTP incorpora-
tion ranged from 0.15 to 0.40 pM/Mg DNAper min. Under our experi-
mental conditions transcription was DNAdependent, and RNApoly-
merase II activity amounted to 55%of total transcription as previously
reported (27). Transcription from the albumin and apolipoprotein
genes was completely abolished by 2.5 Mg/ml amanitin (27). The newly
synthesized 32P-labeled transcripts of the apo E and albumin genes
were quantitated by dot blot hybridization to an excess (6-8 Mg) of
plasmid containing the apo E or albumin cDNA inserts as previously
described (27). To measure the transcriptional activity of the apo A-I
gene, 6-8 Mg of plasmid containing a full-length apo A-I cDNA insert
were immobilized on nitrocellulose membranes by dot blotting (36).
Nonrecombinant plasmid pGEM-3 was used to determine nonspecific
hybridization. Alternatively, the apo A-I cDNAinsert was cut from the
pGEM-3 vector with Pst I and purified by agarose gel electrophoresis,
and 3 Mg of the cDNA was used for dot blotting. Hybridization was
carried out using 3-8 X 106 cpm of extracted nuclear [32P]RNA under
conditions identical to those described for apo E and albumin. To
monitor hybridization efficiency, 3H-labeled cRNAsof apo A-I, apo E,
and albumin (500-1,000 cpm) were included in the hybridization reac-
tions. The [3H]cRNAs were synthesized from the cDNA templates
using DNA-dependent RNApolymerase as described by Roop et al.
(37) and purified by hybridization to the respective recombinant plas-
mids immobilized on nitrocellulose (38). After hybridization, filters
were washed twice with 2X standard saline citrate, 0.1% SDS for 30
min at room temperature, then once at 50°C and once at 55°C with
0.1 X standard saline citrate, 0.1% SDSfor 30 min. Radioactivity was
eluted from the filters with 0.3 MNaOHand the samples were counted
for 20 min in a liquid scintillation counter. Under the conditions used
the amount of [32P]RNA hybridized to the filters was proportional to
the [32P]RNA input over a range of 4-14 X 106 cpm, independent of
the thyroid status of the animals. The relative rates of apo A-I, apo E,
and albumin mRNAsynthesis were calculated by subtracting the
counts per minute of 32P bound to the filters containing nonrecom-
binant plasmids (1-2 parts per million [ppm]) from the counts per
minute of 32P bound to the filters with plasmids containing the apo A-I,
apo E, or albumin cDNA inserts, and by dividing the counts per
minute of 32P bound by the [32P]RNA input. Values were corrected for
efficiency of hybridization and are given as parts per million of [32p]_
RNAinput. As an additional evaluation of the assay, relative mRNA
synthesis rates were corrected for probe length and the distribution of
exons and introns within the part of the gene covered by the probe as
described (36). Mean corrected mRNAsynthesis rates for control ani-
mals were 3,800 ppm for albumin, 250 ppm for apo E, and 181 ppm
for apo A-I. These results are consistent with earlier measurements on
albumin and apo E gene transcription (27, 36).

Nuclear RNAwas extracted by the method of Lamers et al. (39).
Rat liver cell nuclei were isolated as described above. To inhibit ribo-
nuclease and proteinase activity, 0.1 mMEGTA, 0.1 mMspermidine,
5 mMdithiothreitol, and 0.1 mMPMSFwere included in all solutions
used for homogenization and ultracentrifugation. 5 mMdithiothreitol
and 0.1 mMPMSFwere added to the storage buffer. Nuclei (I0 nuclei
in 0.5 ml of storage buffer) were disrupted by adding 6.4 ml of 5 M
guanidine isothiocyanate, 25 mMEDTA, 0.25 M2-mercaptoethanol,
0.63% sodium lauryl sulfate, and 62.5 mMPipes, pH 7.0, at room
temperature. DNAwas sheared by passing it through an 18-gauge
needle. Solid CsCl was added to a concentration of 1.4 Mand the
volume was adjusted to 8 ml. RNAwas isolated by centrifugation
through a 4-ml cushion of 5.7 MCsCl, 0.1 mMEDTA, pH 7.0, in a

