
Reduced Plasma HDL Cholesterol in Hyperthyroid Mice
Coincides with Decreased Hepatic ABCA1 Expression

IVAN TANCEVSKI1, ANDREAS WEHINGER1, EGON DEMETZ1, PHILIPP ELLER1, KRISTINA
DUWENSEE1, JULIA HUBER1, KATHRIN HOCHEGGER1, WILFRIED SCHGOER1,
CATHERINE FIEVET2, FRANS STELLAARD3, MATS RUDLING4, JOSEF R. PATSCH1, and
ANDREAS RITSCH1

1Department of Internal Medicine, Innsbruck Medical University, Innsbruck, Austria 2Département
d'Athérosclérose, Institut Pasteur de Lille, Lille Cedex, France 3Laboratory of Pediatrics, Center
for Liver, Digestive and Metabolic Diseases, University Medical Center Groningen, Groningen,
The Netherlands 4Karolinska Institute at Center for Endocrinology, Metabolism and Diabetes,
Department of Medicine, Karolinska University Hospital, and Molecular Nutrition Unit, Center for
Nutrition and Toxicology, Stockholm, Sweden

Abstract
The aim of the study was to investigate the influence of severe hyperthyroidism on plasma high-
density lipoprotein cholesterol (HDL-C). Recently, it was shown in mice that increasing doses of
triiodothyronine (T3) upregulate hepatic expression of scavenger receptor-BI (SR-BI), resulting in
increased clearance of plasma HDL-C. Here we show that severe hyperthyroidism in mice did not
affect hepatic expression of SR-BI, but reduced hepatic expression of ATP-binding cassette
transporter 1 (ABCA1), accompanied by a 40%-reduction of HDL-C. Sterol content of bile, liver
and feces was markedly increased, accompanied by upregulation of hepatic CYP7A1, and ATP-
binding cassette half-transporter ABCG5, which is known to promote biliary sterol secretion upon
dimerization with ABCG8. Both control and hyperthyroid mice exerted identical plasma clearance
of intravenously injected [3H] HDL-C, supporting the view that severe hyperthyroidism does not
affect HDL-C clearance, but rather its formation via hepatic ABCA1.

Thyroid disorders influence plasma levels of low-density lipoprotein cholesterol (LDL-C)
and HDL-C. Changes in LDL-C have been extensively studied and were attributed to
changes in hepatic expression of LDL receptor (LDLr) (1). However, little is known about
the causes of HDL-C decrease under hyperthyroid conditions.

Recently, Parini and coworkers showed that intraperitoneal treatment of mice with
increasing doses of T3 resulted in upregulation of hepatic SR-BI (2), which was
accompanied by a reduction of plasma HDL-C. SR-BI, a CD36 family member, mediates
high affinity binding of HDL and the selective uptake of HDL-derived lipids into liver and
represents a physiologically relevant receptor for HDL-C metabolism (3-8). A further
protein expressed in liver which was shown to influence HDL-C metabolism is ABCA1 (9).
Hepatic ABCA1 is the major transporter that facilitates the efflux of cholesterol to poorly
lipidated apoA-I to form nascent or preβ HDL; in fact, ABCA1-KO mice are characterized
by virtually undetectable plasma HDL-C (10-12).
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In the current study we describe that induction of severe hyperthyroidism in mice results in a
dramatic decrease of plasma HDL-C levels. Our data suggest that in this model of
hyperthyroidism lowering of plasma HDL-C is due to diminished lipidation via ABCA1.

Materials and Methods
Reagents

3,3′,5′-Triiodo-L-thyronine was purchased from Sigma, St. Louis, MO.

Animals
Male Balb/c mice were obtained from Charles River Laboratories, Kisslegg, Germany, and
housed under protocols approved by the Austrian Animal Care and Use Committee. All
procedures and care of animals were approved by the Austrian Animal Care and Use
Committee. Mice of 20g were divided into two groups and intraperitoneally injected with 5
μg T3 in PBS or with PBS alone as control, respectively (13). Both, control and T3-treated
mice were under a 12-h light, 12-h dark schedule (lights off at 7 p.m.), and were injected at
8 a.m. After 14 days of daily treatment, animals were fasted for 5 h after the last injection
and anesthetized. Blood samples were taken, mice sacrificed by cervical dislocation, and
organ biopsies were snap-frozen.

