
Effects of L-Triiodothyronine and the Thyromimetic
L-94901 on Serum Lipoprotein Levels and Hepatic
Low-Density Lipoprotein Receptor, 3-Hydroxy-3-

methylglutaryl Coenzyme A Reductase,
and Apo A-I Gene Expression

Gene C. Ness,*‡ Dayami Lopez,* Christopher M. Chambers,*
William P. Newsome,† Peter Cornelius,† Catherine A. Long‡ and

H. James Harwood, Jr.†
*DEPARTMENT OF BIOCHEMISTRY AND MOLECULAR BIOLOGY, COLLEGE OF MEDICINE AND THE INSTITUTE FOR

BIOMOLECULAR SCIENCE, UNIVERSITY OF SOUTH FLORIDA, TAMPA, FL 33612; AND †DEPARTMENT OF METABOLIC

DISEASES, PFIZER CENTRAL RESEARCH, GROTON, CT 06340, U.S.A.

ABSTRACT. The mechanisms by which thyroid hormone (triiodothyronine (T3)) and a thyromimetic,
2-amino-3-(3,5-dibromo-4-[4-hydroxy-3-(6-oxo-1,6-dihydro-pyridazin-3-ylmethyl)-phenoxyl]-phenyl)-
propionic acid (L-94901), lower plasma low density lipoprotein (LDL) cholesterol and raise plasma high density
lipoprotein (HDL) cholesterol levels was investigated in thyroidectomized and sham-operated rats. Thyroidec-
tomy resulted in a 77% increase in plasma LDL cholesterol, a 60% decrease in plasma triglycerides, and a modest
reduction in HDL cholesterol. Daily oral dosing with T3 (10–170 nmol/kg) or L94901 (100–1000 nmol/kg) for
7 days decreased plasma LDL cholesterol in thyroidectomized rats by 60–80%, respectively. This reduction in
LDL cholesterol was accompanied by a dose-dependent increase in HDL cholesterol levels of up to 60%. Thus,
the ratio of LDL to HDL was decreased from 1.01 to 0.12 after treatment with L-94901 and to 0.25 after dosing
with T3. In sham-operated animals, T3 and L-94901 lowered LDL cholesterol by 61 and 46%, respectively, and
increased HDL cholesterol by 25 and 53%, respectively. Immunoblotting analysis of liver membranes prepared
from thyroidectomized or sham-operated rats demonstrated that LDL receptor protein levels were increased by
up to eight-fold. Northern blotting analysis revealed similar large increases in hepatic LDL receptor mRNA
levels that accounted for the increases in LDL receptor protein levels. Hepatic 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase mRNA, protein, and activity were increased 2- to 3-fold. The T3- and
L-94901-mediated increases in serum HDL levels were associated with 2- to 3-fold increases in apo A-I mRNA
levels. In contrast with most other hypocholesterolemic agents, T3 and L-94901 significantly increase HDL
cholesterol levels in addition to decreasing LDL cholesterol levels due to induction of hepatic apo A-I and LDL
receptor gene expression. BIOCHEM PHARMACOL 56;1:121–129, 1998. © 1998 Elsevier Science Inc.
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It is well known that hypothyroidism is accompanied by
high levels of circulating LDL§ cholesterol and an in-
creased risk of atherosclerosis, whereas in hyperthyroidism,
LDL cholesterol levels are decreased [1, 2]. It is also well
established that administration of thyroid hormone effec-
tively lowers plasma cholesterol levels in experimental
animals [3–7] and in humans [2, 8].

The hypocholesterolemic effects of thyroid hormone are
believed to be a consequence of specific enzyme and LDL
receptor induction in the liver [2, 9–11], the key organ for
cholesterol homeostasis [12, 13]. Indeed, recent studies
have demonstrated that increased expression of the hepatic
LDL receptor may underlie the hypocholesterolemic effect
of the hormone [14–16]. For example, in hypophysecto-
mized rats, administration of low doses of triiodothyronine
caused a rapid increase in hepatic LDL receptor mRNA and
immunoreactive protein levels that occurred within 1 hr
after hormone administration [14]. Further studies showed
that the thyroid hormone acts at the level of transcription
to increase hepatic LDL receptor expression [15]. The
effects of thyroid hormone on LDL receptor expression are
direct rather than secondary to nonhepatic actions of the
hormone, since increases in LDL receptor expression can be
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duplicated in cultured hepatic cells following treatment
with thyroid hormone [16]. Although the naturally occur-
ring thyroid hormones, T3 and T4, are potent hypocholes-
terolemic agents [2], they cannot be used therapeutically in
patients with normal thyroid function because of their poten-
tial to induce cardiac side-effects [17], especially in subjects
whose cardiac function may already be compromised [17].