rotor (SW-41; Beckman Instruments, Inc.) at 30,000 rpm for 18 h at
18°C. The pellet was resuspended in 100 Ml of 10 mMHepes, I mM
EDTA, and 0.1% SDS, pH 7.5, and extracted once with phenol/chloro-
form/isoamylalcohol. RNAwas precipitated from the aqueous phase
with ethanol, redissolved in 50 Ml of RNase-free water, and stored at
-700C. Nuclear RNAwas analyzed by Northern blotting and soft laser
densitometry of autoradiograms.
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Table I. Effect of Chronic Hypo- and Hyperthyroidism on Apo A-I, Apo E, and Albumin mRNAAbundance
and Apo A-I Gene Transcription in Rat Liver

Group mRNAabundance Apo A-I
Total mRNA

T4* Diet Apo A-I Apo E Albumin transcription synthesis

ppm cpm X 106

Chow 100±15 100±14 100±16 12.84 79 (77,81)
40 Chow 256±33* 113±18 91±11 14.45 66t (64,68)

0.1% Propylthiouracil + chow 56±2* 95±12 98±3 14.77 47t (50, 44)

Total cellular RNAwas extracted from livers of individual animals (n = 3 pools/group, 2 rats/pool). The abundance of apo A-I, apo E, and
albumin mRNAwas determined by quantitative slot blotting and is expressed as percent of control. Values represent means±SEM. Apo A-I
mRNAsynthesis rates were measured by nuclear run-on assays using pooled liver cell nuclei from six rats/group. Hybridization was performed
in duplicate. Results are corrected for hybridization efficiency (21±5%). * The dose of T4 is in gg/100 g body weight and was administered
subcutaneously daily for 21 d. * P < 0.05, one-way analysis of variance, Scheffe test.

Results

In an initial experiment, we followed a protocol similar to that
of Apostolopoulos et al. (9), which was shown to raise hepatic
apo A-I mRNAlevels. Rats were injected daily subcutaneously
with 40 ,ug T4/100 g body weight for 3 wk. Another group of
animals was made hypothyroid with propylthiouracil. The
groups fed the propylthiouracil diet gained less weight
(1.2±0.2 g/d, mean±SEM) than control (5.4±0.8 g/d) or hy-
perthyroid rats (3±0.4 g/d). Plasma T3 in control, T4-injected,
and hypothyroid rats was 73+4, 97±19, and 61±1 ng/dl, re-
spectively (mean±SEM, n = 5-6/group). Plasma T4 levels in
the same groups were 4.2±0.6, 8.6±0.8, and 0.5±0.1 ug/dl
(mean±SEM) and differed from each other (P < 0.05, analysis
of variance, Scheffe test). No significant differences in plasma
cholesterol and triglycerides were found between the groups.

The relative abundance of apo A-I mRNAin the livers of
rats injected with T4 was increased to 256±33% of controls
(mean±SEM, P < 0.05) without changes in apo E or albumin
mRNAlevels (Table I). In hypothyroid rats, hepatic apo A-I
mRNAlevels fell and apo A-I mRNAsynthesis was propor-

tionally decreased. In contrast, the expected increase of hepatic
apo A-I mRNAsynthesis was not observed in rats made hyper-
thyroid; rather, apo A-I gene transcription amounted to only
83% of control values. In a second transcription assay using
other aliquots of isolated nuclei from the same set of animals,
the decrease of apo A-I gene transcription in hyperthyroid and
hypothyroid rats was confirmed (data not shown). A similar
pattern of transcription rates was observed in a third tran-
scription assay performed with nuclei from these animals
using the apo A-I cDNA insert only for hybridization. Thus,
these initial experiments indicated a posttranscriptional stimu-
lation of apo A-I gene expression as a result of prolonged
thyroid hormone administration.