Bile and liver cholesterol analysis
The abdominal cavity was opened through a ventral incision. After ligation of the bile
ductus and transection of ligamentum falciparum, the gall bladder was removed in toto for
exposure. Gall bladder volume was calculated using the formula for ellipsoids: 4/3 × Π × a ×
b2. Subsequently, bile was aspirated and stored at 4°C. Biliary cholesterol of pooled bile was
measured within 14 days using ABX Diagnostics commercial kits (ABX Diagnostics,
Montpellier, France). Liver was subdiveded into 4 parts, weighed and snap-frozen. Liver
total cholesterol was extracted and measured as described (14).

Hepatic cholesterol synthesis
Hepatic cholesterol synthesis was determined according to a previously described protocol
(15). In brief, mice of 20g were daily injected with T3 for 2 weeks as described above. After
a 18 h fasting period, animals received a final T3 injection with at 8 a.m. of day 15. After
another 2 h, [1(2)-14C]acetate (100 kBq / animal) was intraperitoneally injected. 2 h later (4
h after T3 administration), animals were sacrificed and exsanguinated. The abdominal cavity
was subsequently opened and liver specimens taken, weighed and snap-frozen. Liver
cholesterol was extracted as described (15), and [14C]cholesterol measured by liquid
scintillation counting.

Lipoprotein parameters
Total cholesterol and triglycerides (TG) were measured in whole plasma of each animal
employing ABX Diagnostics commercial kits (ABX Diagnostics, Montpellier, France).
Additionally, plasma samples of six animals of each group were combined and subjected to
FPLC fractionation analysis with two tandem Superose 6 columns (GE Healthcare, Austria)
as described previously (16). Apolipoprotein (apo) A-I measurements were performed by an
immunonephelometric assay as described (17).

Measurement of PLTP plasma activity
Plasma activity of PLTP was performed as described (16).
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[3H]HDL turnover studies
Murine HDL was prepared by ultracentrifugation in the density range of 1.063-1.21 g/ml
(18) and radiolabeled with [3H]cholesteryl oleoyl ether (PerkinElmer, Boston, MA) as
described (16). 25 μg [3H] HDL were injected into the tail vein of control and hyperthyroid
mice, respectively and blood samples were drawn at 0.08, 5, 15, and 25 h from the
retrobulbar plexus. Plasma samples were analyzed by liquid scintillation counting. The
radioactivity of 0.08 h post-injection is defined as 100% of injected radioactivity.

Fecal sterol analysis
50 mg of dried feces were boiled in 1 ml alkaline methanol (1M NaOH / Methanol, 1:3 v/v)
at 80°C for 2 h after addition of 50 nmoles 5α-Cholestane as internal standard for neutral
sterol analysis. After cooling down to room temperature, neutral sterols were extracted using
three times 3 ml of petroleum ether, boiling range 60-80°C. The residual sample was diluted
1: 9 with distilled water. 100 μl of the solution was subjected to a enzymatic total bile acid
measurement (19). The extracted neutral sterols were converted to trimethylsilyl derivatives.
Neutral sterol composition of prepared feces samples was determined by capillary gas
chromatography on an Agilent gas chromatograph (HP 6890) equipped with a 25 m × 0.25
mm CP-Sil-19 fused silica column (Varian, Middelburg, The Netherlands) and a Flame
Ionization Detector. The working conditions were the following: Injector temperature
280°C; pressure 16.0 psi; column flow constant at 0.8 ml/min; oven temperature program:
240°C (4 min), 10°C/min to 280°C ( 27 min); detector temperature 300°C.

Plant sterol measurement in plasma
Sitosterol and campesterol were extracted from 10 μl plasma from each animal in duplicate
samples. Samples were derivatized with trimethylsilane reagent (pyridin:hexametyl
disilan:trimetylchlorosilane 3:2:1, v/v/v) prior to gas-chromatography-mass spectrometry
analysis (20). D5-campesterol/sitosterol was used as internal standard. The levels of
sitosterol and campesterol in plasma reflect cholesterol absorption (21).