A number of metabolites of T3 and T4 [1], as well as a
variety of synthetic analogs [1, 4–6, 18] have been studied
in an attempt to disassociate the hypocholesterolemic
actions of thyroid hormone from its cardiac side-effects.
One such thyromimetic, 2-amino-3-(3,5-dibromo-4-[4-hy-
droxy-3-(6-oxo-1,6-dihydro-pyridazin-3-ylmethyl)-phenoxyl]-
phenyl)-propionic acid (L-94901), was reported to effec-
tively lower serum cholesterol levels in experimental ani-
mals at doses that do not exhibit the cardiotoxic side-effects
of thyroid hormone [1, 4]. Indeed, following single dose
administration to hypothyroid rats, L-94901 was approxi-
mately 50% as effective as T3 in binding to the hepatic
thyroid hormone receptor but only 1.3% as effective as T3

in associating with the cardiac receptor [4]. Following
chronic administration to hypothyroid rats, the potency of
L-94901 approached that of T3, such that after 7 days of
administration, the thyromimetic action of L-94901 in the
liver (measured by induction of mitochondrial a-glycerol
phosphate dehydrogenase [18]) was equal to that of T3 on
a molar basis [4]. The action of L-94901 on the heart
remained low [4]. Thus, the possibility exists for utilizing
agents that mimic thyroid hormone action in the liver to
lower plasma cholesterol levels in humans.

As a result of its thyromimetic action in the liver,
L-94901, administered orally for 7 days, markedly and
dose-dependently reduced plasma cholesterol levels in hy-
pothyroid rats made hypercholesterolemic by feeding a diet
containing 1.5% cholesterol and 0.5% cholic acid [4]. This
reduction in plasma cholesterol was due primarily to a
decrease in non-HDL (VLDL 1 LDL) cholesterol with a
slight concomitant increase in HDL cholesterol [4].
Equimolar doses of T3 also produced reductions in plasma
cholesterol that were of a magnitude equal to those of
L-94901 [4, 5]. In addition, although less sensitive to the
actions of either T3 or L-94901, euthyroid rats made
hypercholesterolemic by feeding diets containing choles-
terol and cholic acid also showed similar hypocholester-
olemic responses to T3 and L-94901 [4]. The similarity
between the potency of L-94901 as a thyromimetic and as
a hypocholesterolemic agent [4] also indicates that the
thyromimetic actions of L-94901 are at least in part
responsible for its ability to reduce plasma cholesterol levels
in experimental animals.

To better understand the biochemical mechanisms re-
sponsible for the hypocholesterolemic actions of L-94901
and to compare the effects of L-94901 with those of T3, we
investigated the actions of L-94901 and T3 on lipoprotein
cholesterol concentrations and expression of key proteins
involved in cholesterol homeostasis (e.g. LDL receptor, apo
A-I, and HMG-CoA reductase) in euthyroid rats and rats

made hypothyroid by surgical thyroidectomy. The results
demonstrate that L-94901, like T3, lowers serum LDL
cholesterol and raises HDL cholesterol levels through a
mechanism involving increased expression of the hepatic
LDL receptor and apo A-I genes.

MATERIALS AND METHODS
Experimental Animals and Design

Surgically thyroparathyroidectomized and sham-operated
control male Sprague–Dawley rats weighing between 200
and 250 g, from Charles Rivers, were housed in a reversed-
cycle light-controlled room (light from 3:00 p.m. to 3:00
a.m.). These animals carry about 30% of their cholesterol in
the form of LDL and 65% in HDL (see Table 1). Upon
thyroidectomy, the portion carried in LDL increases to
50%. In many respects, these changes closely parallel the
responses to thyroid dysfunction and thyroid hormone
therapy in humans [8]. Considerable baseline data exist
concerning the responses of these animals to T3 and
thyromimetics [4, 7, 10, 11, 14–16]. Thus, these animals are
suitable experimental models.

The rats were given Purina rodent laboratory chow and
1% calcium gluconate as their drinking water for 2 weeks
prior to use. Thyroidectomized animals were assigned to
groups of three. They were administered, by oral gavage at
7:00 a.m., either vehicle (0.01 M of NaOH in PBS), vehicle
containing T3 (Sigma) at doses of 11, 55, or 167 nmol/kg/
day, or vehicle containing L-94901 at doses of 110, 330, or
990 nmol/kg/day for 7 days. Sham-operated animals were
treated similarly with either vehicle, T3 at a dose of 167
nmol/kg/day, or L-94901 at a dose of 990 nmol/kg/day. The
effectiveness of these treatments was assessed by measuring
the induction of mitochondrial a-glycerol phosphate dehy-
drogenase mRNA, a sensitive marker of thyroid hormone
function in liver [4, 18]. Northern blotting analysis revealed
that both L-94901 and T3 caused more than 10-fold
increases (data not shown). Thus, under the conditions
employed, L-94901 exhibited thyromimetic actions in liver.