To study the time course and the relationship of apo A-I
gene expression with the hormone dose administered, a second
group of rats was injected daily with a nonreceptor saturating
dose (7 ,ug/l00 g body weight s.c.) or a nearly receptor-saturat-
ing dose (35 sg/100 g body weight s.c.) of T3 for 3 or 7 d. The
low dose regimen had only minor effects on plasma T3, while
the high dose regimen resulted in T3 levels above the concen-
tration required to saturate - 80%of hepatic T3 receptors (40)
(Table II). A dose-related increase of plasma apo A-I was pres-
ent at days 3 and 7. The effect of T3 on apo A-I mRNAlevels

was also fully established after 3 d of hormone injection. At
both 3 and 7 d of treatment, the magnitude of the increase in
apo A-I mRNAwas correlated with the daily dose adminis-
tered and the plasma levels of T3 attained (Tables II and III,
and Fig. 1). Hepatic apo E and albumin mRNAabundance
was not altered by T3 administration. Northern blots of total
liver RNAconfirmed the data from slot blots, in that only apo
A-I mRNAabundance increased as a result of T3 injections.
No changes were noted in control injected animals, and none
of the regimens altered the size of the mRNAsstudied. As in
the first set of animals, apo A-I gene transcription rates were
decreased in livers from rats injected with T3 (Table III, Fig. 1).
The decrease in apo A-I transcription was inversely correlated
with the increase of plasma T3 levels and total apo A-I mRNA
abundance. No consistent effects of thyroid hormone on apo E
and albumin gene transcription were noted. Thus, these data
showed a specific induction of apo A-I gene expression by T3,
which was dose dependent and appeared to be governed by
posttranscriptional events. To study the site of posttranscrip-
tional upregulation, we measured the abundance of nuclear
apo A-I, apo E, and albumin RNA in controls and animals
receiving 35 ,ug T3/100 g body weight for 7 d. In hyperthyroid
animals, the abundance of nuclear apo A-I RNAwas increased
to 274% of control values without changes in nuclear apo E or
albumin RNA levels. These preliminary data suggested that
the enhanced apo A-I gene expression resulted from stabiliza-

Table II. Effect of Two Different Doses of T3 on Plasma T3
and Apo A-I Levels

Treatment Time T3 Apo A-I

d ng/dl mg/dI

Control 86±6 60±3
7 gg T3 3 103±7 81±6

35 /g T3 3 392±46* 110±4*
7 ugT3 7 134±16 84±7

35 ugT3 7 370±12* 122±12*

Rats (four to six/group) were injected daily with 7 or 35 jig/100 g
body weight for 3 or 7 d. Plasma T3 and apo A-I were determined by
RIA. Data are means±SEM.
* P < 0.05 vs. control, analysis of variance.
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Table III. Effect of Two Different Doses of T3 on Hepatic Apo A-I, Apo E, and Albumin Abundance and Gene Transcription

Apo A-I Apo E Albumin

mRNA mRNA mRNA mRNA mRNA mRNA
Treatment Time abundance synthesis abundance synthesis abundance synthesis

% control ppm % control ppm % control ppm

Control 100±9 77 100±5 51 100±4 293
(85, 68) (48, 54) (303, 282)

7 Ag T3 3 168±5* 42* 110±13 ND 95±2 246
(41, 43) (231, 282)

35 jg T3 3 334±5* 32* 85±7 60±5 127±6 303
(30, 34) (261, 344)

7 ,ug T3 7 183±9* 38* 94±1 ND 115±9 371
(39, 36) (356, 386)

35 ,g T3 7 286±3* 21* 92±13 52±7 96±3 362
(22, 21) (329, 395)