Protein extraction and Western blot analysis
Preparation of hepatic proteins and Western blot analysis were performed as described (16).
Immunodetection of SR-BI was carried out by the use of a rabbit antibody against SR-BI
(NB 400-104, Novus Biologicals, Littleton, CO), detection of ABCA1 was performed with a
polyclonal rabbit anti-ABCA1 antibody (NB 400-105, Novus Biologicals, Littleton, CO).
The chemoluminescent reaction was performed using Super Signal West Dura Reagent
(Pierce, Rockford, IL, USA) and blots were visualized by Fluor-S-Imager using Quantity
One V4.1 software (BioRad, Hercules, CA, USA).

RNA isolation, reverse transcription, and quantitative real-time PCR
Total RNA was extracted using RNAbee according to the manufacturer's protocol (Tel-test
Inc., Friendswood, Texas, USA) and reverse transcribed with Omniscript-RT Kit (Qiagen,
Hilden, Germany). Primers and probes for murine ABCA1, ABCG5, ABCG8, CYP7A1
were described previously (22), primers and probes for murine NPC1L1 elsewhere (23).
GUSB was used as reference (Applied Biosystems, Foster City, CA, USA). Taqman real-
time PCR reactions were performed on a Mx4000® Multiplex Quantitative PCR System
(Stratagene, Amsterdam, The Netherlands).

Other measurements
Free T3 (fT3) and free 3,5,3′,5′-tetraiodothyronine (fT4) plasma levels were measured using
an immunoassay kit (Roche Diagnostics, Mannheim, Germany). TSH could not be measured
because no reliable assay existed at the time these studies were performed.
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Statistical analysis
Results are presented as means ± s.e.m. The statistical significance of the differences
between the means of the experimental groups was tested by the Student's t-test for unpaired
data. A difference was considered statistically significant when P < 0.05.

Results
To induce severe hyperthyroidism in mice, we employed a dosage of T3 described in a
previously published study (13). After 14 days of treatment, hyperthyroid mice did not show
alterations of body weight, when compared to vehicle-treated animals (Table 1). Circulating
free thyroid hormone (fT3) was increased ~5-fold, and free tetraiodothyronine (fT4) was not
detectable in hyperthyroid animals, indicating a negative feedback inhibition of T3/T4
production in the thyroid caused by exogenously administered T3. Plasma total cholesterol
in T3-treated mice was decreased by 40%, whereas no significant changes of plasma
triglycerides were observed (Table 1). Hyperthyroid animals showed a 40% decrease of
HDL-C (FIG. 1A) with a concomitant decrease of its major apolipoprotein apoA-I (−50%)
(FIG. 1B), and no significant changes of apoB-containing lipoproteins (FIG. 1A).

Hyperthyroid animals had a 2.7-fold larger gall bladder volume, when compared to controls
(19.2 ± 2.2 μl and 52.5 ± 1.9 μl, P<0.001, n=3) (FIG. 1C), and the cholesterol concentration
in gall bladder bile was increased 2.6-fold (Table 1). In addition, these animals showed a
40% increase in hepatic cholesterol (FIG. 1D). To determine the source of increased hepatic
cholesterol, we measured cholesterol de novo synthesis, and indeed found a 2.5-fold amount
of newly synthesized cholesterol in livers of T3-treated mice (FIG. 1E). Analysis of fecal
sterol excretion in hyperthyroid mice revealed markedly increased levels of cholesterol as
well as of bile acid mass (FIG. 1F). Both control and hyperthyroid mice showed identical
plasma decay of intravenously injected [3H]HDL cholesteryl oleoyl ether (FIG. 2), thus
excluding a different HDL-C clearance. HDL-C concentrations might also be influenced by
plasma activity of phospholipid transfer protein (PLTP), the major lipid transfer protein in
the mouse (24). However, we did not observe any differences in PLTP activity between
control and hyperthyroid animals (data not shown).

Subsequently, we performed Western blot analysis of the two major hepatic proteins
involved in HDL metabolism, SR-BI and ABCA1 (3, 25-28). In agreement with [3H]HDL
turnover studies, no significant changes in the hepatic expression of the HDL-receptor SR-
BI were observed (FIG. 3A). However, ABCA1 was decreased by 40% in livers of
hyperthyroid mice (FIG. 3B). Timmins et al. have previously shown that targeted
inactivation of hepatic ABCA1 in mice results in an 80% reduction of HDL-C (29). Thus,
ABCA1 was suggested to be responsible for the vast majority of initial lipidation of lipid-
poor apoA-I (30).