Animals were weighed on days 1, 3, 5, and 7 to evaluate
the changes in body mass following treatment and for
determining liver-to-body weight and heart-to-body weight
ratios. On the last day of the study, 2 hr after the last
treatments (9:00 a.m.; mid-dark period of the lighting
cycle), animals were anesthetized with pentobarbital, and
blood samples were obtained from the abdominal aorta for
determining plasma cholesterol, TG, T4, LDL, HDL, and
VLDL cholesterol levels. Livers were then removed,
weighed, rinsed in 4° saline, and were apportioned for
isolation of microsomes and poly A1 RNA.

HMG-CoA Reductase Activity

Microsomal HMGR activity was determined by measuring
the conversion of [14C]HMG-CoA (DuPont/NEN) to
[14C]mevalonic acid in the presence of NADPH as previ-
ously described [13]. Microsomal protein, 50 mg, was
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incubated for 30 min at 37° in a final volume of 75 mL of
TEDK buffer (Tris, pH 7.5, 1 mM of EDTA, 5 mM of
dithiothreitol, and 70 mM of KCl) containing 3.4 mM
NADP1, 30 mM of glucose-6-phosphate, 0.2 U glucose-6-
phosphate dehydrogenase, 66.7 mM of [14C]HMG-CoA
(sp. act. 10 cpm/pmol), 15,000–20,000 cpm [3H]meval-
onate (0.6 to 1.2 Ci/mmol) (DuPont/NEN) as an internal
standard, and 68 mM EDTA to prevent conversion of
mevalonate to phosphomevalonate during incubation. The
reactions were terminated and the mevalonate was con-
verted to mevalonolactone by addition of 10 mL of 6 M of
HCl and a further 30-min incubation. The labeled meval-
onolactone was separated from unreacted substrate by silica
gel TLC. Following development in toluene:acetone (1:1),
the region of the chromatogram corresponding to Rf 0.4 to
1.0 was removed, immersed in 5.0 mL of Aquasol II liquid
scintillation fluid, and counted, using a dual-channel 3H/
14C program. HMGR activity is expressed as picomoles of
mevalonate formed per minute of incubation at 37° per
milligram of microsomal protein.

Plasma Lipid and Lipoprotein Analyses

Blood samples were collected in lithium heparin-contain-
ing Vacutainer tubes and were centrifuged at 800 g for 30
min at 4°. Resultant plasma samples were removed and
analyzed for cholesterol and TG content using a Choles-
terol/HP reagent kit (Boehringer Mannheim) and a Tri-
glyceride G reagent kit (Wako). The lipoproteins in 50-mL
plasma samples were separated into LDL, HDL, and VLDL
fractions by FPLC using a 10 3 300 mm Pharmacia
Superose-6 column. A mobile phase of 154 mM of NaCl, 1
mM of EDTA, 0.02% sodium azide (pH 5 8.1) at a flow
rate of 0.3 mL/min and a post-column reactor employing
23-concentrated cholesterol reagent from the Cholester-
ol/HP reagent kit were used for separation and quantitation.
Cholesterol concentrations in LDL, HDL, and VLDL were
determined based on integration of peak areas and compar-
ison with known standards.

Plasma T4 Analyses

Plasma T4 levels were determined using Abbott’s fluores-
cent polarization immunoassay kit for quantitative deter-
mination of thyroxine. Thyroxine levels in plasma were
3.81 6 1.17 mg/dL in sham-operated control rats; 1.29 6
0.77 mg/dL in vehicle-treated thyroidectomized rats; 0.81 6
0.88 mg/dL in L-94901-treated rats (300 mg/kg/day); and
0.035 6 0.049 mg/dL in T3-treated rats (150 mg/kg/day).

Immunoblotting Analysis

Liver microsomal membranes free of lysosomes were pre-
pared by differential centrifugation [19]. These isolated
membranes were subjected to SDS–PAGE on 7.5% slab
gels. Molecular weight markers of 213, 119, 83, and 47 kDa
were also applied. The separated proteins were electro-

phoretically transferred to PVDF Plus membranes. The mem-
branes were blocked with 5% Carnation nonfat dry milk and
incubated at room temperature for 1 hr with both a 1:1500
dilution of LDL receptor antiserum and a 1:500 dilution of
HMGR antiserum. The ECL Western blotting kit (Amer-
sham) was used for detection of immunoreactive protein that
was quantitated by scanning with a laser densitometer.

cDNA Probes

Plasmid DNA containing rat mGPDH cDNA (L. P. Kozak,
Jackson Laboratories) was digested with PstI, and a 1300-bp
fragment was isolated following agarose gel electrophoresis.
This fragment was radiolabeled with [a-32P]dCTP (Du-
Pont/NEN) by random priming (Amersham Megaprime
kit), and 2 3 106 cpm/mL was used for hybridization at 43°
for 16 hr. The ribophorin cDNA probe was a PCR-
amplified fragment provided by W. C. Soeller and M. D.
Carty, Pfizer Central Research. LDL receptor, HMGR, and
apo A-I cDNA probes were prepared as previously de-
scribed [15, 20, 21].