Rats (four to six/group) were injected daily with T3 (7 or 35 jug/I00 g body weight) for 3 or 7 d. Total cellular RNAwas extracted from livers
and the abundance of apo A-I, apo E, and albumin mRNAwas determined by quantitative slot blotting. Results are means±SEM. mRNAsyn-
thesis rates were determined by transcription assays using nuclei pooled from four to six animals/group. Hybridization was performed in dupli-
cate or triplicate. Results are expressed in parts per million (ppm) of [32P]RNA input (8 X 106 cpm for apo A-I, 5.5 X 106 cpm for apo E, and 4
X 106 cpm for albumin) and are corrected for hybridization efficiency (35±4% for apo A-I, 20±2% for apo E, and 15±3% for albumin) as deter-
mined with 3H-labeled cRNAstandards. * Significantly different from control, P < 0.05, two-way analysis of variance.
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Figure 1. Slot blots of total liver RNAhybridized to 32P-labeled apo
A-I and albumin cDNA inserts (rows I and 3) and dot blots of 32P-
labeled nuclear RNAhybridized to excess apo A-I and albumin
cDNA (rows 2 and 4). Rats (4-6/group) were injected with 7 or 35
,g/ 100 g of T3 for 3 or 7 d. Total liver RNAwas extracted by the
guanidine-HCI method, and increasing doses of RNA(0.5, 1, and 2
,ug) were applied to nitrocellulose. After hybridization to 32P-labeled
apo A-I or albumin cDNA, filters were exposed to x-ray film for 24
and 6 h, respectively. Run-on transcription assays (rows 2 and 4)
were performed using pooled liver cell nuclei from four to six ani-
mals per group. The newly synthetized [32PJRNA was extracted and
hybridized in duplicate to plasmids containing apo A-I or albumin
cDNA inserts immobilized to nitrocellulose filters. Filters were ex-
posed to x-ray film for 24 or 12 h, respectively. Under the conditions
used, nonspecific hybridization to nonrecombinant plasmids was not
detectable on the films.

tion of nuclear apo A-I RNA rather than alterations in the
metabolism of cytoplasmic apo A-I mRNA(see also below).

To examine the short-term effect of thyroid hormone on
hepatic apolipoprotein gene expression, we followed the time
course of gene transcription rates and nuclear and cellular
mRNAabundance after a single intrapentoneal injection of
T3. The T3 dose of 3 mg/100 g body weight was chosen to
saturate the nuclear T3 receptor throughout the course of the
study (40). Apo A-I mRNAsynthesis increased to 139±5%
(mean±SEM) of controls at 20 min after T3 injection, the
earliest timepoint studied, rose to 179±4% of controls at 3.5 h,
and remained significantly elevated for 48 h (Fig. 2). Tran-
scription of the apo E gene was transiently increased to
153±73% (mean±SEM) of control (P < 0.05) at 20 min only,
but then returned to baseline levels. Albumin gene transcrip-
tion declined sharply after 1 h, remained significantly reduced
up to 6 h (P < 0.05), but returned to baseline levels by 24 h
after the injection. Mean (SEM) values of total transcription
were 84 (14), 77 (14), 74 (17), 95 (6), 71 (7), 96 (20), and 81
(12)% of control at 20 min, 1, 2, 3.5, 6, 24, and 48 h, respec-
tively, and did not differ significantly from control (analysis of
variance, Kruskall-Wallis test). On Northern blots of nuclear
RNA(Fig. 3), at least three RNAspecies hybridized with the
apo A-I cDNA probe. The rapid stimulation of apo A-I gene
transcription was followed by an accumulation of the putative
nuclear apo A-I mRNAprecursors beginning 1 h after injec-
tion. However, the levels of nuclear apo A-I mRNAprecursors
continued to increase to 292% of control values at 24 h, even
after apo A-I gene transcription had reached a plateau. No
changes in the proportions of nuclear apo A-I RNAspecies
were noted. Several putative nuclear apo E mRNAprecursor
bands were visualized on Northern blots. The levels of these
nuclear apo E RNAincreased twofold by 2 h after T3 adminis-
tration, but decreased thereafter to baseline values. The de-
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Figure 2. A, Time course of transcription rates of the apo A-I, apo E,
and albumin genes in livers from rats after a single dose (3 mg/100 g