Real-time PCR measurements of hyperthyroid liver specimens revealed a transcriptional
downregulation of ABCA1, increased mRNA levels of CYP7A1, the rate-limiting enzyme
for conversion of cholesterol into bile acids, and an increased expression of hepatic ATP-
binding cassette half-transporter ABCG5, which is known to promote biliary sterol secretion
upon dimerization with ABCG8 (ABCG5/G8) (31) (FIG. 4A). Yu et al. previously showed
overexpression of ABCG5/G8 to enhance biliary cholesterol secretion, to increase neutral
sterol loss via the feces, and to strongly reduce the absorption of dietary sterols (31).
Accordingly, induction of hepatic ABCG5/G8 in our hyperthyroid mice was associated with
increased biliary cholesterol levels, increased fecal neutral sterol loss and reduced plasma
phytosterol levels (FIG. 4B).
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Finally, we investigated the expression of cholesterol transporters within the small intestine
of hyperthyroid mice. No significant changes of intestinal ABCG5/G8 and Niemann-Pick
C1 Like 1 protein (NPC1L1) (32, 33) were found (FIG. 5). Interestingly, intestinal
expression of ABCA1 was increased 4-fold, which might have attenuated the fall in plasma
HDL-C (34) (FIG. 5).

Discussion
Recent work by Brewer Jr. and colleagues indicates that hepatic expression of ABCA1 is
crucial for whole body cholesterol homeostasis and, more precisely, for plasma HDL-C
levels (9, 26). Our data suggest that severe hyperthyroidism reduces HDL formation by
downregulating hepatic ABCA1, as targeted knockdown of hepatic ABCA1 expression has
been demonstrated to reduce HDL-C (28, 29). In line with the mentioned studies, we also
found a significant decrease of apoA-I plasma levels. However, we cannot rule out that other
enzymes involved in lipoprotein metabolism might play a role in the hyperthyroid scenario,
f.i. LCAT, endothelial lipase, hepatic lipase or lipid transfer proteins. In this study we
analyzed PLTP, the major transfer protein in mice, and found no effect of severe
hyperthyroidism on its plasma activity. T3 treatment has previously been shown to be
associated with increased hepatic SR-BI expression (2). Surprisingly, in our experiments,
severe hyperthyroidism did not influence SR-BI protein expression in liver. However, this
finding is in good agreement with data by Johansson et al. analyzing both T3 and a liver
selective TH analogue in mice (2).

As severe hyperthyroidism stimulated hepatic de novo cholesterol synthesis (FIG. 1E),
which is known to be conferred by the induction of HMG CoA reductase (1), the question
arised where this excess of cholesterol would be directed to. In our experiments, hepatic as
well as biliary cholesterol were increased by T3-treatment. Hyperthyroidism also increased
fecal cholesterol as well as bile acid mass, and induced hepatic expression of ABCG5 and
CYP7A1. These data suggest that increased hepatic production of cholesterol may be
counterbalanced by diverting cholesterol from the plasma to the bile and ultimately to the
feces. Increased levels of neutral sterols from the bile, in turn, may compete with cholesterol
and plant sterols of dietary origin, thus resulting in decreased intestinal absorption of dietary
sterols (35).

The presented study is based exclusively on experiments in mice. Since mice transport the
majority of plasma cholesterol as HDL, our data may not be fully applicable to the situation
in humans. In the human system, a significant portion of HDL-cholesterol is transferred to
LDL-particles via cholesteryl ester transfer protein (CETP). LDL cholesterol, in turn, is
cleared by the hepatic LDL receptor. It is known that patients with subclinical
hyperthyroidism, or patients treated with TSH-suppressive LT4 doses exhibit a significant
reduction in plasma HDL-C levels (1). Accordingly, high doses of thyroid hormone might
indeed lead to an overall impaired reverse cholesterol transport. Corresponding experiments
in a CETP-expressing animal, f.i. in rabbits, might help to further understand the role of T3
in lipoprotein metabolism.