Northern Blotting Analysis

Approximately 0.5 g of liver tissue was removed, placed in
10 mL of Trizol reagent (Life Technologies), and homog-
enized with a Polytron homogenizer, and total RNA was
isolated according to the manufacturer’s instructions. The
quantity of RNA was determined by measuring the absor-
bance at 260 nm, whereas purity was assessed by the
A260/280 ratio. Poly A1 mRNA was isolated using Clon-
tech mRNA Separator™ Oligo(dT)-Cellulose columns and
resuspended in diethyl pyrocarbonate (DEPC)-treated
H2O. Ten micrograms poly A1 mRNA/well was separated
by electrophoresis on a 1% agarose/3% formaldehyde gel in
BE (20 mM of borate, 0.2 mM of EDTA) at 200 V for 2 hr.
RNA was transferred to Hybond-N membranes (Amer-
sham) by capillary action with 103 SSC (13 SSC 5 0.15
M of sodium chloride 1 0.015 M of sodium citrate). RNA
was UV cross-linked to the membrane using a Stratalinker
1800. The blot was prehybridized in 10 mL of prehybrid-
ization solution (50% deionized formamide, 250 mM of
NaHPO4, pH 7.2, 250 mM of NaCl, 1 mM of EDTA, 100
mg/mL of salmon sperm DNA, 7% SDS) at 43° for 2 hr in
a hybridization oven with constant rotation. Blots were
washed three times at 53° with 23 SSC, 0.1% SDS; twice
with 25 mM of NaHPO4, 1 mM of EDTA, 0.1% SDS; twice
with 25 mM of NaHPO4, 1 mM of EDTA, 1% SDS; and
exposed to a Fuji Phosphorimaging plate or to Kodak X-ray
film [22] for 16–24 hr.

RESULTS
Alterations in Plasma Lipid and Lipoprotein
Concentrations in Response to Thyroidectomy

Hypothyroidism induced by surgical thyroidectomy of rats
caused marked alterations in circulating lipid and lipopro-
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tein concentrations relative to sham-operated control ani-
mals. This is similar to that previously noted in animals
rendered hypothyroid either surgically or by treatment with
propylthiouracil [16]. As shown in Fig. 1, total plasma
cholesterol concentrations were essentially unaffected by
thyroidectomy. However, plasma TG concentrations were
reduced by 60%. Fractionation of serum lipoproteins into
VLDL, LDL, and HDL subfractions by FPLC revealed that
hypothyroidism following thyroidectomy resulted in a
marked (77%) increase in LDL cholesterol levels (Fig. 2,
top), with a concomitant 15% reduction in HDL choles-
terol (Fig. 2, center) and 89% reduction in VLDL choles-
terol (Fig. 2, bottom). Thus, the ratio of LDL cholesterol to
HDL cholesterol increased following thyroidectomy from
0.49 in sham-operated control rats to 1.01 in thyroidecto-
mized rats.

Alterations in Plasma Lipid and Lipoprotein
Concentrations in Thyroidectomized Rats Treated with
Thyroid Hormone

When thyroidectomized rats were treated with thyroid
hormone (T3) for 7 days at doses that ranged between 10
and 170 nmol/kg/day to reverse their hypothyroidism, total
plasma cholesterol levels were essentially unaffected (Fig.
1). Fractionation of serum lipoproteins into LDL, HDL, and
VLDL subfractions by FPLC revealed that low doses of
thyroid hormone normalized levels of LDL cholesterol (Fig.
2, top). This treatment also eliminated reductions in HDL

cholesterol (Fig. 2, center), VLDL cholesterol (Fig. 2,
bottom) and plasma TG (Fig. 1, bottom) levels, and
decreased the LDL cholesterol to HDL cholesterol ratio to
0.45.