body weight i.p.) of T3. Transcription rates were determined by run-

on assays using isolated liver cell nuclei from three to four animals
per time point. Two independent assays were performed for each of
the genes. Hybridization of the newly synthetized nuclear RNAto
plasmids containing apo A-I, apo E, or albumin cDNA inserts were

carried out in duplicate or triplicate. Data from the two assays were

combined and expressed in percent of the O-h time point. Results are

given as means±SD or means of duplicate determinations. *P
< 0.05, analysis of variance. B, Representative dot blots illustrating
the relative transcription rates of the apo A-I, apo E, and albumin
genes after a single dose of 3 mg/I00 g body weight of T3 i.p. as de-
termined in the run-on transcription assay shown in numerical form
in A.

creased rate of albumin mRNAsynthesis was associated with a

transient fall in nuclear albumin RNA. The higher molecular
weight bands of nuclear albumin RNAdecreased to a greater
extent than the smaller ones at the 2-h time point. The rela-
tionship of synthesis and abundance of nuclear and total cel-
lular apo A-I, apo E, and albumin mRNAis illustrated in Fig.
4. Total cellular apo A-I mRNA, as determined by quantita-
tive slot blotting, was increased 2 h after the injection and
continued to rise to 298% of control levels at 24 h. Cellular apo

E mRNAabundance remained unaltered during the period
studied, while abundance of cellular albumin mRNAde-
creased slightly at 24 h.

The decrease of albumin mRNAsynthesis could have re-

sulted from an inflammatory response (34), perhaps induced
by the intraperitoneal injection of alkaline saline. To rule out
this confounding variable, a fourth group of rats was injected
with 100 gl/I00 g body weight of 0.9% NaCl i.p., pH 11, or

with 100 ,1 of 0.9% NaCl, pH 11, containing 50 jig T3/100 g

body weight. Animals were killed 6 h later. Nuclear apo A-I,

apo E, and albumin RNAcontent were measured by Northern
blotting. No effect of the saline injection on the abundance of
these nuclear RNAspecies was observed. In T3-injected ani-
mals, nuclear apo A-I RNAcontent increased to 193% of con-
trol, while nuclear albumin RNAdecreased to 45% of control.
The abundance of nuclear apo E RNAdid not differ among
control, control-injected, and T3-injected animals. Since
abundance of nuclear albumin and apo A-I RNA reflects
mRNAsynthesis at this time point (Fig. 4), these data clearly
show that thyroid hormone rather than inflammation was re-
sponsible for the acute changes in apo A-I and albumin
mRNAsynthesis shown in Figs. 2 and 4. Our short-term
time-course experiment then indicated that enhanced apo A-I
mRNAsynthesis accounted only for a fraction of the increase
in nuclear and total cellular apo A-I mRNAcontent at the
24-h time point (Fig. 4). This relationship between mRNA
synthesis and nuclear RNAabundance implicates again a
major role of stabilization of nuclear apo A-I RNA in the
regulation of apo A-I gene expression in rat liver.

To confirm the contrasting effects of long- and short-term
T3 administration on apo A-I transcription rates in one group
of animals and to determine whether very high doses of T3
when administered repeatedly also reduce apo A-I transcrip-
tion rates, a fifth group of rats was studied (Table IV). As
observed in previous experiments, transcription was increased
6 h after a single dose of 50 or 500 ,ug T3/100 g, but was
decreased after chronic administration. Nuclear and total cel-
lular apo A-I mRNAconcentration tended to be higher 6 h
after the injection and was substantially increased after 7 d of
hormone administration.

