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Thyroid hormone b receptor activation has additive
cholesterol lowering activity in combination with
atorvastatin in rabbits, dogs and monkeys

BR Ito, B-H Zhang, EE Cable, X Song, JM Fujitaki, DA MacKenna, CE Wilker, B Chi,
PD van Poelje, DL Linemeyer and MD Erion

Department of Biological Sciences, Metabasis Therapeutics, Inc., La Jolla, CA, USA

Background and purpose: Thyroid hormone receptor (TR) agonists are in clinical trials for the treatment of hypercholestero-
laemia. As statins are the standard of clinical care, any new therapies must have adjunctive activity, when given in combination
with statins. As already known for the statins, the cholesterol lowering effect of TR activation involves increased expression of
the low-density lipoprotein receptor. Using animal models, we tested whether TR activation would have additive cholesterol
lowering activity in the presence of effective doses of a statin.
Experimental approach: We evaluated the activity of a liver-targeted prodrug, MB07811, of a novel TH receptor b agonist,
MB07344, as monotherapy and in combination with atorvastatin in rabbits, dogs and monkeys.
Key results: In rabbits, MB07344 (i.v.) decreased total plasma cholesterol (TPC) comparable to that achieved with a maximally
effective dose of atorvastatin (p.o.). The addition of MB07344 to atorvastatin resulted in a further decrease in TPC. Similarly,
the addition of MB07811 (p.o.) to atorvastatin treatment decreased TPC beyond the level achieved with either agent as
monotherapy. In dogs and monkeys, atorvastatin and MB07811 were administered as monotherapy or in combination.
Consistent with the rabbit studies, the combination treatment caused a greater decrease in TPC than either MB07811 or
atorvastatin administered as monotherapy.
Conclusions and implications: We conclude that the effects of MB07811 and atorvastatin in lowering cholesterol are additive
in animals. These results would encourage and support the demonstration of similarly improved efficacy of combination versus
monotherapy with such agents in the clinic.
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Introduction

According to the National Cholesterol Education Program
(NCEP) Adult Treatment Panel III (ATP III) guidelines, statins
[3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase inhibitors] should be the first-line therapy to decrease
low-density lipoprotein cholesterol (LDL-C) levels in patients
with dyslipidaemia (National Cholesterol Education Panel.
NHLBI NIoH, 2002). However, despite the overwhelming evi-
dence supporting the efficacy of statins, a high percentage of
patients are not reaching target LDL-C goals (Pearson et al.,

2000). The 2004 revision of the NCEP recommendations for
even lower LDL-C target levels, <1.81 mmol·L-1 (70 mg per
100 mL) for high risk patients (Grundy et al., 2004), and the
recent clinical trials demonstrating additional cardiovascular
risk reduction with aggressive cholesterol lowering have
stimulated interest in novel cholesterol lowering strategies,
particularly those that have adjunctive activity when admin-
istered in combination with a statin (Denke, 2004).

One cholesterol lowering approach has focused on com-
pounds that activate thyroid hormone nuclear receptors
(TRs). Thyroid hormones (TH) (T3 and T4) are known to be
important modulators of many aspects of lipid homeostasis
and metabolism via activation of specific TR isoforms, which
are differentially expressed among tissue types (Yen, 2001).
Compounds that activate TRs, in particular the TH receptor b
(TRb) iso form, the predominant liver TH receptor, may have
potential for the treatment of hypercholesterolaemia. Support
comes from both animal and clinical data in which enhanced
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TR activation has been associated with a reduction in LDL-C
(Abrams and Grundy, 1981; Gullberg et al., 2002; Grover
et al., 2003; Morkin et al., 2004; Johansson et al., 2005; Ratliff
et al., 2006; Erion et al., 2007; Berkenstam et al., 2008).
However, the clinical development of a TR agonist to treat
hypercholesterolaemia has been hindered due to dose-
limiting cardiotoxicity and adverse effects on the TH axis
(Ness et al., 1998; Grover et al., 2003; Morkin et al., 2004). Of
particular interest is a recent report that the TRb agonist,
KB2115, has activity to lower cholesterol in the absence of
cardiac effects and moderate activity on the thyroid axis in
man (Berkenstam et al., 2008).