Higher doses of T3 (55 and 167 nmol/kg/day) further
reduced LDL cholesterol levels to below the basal levels
seen in sham-operated control rats, resulting in up to a 60%
reduction in circulating LDL cholesterol levels relative to
vehicle-treated control thyroidectomized animals (Fig. 2,
top). This reduction was accompanied by a dose-dependent
increase in circulating HDL cholesterol levels of up to 60%
(Fig. 2, center). The ratio of LDL cholesterol to HDL
decreased from 1.01 in vehicle-treated thyroidectomized
rats to 0.32 and 0.25 in thyroidectomized rats treated with
55 and 167 nmol/kg/day of T3, respectively, values below
that noted in sham-operated control rats.

Plasma TG levels in thyroidectomized rats changed in a
biphasic manner after T3 administration. Low-dose T3 (11
nmol/kg/day) normalized the hypotriglyceridemia induced
by thyroidectomy (Fig. 1), whereas higher concentrations
of T3 suppressed circulating TG levels in a dose-dependent

FIG. 1. Effects of T3 and L-94901 on plasma cholesterol and
TG levels in thyroidectomized rats. Values are means 6 SD
(N 5 3). Shown are total cholesterol levels (top panel) and TG
levels (bottom panel) in plasma of sham-operated control rats
(Sh) and thyroidectomized rats treated for 7 days with either
vehicle (Tx), T3 (T3), or L-94901 (Tm) at the indicated doses.

FIG. 2. Effects of T3 and L-94901 on plasma LDL, HDL, and
VLDL cholesterol levels in thyroidectomized rats. Values are
means 6 SD (N 5 3). Shown are the LDL cholesterol
concentration (top panel), HDL cholesterol concentration (cen-
ter panel), and VLDL cholesterol concentration (bottom panel)
in the plasma of sham-operated control rats (Sh) and thyroidec-
tomized rats treated for 7 days with either vehicle (Tx), T3 (T3),
or L-94901 (Tm) at the indicated doses.
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manner by up to 64% relative to vehicle-treated thyroid-
ectomized animals (Fig. 1). A similar pattern of VLDL
cholesterol normalization by low-dose T3 followed by sub-
sequent dose-dependent reduction of VLDL cholesterol
levels (up to 85%) was also noted following T3 treatment
(Fig. 2).

These observations indicate that low-dose T3 returns
animals to a near-euthyroid state and reverses the dyslipi-
demia induced by thyroidectomy, whereas higher doses of
T3 that render animals hyperthyroid have additional favor-
able effects on lipid and lipoprotein metabolism.

Alterations in Plasma Lipid and Lipoprotein
Concentrations in Thyroidectomized Rats Treated with
the Thyromimetic L-94901

When thyroidectomized rats were treated with the thyro-
mimetic L-94901 for 7 days at doses ranging between 110
and 1000 nmol/kg/day, alterations in plasma lipid and
lipoprotein levels similar to those noted following T3

supplementation were observed. For example, all doses of
L-94901 reduced LDL cholesterol in thyroidectomized rats
to well below the basal levels seen in sham-operated control
animals, resulting in up to an 84% reduction in circulating
LDL cholesterol levels relative to vehicle-treated thyroid-
ectomized rats (Fig. 2, top). This reduction in LDL choles-
terol was similarly accompanied by an increase in HDL
cholesterol of up to 60% (Fig. 2, center). The LDL to HDL
ratio decreased from 1.01 in vehicle-treated thyroidecto-
mized rats to 0.21 and 0.12 in thyroidectomized rats treated
with 110 and 330 nmol/kg/day of L-94901, respectively. TG
and VLDL cholesterol concentrations in thyroidectomized
rats were reduced further following administration of higher
doses of L-94901 such that maximal reduction in TG and
VLDL cholesterol levels of 80 and 89%, respectively, were
noted (Figs. 1 and 2).

These observations indicate that, like T3, the thyromi-
netic L-94901 favorably modulates plasma lipid and li-
poprotein concentrations such that LDL cholesterol is
reduced, HDL cholesterol is increased, the ratio of LDL
cholesterol to HDL cholesterol is reduced, and VLDL
cholesterol and TGs are reduced.

Alterations in Plasma Lipid and Lipoprotein
Concentrations in Euthyroid Rats Treated with T3 or
L-94901

The alterations in plasma lipid and lipoprotein concentra-
tions in euthyroid rats treated with T3 or L-94901 mirrored
the effects noted in thyroidectomized rats. The absence of
changes in total plasma cholesterol levels following 7 days
of treatment of euthyroid rats with T3 or L-94901 was a
consequence of concomitant reductions in LDL and VLDL
cholesterol and increases in HDL cholesterol (Table 1). TG
levels were again reduced in a manner that paralleled
reductions in VLDL cholesterol (Table 1). Ratios of LDL
cholesterol to HDL cholesterol were likewise reduced from
0.48 in control animals to 0.15 following treatment with
167 nmol/kg/day of T3 and to 0.17 after treatment with 990
nmol/kg/day of L-94901, again reflecting favorable alter-
ations in lipoprotein composition.