Discussion

The principal conclusion of our studies is that the stimulation
of apo A-I gene expression by thyroid hormones in rat liver is
complex. Depending on the duration of the thyroid status,
rates of apo A-I gene transcription and/or stabilization of nu-
clear apo A-I mRNAprecursors play a major role in altering
hepatic apo A-I mRNA. Chronic hypothyroidism induced by
propylthiouracil reduced apo A-I mRNAlevels to approxi-
mately half of euthyroid control values without changes in apo
E or albumin mRNAabundance (Table I) as reported pre-
viously (9, 1 1). The decrease of total cellular apo A-I mRNA
was accompanied by a fall in the apo A-I gene transcription
rate of similar magnitude. The reduced rates of apo A-I
mRNAsynthesis can therefore explain the diminished apo A-I
mRNAabundance and the decreased apo A-I production in
hypothyroid rats (10) as suggested in a previous studies (41).
Thus, thyroid hormones may be required to maintain the nor-
mal basal rate of apo A-I biosynthesis in rat liver.

Injection of T3 into euthyroid animals rapidly increased
apo A-I transcription. The increased apo A-I mRNAsynthesis
rate was detected 20 min after hormone injection, which was
the earliest time point studied. This suggests a direct interac-
tion of the T3 receptor complex with the apo A-I gene. 6 h after
the injection, maximal increases in apo A-I gene transcription
were observed with a dose of 50 ,ug T3/100 g body weight, and
no further increase was noted with 500 or 3,000 ,ug/100 g (Fig.
2, Table IV). However, the stimulation of transcription by very
high doses of T3 may extend over longer periods of time, as apo
A-I mRNAsynthesis was still elevated at 48 h after 3 mg

Thyroid Hormones and Hepatic Apolipoprotein A-I Gene Expression 663



Tu 1/3 1 2 6 24 T o 1/3 1 2 6 24

Figure 3. Time course of
abundance of nuclear apo
A-I, apo E, and albumin
mRNAprecursors after a
single injection of 3 mg
T3/100 g body weight. T,
total cellular RNA(10
,gg); 0, 1/3, 1, 2, 6, and
24, nuclear RNA(25 ,ug)
of rats killed 0 min, 20
min, I h, 2 h, 6 h, and 24
h after the injection. The
migration distance of mo-
lecular weight markers is
shown on the left.

T3/100 g (Fig. 2), while daily injections of 35 gg/ 100 g for 3 d
resulted in decreased transcription rates (Table III). Neverthe-
less, daily injections of very high doses of T3 led to reduced apo
A-I transcription rates as well (Table IV). Our studies showed a
maximal increase of apo A-I transcription of 70% at 6 h after
hormone injection. Because apo A-I transcription was reduced
by half in hypothyroid rats, the magnitude of the increase of

Figure 4. Time course
Apo A-I of transcription rates

(o), nuclear RNAlevels
(n), and total cellular
mRNAabundance (A)
for the apo A-I, apo E,
and albumin genes in
livers from rats injected

Or 6 1i 14 24 with a single dose of T3

Apo E
(3 mg/100 g i.p.). Tran-
scription rates are the
same as in Fig. 2. Nu-
clear RNAlevels were
quantified in the same
animals by scanning of
Northern blots shown

6r 6 12 18 i4 in Fig. 3. Total cellular
mRNAlevels were

Albumin measured by quantita-
tive slot blotting and
are means of three to
four determinations at
three concentrations
each per time point. All
data are expressed as

0 6 12 18 24 percent of the 0 time
Hours Aftr T3 Inisotlon point.

apo A-I mRNAsynthesis may be three- to fourfold when the
hormone status of animals is acutely changed from hypo- to
hyperthyroid.