From our results in mice we conclude that severe hyperthyroidism may reduce the formation
of nascent HDL particles by a marked downregulation of hepatic ABCA1. Our results
suggest newly synthesized cholesterol to be retained in the liver and to be actively converted
into bile salts for biliary excretion and/or directly transported into bile, thus increasing the
sterol content in feces of hyperthyroid mice.
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Abbreviations

T3 3,3′,5′-Triiodo-L-thyronine

T4 3,5,3′,5′-tetraiodothyronine

SR-BI scavenger receptor class B, type I

ABCA1 ATP-binding cassette transporter 1

ABCG5 ATP-binding cassette transporter 5, ABCG8, ATP-binding cassette transporter
8

CYP7A1 Cholesterol 7α-Hydroxylase

NPC1L1 Niemann-Pick C1 Like 1 protein

apoA-I apolipoprotein A-I

apoB apolipoprotein B

HDL-C high density lipoprotein cholesterol

LDL-C low density lipoprotein cholesterol

VLDL-C very low density lipoprotein colesterol
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FIG.1.
Hyperthyroidism lowers plasma HDL-C and promotes excretion of hepatic cholesterol.
Chow-fed Balb/c mice were treated with T3 or PBS for 14 days. (A) FPLC analysis of
pooled plasma from control and T3-treated mice (n=6 per group). (B) Immunonephelometric
measurement of plasma apoA-I concentration (n=5-6 per group). (C) Representative picture
of gall bladders from control and T3-treated animals. (D) Enzymatic analysis of hepatic
cholesterol concentration (n=6 per group). (E) Hepatic cholesterol de novo synthesis.
[14C]cholesterol [dpm] is normalized to g liver (n=6 per group). (F) Feces were collected
for 48 hours and analyzed by capillary gas chromatography (n=5-6 per group). *P < 0.05,
**P < 0.01, ***P < 0.001 versus corresponding controls; ns, non significant; data presented
in % are normalized to the respective controls.
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FIG.2.
[3H]HDL turnover study. After 14 days of treatment with T3 or PBS, 25 μg [3H] HDL
cholesteryl oleoyl ether were injected into the tail vein of control and hyperthyroid mice,
respectively and blood samples were drawn from the retrobulbar plexus at the indicated time
points. Plasma samples were analyzed by liquid scintillation counting. The radioactivity of
0.08 h post-injection is defined as 100% of injected radioactivity. ns, non significant.
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FIG.3.
Hepatic expression of the major proteins known to influence HDL-C metabolism. Western
blot analysis of (A) SR-BI and (B) ABCA1 expression (n=6 per group). Results are
representative of 3 independent studies. T3, treated with T3 for 14 days; ***P < 0.001 versus
corresponding controls; ns, non significant; data presented in % are normalized to the
respective controls.
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FIG.4.
Influence of hyperthyroidism on enterohepatic sterol metabolism. (A) Taqman real-time
PCR analysis of hepatic genes involved in cholesterol metabolism (ABCA1, ABCG5,
ABCG8) and bile acid synthesis (CYP7A1) (n=4-10 per group). (B) Gas-chromatography-
mass spectrometry analysis of diet-derived phytosterols in plasma, normalized to
cholesterol. Plasma phytosterol levels reflect intestinal absorption of cholesterol (n=5 per
group). T3, treated with T3 for 14 days; **P < 0.01 versus corresponding controls; data are
normalized to the respective controls.
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FIG.5.
Taqman real-time PCR analysis of intestinal cholesterol transporters (n=4-10 per group). T3,
treated with T3 for 14 days; *P < 0.05 versus corresponding controls; data are normalized to
the respective controls.
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Table 1

Body weight and plasma parameters of hyperthyroid mice. Chow-fed Balb/c mice were treated with T3 or PBS
for 14 days. (n=6-12 per group, unless otherwise stated). fT3, free triiodothyronine; fT4, free
tetraiodothyronine.

Control T3 P-value

Body weight (g) 19.6 ± 1.5 20.7 ± 2.3 0.34

Plasma fT3 (pmol/l) 1.8 ± 0.0 8.8 ± 0.3 < 0.001

Plasma fT4 (pmol/l) 17.4 ± 4.4 non detectable < 0.001

Plasma cholesterol (mg/dl) 89.8 ± 19.2 54.2 ± 5.3 < 0.001

Plasma triglycerides (mg/dl) 112.0 ± 23.7 123.3 ± 50.3 0.63

Biliary cholesterol (μg/μl) 2.8 5.7 (Pooled bile)
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