These results indicate that the thyromimetic L-94901,
like T3, is capable of favorably affecting circulating lipid
and lipoprotein concentrations in euthyroid as well as
hypothyroid animals.

Increased LDLR and HMGR Expression in
Thyroidectomized Rats Treated with T3 or L-94901

Thyroid hormone has been shown previously to induce
LDLR gene expression in hypophysectomized rats [14, 15].
It has been suggested that the T3-induced reduction in
non-HDL cholesterol that is observed in hypothyroid rats
made hypercholesterolemic by diet [4] is a consequence of
increased LDLR-mediated removal of circulating apoB-
containing lipoproteins [2, 9–11, 16]. In view of the
profound LDL cholesterol-lowering effects of T3 and
L-94901 in euthyroid and thyroidectomized rats noted
above, we asked whether expression of the LDLR was
induced in these animals.

When hepatic microsomal membranes from thyroidecto-
mized rats treated with either vehicle, T3, or L-94901 were
subjected to immunoblotting analysis and probed simulta-
neously with antisera specific for LDLR and for HMGR, the
expected bands at about 160 kDa (LDLR) and 100 kDa
(HMGR) were observed. Both T3 and L-94901 caused

TABLE 1. Alterations in plasma lipid and lipoprotein levels in euthyroid rats treated with T3 or L-94901

Parameter
Vehicle
(mg/dL)

T3* L-94901†

(mg/dL)
%

Control (mg/dL)
%

Control

Total cholesterol 62.0 6 8.0 59 6 8 95 72 6 5 116
LDL cholesterol 19.5 6 4.5 7.7 6 3.4 39 10.5 6 1.8 54
HDL cholesterol 40.0 6 4.7 50 6 5.6 125 61 6 3.9 153
VLDL cholesterol 5.4 6 0.1 2.5 6 0.8 46 0.6 6 0.1 11
Triglycerides 75.0 6 7.0 47 6 14 63 16 6 3 21

Values are means 6 SD (N 5 3).
*Treated with 167 nmol/kg/day of T3.
†Treated with 990 nmol/kg/day of L-94901.
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striking increases in levels of hepatic LDLR immunoreac-
tive protein (4- and 8-fold, respectively; Fig. 3), at the
concentrations of T3 and L-94901 evaluated. HMGR,
which is induced by T3 [23], was increased 2- to 3-fold. The
increases in HMGR immunoreactive protein closely paral-
leled increases in HMGR activity induced by these agents
(Fig. 4), indicating that the increases in HMGR activity
were the result of increased enzyme amount rather than
increased enzyme catalytic efficiency.

To determine whether the increases in hepatic LDLR
protein were due to corresponding increases in mRNA
levels, Northern blotting analysis was performed. Increases
in hepatic LDLR protein concentration and in HMGR
activity and enzyme concentration were closely paralleled

by increases in LDLR and HMGR mRNA concentrations
in the livers of thyroidectomized rats treated with T3 or
L-94901 (Fig. 5). The increase in LDLR mRNA induced by
these agents, however, was considerably greater than the
increase in HMGR mRNA levels (Fig. 5), consistent with
the greater magnitude of increase in LDLR immunoreactive
protein relative to HMGR immunoreactive protein and
activity induced by these agents (Figs. 3 and 4).

These observations indicate that expression of the LDLR
gene in chow-fed thyroidectomized rats is increased mark-
edly by T3 and the thyromimetic L-94901, and thus may be
responsible for the reduction in circulating LDL cholesterol
levels observed following treatment with these agents.
Furthermore, the similarity between the magnitude of
changes in LDLR mRNA levels and immunoreactive pro-
tein levels, and the magnitude of changes in HMGR
mRNA, immunoreactive protein, and enzyme activity sug-
gest that the effects of T3 and L-94901 on the expression of
these proteins is primarily, if not exclusively, exerted at the
level of transcription.

Increased LDLR and HMGR Expression in Euthyroid
Rats Treated with T3 or L-94901

The effects of T3 and L-94901 on the expression of the
hepatic LDL receptor and HMGR were also examined in
sham-operated rats. As shown in Fig. 6, treatment with T3

and L-94901 caused marked increases in LDLR mRNA
levels with only small increases in HMGR mRNA. Immu-
noblotting analysis revealed that LDLR protein concentra-
tions were increased by 3.3- and 5.2-fold, respectively, in
the livers of euthyroid rats treated with 167 nmol/mg/kg of
T3 or 990 nmol/kg/day of L-94901 for 7 days (Fig. 7).
HMGR activity and immunoreactive protein levels were
not affected significantly (Fig. 8). This is consistent with
the RNA data. It also shows that LDLR is more responsive
than HMGR as we have reported previously [21].