Thyroid hormones are known to increase transcription of a

Table IV. Effect of Short- vs. Long-term T3 Administration
on Hepatic Apo A-I Gene Transcription and Abundance
of Nuclear Apo A-I mRNA

Synthesis Abundance Abundance
of apo A-I of nuclear of total cellular

Treatment Time mRNA apo A-I RNA apo A-I RNA

ppm % of control

Control 70±6 100 100±11
50 AgT3 6 h 116±9* 130, 180 125±8

500,ug T3 6 h 107±6* 210,220 157±22
Saline 7 d 82±10 103, 84 126±8

50 ;g T3 7 d 56±3* 258, 232 243±31*
500 ,g T3 7 d 47±2* 416, 351 378±34*

Liver cell nuclei were isolated from rats 6 h after a single injection of
T3 or after 7 d of T3 administration (50 or 500 geg/l00 g body weight
per d i.p.). Nuclei (5 X 107) from four animals per group were pooled
and allowed to continue RNAsynthesis in the presence of [32P]UTP.
The newly synthetized [32P]RNA was hydridized in triplicate to plas-
mids containing apo A-I cDNA inserts immobilized on filters.
mRNAsynthesis rates are expressed as parts per million and are cor-
rected for hybridization efficiency (36±3%) and are means±SD. Apo
A-I nuclear RNAabundance was determined by soft laser densitom-
etry of autoradiographs of Northern blots hybridized to [32P]apo A-I
cDNA. Abundance of total cellular apo A-I mRNA(mean±SEM)
was determined by quantitative slot blotting.
* Significantly different from control (P < 0.05, analysis of variance,
Scheffe test).
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number of genes, of which the growth hormone gene has been
studied most extensively. In rat pituitary tumor cells, growth
hormone gene transcription increases in proportion to the oc-
cupancy of nuclear T3 receptor sites (42). These and other
experiments (43) support the notion that enhanced transcrip-
tion involves the binding of the nuclear T3 receptor complex to
cis-acting sequences in the 5' flanking region of the growth
hormone gene. Such thyroid hormone-responsive elements
have been identified in stable and transient transfection studies
(44-46), but the precise location of the sequence functioning
as the dominant thyroid hormone response element in vivo
may require further studies (14). The cis- and trans-acting
elements regulating apo A-I gene expression are incompletely
understood. An enhancer-like element in the 5' flanking region
of the rat apo A-I gene has been described (47), and cis-acting
elements controlling the expression of the human apo A-I gene
in different cell types have been characterized (48). Identifica-
tion of the thyroid hormone-responsive elements of the rat
apo A-I gene awaits further experimentation, including trans-
fection studies. Besides the acute stimulatory effect of T3 on
apo A-I gene transcription, a temporary rise in apo E gene
transcription was also observed. By contrast, albumin gene
transcription was acutely decreased (Fig. 2; data not shown).
Inhibition of transcription by T3 has been shown for several
genes, including that of thyrotropin (49, 50) and j3-myosin
heavy chain (51, 52).

Our short-term time-course experiment demonstrates,
however, that the increase of apo A-I gene transcription was
not sufficient to explain the increase of nuclear and total cel-
lular apo A-I mRNAat 24 h after hormone administration.
The increase in nuclear apo A-I RNApreceded that of total
cellular apo A-I mRNA. A similar rapid rise of nuclear RNA
that cannot be explained solely by enhanced transcription
occurs in the activation of S14 gene expression by thyroid
hormones (17, 53). Thus, stabilization of nuclear mRNApre-
cursors as suggested by Narayan and Towle for the S14 gene
(18) may also be implicated in the stimulation of apo A-I gene
expression by T3. Intranuclear stabilization of primary tran-
scripts has been established as a regulatory mechanism of gene
expression. Leys et al. took advantage of the 500-fold amplifi-
cation of the dihydrofolate reductase gene in methotrexate-re-
sistant mouse cells and showed in continuous labeling experi-
ments that the fraction of dihydrofolate reductase transcripts
that are converted to mature mRNAdepends on the growth
status of cells (54). The mechanism for such stabilization is not
known, but may involve protection from or decreased activity
of ribonucleases. Thyroid hormones have been shown to in-
crease posttranscriptional editing of apo B mRNA, leading to
an increased production of apo B-48 at the expense of apo
B- 100 (13). Sequence modifications at the posttranscriptional
level could thus be involved in conferring increased stability to
transcripts of the apo A-I gene.