FIG. 3. Effects of T3 and L-94901 dose on hepatic LDL receptor
immunoreactive protein in thyroidectomized rats. Values are
means 6 SD (N 5 3) relative to the vehicle-treated Tx control.
The dose of T3 or L-94901 (Tm) is given in nmol/kg/day.

FIG. 4. Effects of T3 and L-94901 on hepatic LDL receptor and
HMG-CoA reductase immunoreactive protein and enzymatic
activity in thyroidectomized rats. Values are means 6 SD (N 5
3) relative to the vehicle-treated thyroidectomized (Tx) control.
The dose of T3 or L-94901 (Tm) is given in nmol/kg/day.

FIG. 5. Effects of T3 and L-94901 on hepatic LDL receptor and
HMG-CoA reductase mRNA levels in thyroidectomized rats. A
representative Northern blot of poly A1 RNA isolated from
livers of thyroidectomized rats treated for 7 days with vehicle
(Tx), 167 nmol/kg/day of T3 (T3), or 990 nmol/kg/day of
L-94901 (Tm) is shown. The blot was sequentially probed for
LDL receptor, HMG-CoA reductase, and b-actin.

126 G. C. Ness et al.



Increased apo A-I mRNA Levels in Livers from
Thyroidectomized and Sham-Operated Rats Treated
with T3 or L-94901

Apo A-I is the major apolipoprotein found in HDL.
Because both T3 and L-94901 caused increases in HDL, it
was of interest to determine whether these agents might
increase the expression of the hepatic apo A-I gene. When
Northern blotting analysis of hepatic poly A1 RNA iso-
lated from thyroidectomized rats treated with either T3 or
L-94901 was performed, a 2- to 3-fold increase in the level
of mature 1 kb apo A-I mRNA was observed (Fig. 9). This
T3-mediated increase in mature apo A-I mRNA levels in
thyroidectomized rats agrees with previous observations
made in T3-treated hypophysectomized rats [21]. Adminis-

tration of T3 or L-94901 to sham-operated animals also
increased the level of the mature form of apo A-I mRNA
(Fig. 9). In this case, the increase caused by L-94901 was
greater than that caused by T3. Thus, increased expression
of apo A-I may be responsible, in part, for the T3- and
L-94901-mediated increases in serum HDL levels.

FIG. 6. Effects of T3 and L-94901 on hepatic LDL receptor and
HMG-CoA reductase mRNA in sham-operated rats. A repre-
sentative Northern blot of poly A1 RNA isolated from livers of
sham-operated rats treated for 7 days with vehicle (Sh), 167
nmol/kg/day of T3 (T3), or 990 nmol/kg/day of L-94901 (Tm) is
shown. The blot was sequentially probed for LDL receptor,
HMG-CoA reductase, and b-actin.

FIG. 7. Effects of T3 and L-94901 on hepatic LDL receptor
immunoreactive protein levels in sham-operated rats. Values are
means 6 SD, (N 5 3), except for (Tm) relative to the
vehicle-treated sham-operated (Sh) control. The dose of T3 or
L-94901 (Tm) is given in nmol/kg/day.

FIG. 8. Effects of T3 and L-94901 on hepatic HMG-CoA
reductase immunoreactive protein and enzyme activity in sham-
operated rats. Values are means 6 SD (N 5 3) except for the
L-94901 animal and are relative to the vehicle-treated sham-
operated (Sh) control. The dose of T3 or L-94901 (Tm) is given
in nmol/kg/day.

FIG. 9. Effects of T3 and L-94901 on hepatic apo A-I mRNA
levels in thyroidectomized and sham-operated rats. Values are
means 6 SD for 3 animals in each group. T3 was given at a dose
of 167 nmol/kg/day, while L-94901 (Tm) was given at a dose of
990 nmol/kg/day. Control animals received only vehicle (V).
Apo A-I mRNA levels in arbitrary densitometric units for
thyroidectomized (dark bars) and sham-operated controls
(hatched bars) are presented.
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DISCUSSION

The results of this study demonstrate that both the thyroid
hormone and the thyromimetic L-94901 induce the hepatic
LDL receptor, leading to significant decreases in LDL
cholesterol levels. In addition, they also caused substantial
increases in HDL levels, likely due to induction of apo A-I.
Thus, the ratio of LDL to HDL in thyroidectomized rats was
reduced from 1.01 to 0.25 in response to T3 and to 0.12
upon treatment with L-94901. Unlike the bile acid binding
resins and the statins, T3 and L-94901 significantly in-
creased HDL levels by as much as 60%. These agents were
effective in both thyroidectomized and euthyroid animals,
which suggests that similar to thyroid hormone [2, 8],
thyromimetics may be capable of functioning as hypolipi-
demic agents in hypothyroid as well as euthyroid patients
fed fat and cholesterol-restricted diets. The observation
that T3 and L-94901 produce similar effects on LDL
cholesterol levels in hypercholesterolemic rats [4] and
normocholesterolemic animals (this study) suggests that
thyromimetic therapy should be efficacious in both hyper-
lipidemic and normocholesterolemic subjects.

TG levels displayed a biphasic response to T3 and
L-94901. Low doses increased TG, while higher doses
decreased TG levels in both thyroidectomized and sham-
operated controls. The marked induction of hepatic LDLR
cannot explain this response. Perhaps it results from mod-
ulation of other factors involved in controlling lipid me-
tabolism that have been shown previously to be affected by
thyroid hormone, such as lecithin cholesterol acyltrans-
ferase [2, 9], hepatic lipase [2, 10], and lysosomal acid
cholesterol esterase [11]. Recent studies with the thyromi-
metic CGS-26214 also have demonstrated effects on post-
prandial lipid clearance [6], further suggesting a multifac-
eted modulation of TG metabolism by thyroid hormone.

The increases in hepatic LDL receptor expression pro-
moted by T3 and L-94901 likely occur at the level of
transcription mediated by thyroid response elements in the
LDLR promoter. The following observations suggest such a
direct role. First, it has been demonstrated that T3 causes
rapid (within ;30 min) increases in LDLR mRNA [14]
associated with apparent increases in transcription based on
nuclear run-on experiments [15]. Second, a possible TRE is
located just upstream from the TATA sequence in the LDL
promoter [24]. Finally, a primary effect of T3 on LDLR
expression is suggested by experiments demonstrating in-
creased LDLR activity in cultured hepatocytes [16] and
Hep-G2 cells* following treatment with T3 [16] or the
thyromimetic CGS-23425.*

In contrast with the increases in LDLR gene transcrip-
tion induced by T3 and L-94901, the increases in apo A-I
mRNA levels may not be due solely to increased transcrip-
tion. It has been reported that within 3.5 hr after T3

treatment, transcription of apo A-I is increased nearly

two-fold [25]. However, chronic treatment with thyroid
hormone decreases transcription about 50% [25]. Several
studies have concluded that mRNA maturation is predom-
inately responsible for the increase in apo A-I mRNA levels
[25–28]. This is consistent with the length of time (72 hr)
required to obtain maximal induction of mature apo A-I
mRNA [21].

In contrast with most other hypocholesterolemic agents,
the thyromimetic L-94901 caused a large induction of the
hepatic LDL receptor. The various statins [lovastatin,
pravastatin, fluvastatin, and rivastatin (cerivastatin)] do
not increase hepatic LDL receptor immunoreactive protein
levels when given to rats [29]. L-94901 also caused a modest
increase in hepatic HMG-CoA reductase activity and
protein (Fig. 4) and a significant increase in apo A-I gene
expression (Fig. 8). Thus, thyromimetics appear to lower
LDL and raise HDL levels by mechanisms that differ
fundamentally from those of the statins.

Effectively lowering serum LDL cholesterol levels with-
out inhibiting HMGR activity, as accomplished by
L-94901, may be advantageous. Animals and humans that
express high levels of HMGR have a greater capacity to
respond to dietary cholesterol without an increase in their
serum cholesterol levels [30, 31]. It has been reported that
rats have 50-fold higher levels of hepatic HMGR than
hamsters and are resistant to dietary cholesterol, whereas
hamsters are not [31]. Also, familial hypercholesterolemic
heterozygotes that express higher levels of HMGR, as
reflected in plasma mevalonate levels, are more responsive
to cholesterol-lowering drugs [30].

The present observations suggest that a hepatoselective
thyromimetic devoid of adverse cardiovascular side-effects
could be important therapeutically, not only in hypothy-
roid individuals but also in subjects with normal thyroid
function and either normal or elevated LDL cholesterol
levels with or without concomitant low HDL cholesterol or
elevated TG levels. In this regard, it is of interest to note
that in addition to L-94901 [1, 4], the thyromimetics
CGS-26214 [6, 32] and CGS-23425* are also markedly
hepatoselective and have been shown to cause reductions
in LDL cholesterol and increases in HDL cholesterol in a
variety of experimental animal models [6, 18, 32].

We thank Donald E. Wilder for conducting the FPLC separation of
lipoprotein subclasses, Kelly A. Martin for measurement of plasma T4
concentrations, Robert L. Dow for preparing the thyromimetic
L-94901 used in these studies, and Pfizer, Inc. for a grant to
G. C. N., supporting these studies.
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