As described previously by Apostolopoulos et al. (9) and
Davidson et al. (1 1), chronic hyperthyroidism induced by re-
peated administration of T4 or T3 increaspd the abundance of
hepatic apo A-I mRNAwithout changes in apo E and albumin
mRNAlevels (Tables I and III; Fig. 1). Wenow show that the
transcription rate of the apo A-I gene decreased in hyperthy-
roid animals when compared with euthyroid rats. This was a
consistent finding in five transcription assays performed on
nuclei of three independent sets of animals (Tables I, III, and
IV; and Fig. 1). Posttranscriptional events are therefore solely

responsible for the enhanced apo A-I gene expression in livers
of chronic hyperthyroid rats. Since nuclear apo A-I RNAre-
mained elevated, stabilization of nuclear apo A-I RNAis the
most likely mechanism. Considering a 3.5-fold elevation of
apo A-I mRNAlevels and a 50% reduction of the transcription
rate (Tables I, III, and IV), the posttranscriptional events may
lead to a sevenfold increase of cellular apo A-I mRNAand
may thus exceed the magnitude of thyroid hormone-depen-
dent transcriptional regulation. Our data furthermore imply
that in the euthyroid state the majority of nuclear apo A-I
RNAis not processed to mature mRNA,but is degraded in the
nucleus.

The reduced rate of apo A-I gene transcription associated
with increased levels of nuclear apo A-I RNAin chronic hy-
perthyroidism is a potentially important observation. The in-
verse relationship between transcription rate and mRNA
abundance was substantiated in experiments where differen-
tial increases of apo A-I mRNAlevels were attained (Tables III
and IV). Although decreased synthesis and increased abun-
dance of apo A-I mRNAwas a consistent finding in all sets of
animals with chronic hyperthyroidism, variability existed re-
garding the magnitude of this inverse relationship. When
compared with rats receiving 35 ,g T3/100 g body weight s.c.
for 7 d (Table III), the abundance of nuclear and cellular apo
A-I mRNAwas - 35% higher in animals receiving 500 Ag
T3/100 g body weight i.p. daily for 7 d; yet, mRNAsynthesis
was reduced by a lesser extent. This may be related to the
experimental error inherent in the procedures used and/or to
variability between groups of animals. However, the relation-
ship of apo A-I mRNAsynthesis and abundance in hyperthy-
roidism is probably complex, and the interplay of stimulatory
and inhibitory factors may depend on the dose of T3 and the
duration of the hyperthyroid state. An inverse relationship
between synthesis and abundance of apo A-I mRNAis consis-
tent with the notion that apo A-I gene transcription may be
subject to feedback regulation. Degradation of nuclear apo A-I
RNAcould have a positive effect on apo A-I gene transcrip-
tion. Apo A-I RNAfragments may perhaps compete with a cis
element for a transcription factor that represses transcription
from the apo A-I gene. Since the majority of nuclear apo A-I
RNAis degraded in the euthyroid state, only minor increases
in the concentration of apo A-I RNAdegradation products
would be expected in the hypothyroid state. The relationship
between apo A-I mRNAsynthesis and mRNAconcentration
should therefore be similar in euthyroid and hypothyroid rats,
which was observed by us (Table I) and others (41). This hy-
pothesis on autoregulation of apo A-I transcription deserves
experimental testing, since useful information about the regu-
lation of eukaryotic gene expression may be obtained.
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