Although the cholesterol lowering action of a number of
TRb agonists is well described, it is currently unknown
whether this activity would be preserved in the presence of
an HMG-CoA reductase inhibitor, such as atorvastatin. The
action of atorvastatin is mediated via up-regulation of hepatic
low-density lipoprotein receptors (LDL-R) resulting from inhi-
bition of cholesterol biosynthesis in the liver (Goldstein and
Brown, 1990). Notably, a key pathway responsible for the
cholesterol lowering effect of TR agonists is also postulated to
be increased LDL-R gene expression, although via a mecha-
nism of direct up-regulation of gene transcription (Lopez
et al., 2007). Thus, there is a possibility that TR activation
added to a statin would fail to result in a further reduction
in cholesterol which would limit its clinical utility. However,
since the mechanisms of LDL-R gene regulation are different
between the two types of agents, it is also possible there could
be additive efficacy provided by combination treatment.

The primary objective of the studies described herein was
to determine whether TR activation would have additive
activity with respect to cholesterol lowering when adminis-
tered in combination with an efficacious dose of a statin in
the rabbit, dog and monkey models. In the current studies,
TR activation was achieved utilizing the clinical candidate
MB07811 (Erion et al., 2007). MB07811 is the liver-targeted
prodrug of the novel TR agonist 3,5-dimethyl-4-(4′-hydroxy-
3′-isopropylbenzyl)-phenoxy methylphosphonic acid
(MB07344) and has been shown to have oral cholesterol
lowering activity in a variety of animal models (Erion et al.,
2007). MB07344 exhibits a TRb binding affinity Ki of
2.17 � 0.03 nmol·L-1, and a Ki TRa/Ki TRb ratio of 15.8,
whereas MB07811 has low TR affinity (>12 mmol·L-1). We
report that MB07811/MB07344 had adjunctive activity
when given in combination with atorvastatin in all three
species. These results are supportive of the potential for TR
agonists, such as MB07811, to have clinical utility as a treat-
ment to further lower cholesterol in those patients who do
not successfully achieve cholesterol goals with statin treat-
ment alone.

Methods

Animals
All animal studies were conducted in accordance with the
National Research Council Guide for the Care and Use of
Laboratory Animals. Animal use protocols for the rabbit and
dog studies were approved by the Metabasis Institutional
Animal Use and Care Committee (IACUC). Monkey studies

were approved by the MPI Research IACUC. Male New
Zealand White (NZW) rabbits (2.5–3 kg) (Rabbit Source,
Ramona, CA) were maintained on a 7 AM–7 PM light schedule
with an ad libitum diet of standard lab chow (Purina #5321) or
lab chow formulated with 0.2% cholesterol (Research Diets,
New Brunswick, NJ). Male and female purpose-bred class A
beagle dogs (8–12 kg) (Harlan, IN and Marshall Farms, NY)
were maintained on a 7 AM–7 PM light schedule and a dog
chow diet (Premium Edge, MO) with free access to water.
Cynomolgus monkey studies were conducted under contract
with MPI Research Inc. (Mattawan, Michigan). Monkeys
(male: 4.1–7.5 kg; female: 2.6–3.9 kg) were maintained on a
normal chow diet (Lab Diet #5048). Blood samples for cho-
lesterol measurements were obtained from conscious animals
via a superficial peripheral vein.

Experimental procedures
Activity of atorvastatin in normocholesterolemic and hypercholes-
terolaemic rabbits These studies were designed to determine the
dose-response activity of atorvastatin in normocholestero-
laemic and diet-induced hypercholesterolaemic rabbits. In the
normocholesterolaemic study, NZW rabbits (n = 25) were accli-
matized to the facility (>2 weeks) and maintained on a stan-
dard Purina #5321 chow diet prior to study initiation.
Following baseline cholesterol measurements taken over a 2
week period, animals were assigned (five per group) to the
control or atorvastatin treated groups (0.1, 0.3, 1 and
3 mg·kg-1·day-1) such that baseline cholesterol levels were
similar among the groups. Total plasma cholesterol (TPC)
measurements were repeated at weekly intervals for a total
of 3 weeks. In the hypercholesterolaemic study, rabbits were
acclimatized on a normal chow diet and baseline TPC measure-
ments made prior to introduction of the 0.2% cholesterol diet.
This diet was maintained for approximately 5 weeks with
weekly TPC determinations prior to study enrolment. After
5 weeks, animals were separated into four experimental
groups (control, atorvastatin 1 mg·kg-1·day-1, atorvastatin
3 mg·kg-1·day-1, and atorvastatin 6 mg·kg-1·day-1) such that
average cholesterol levels were similar among the groups.
Except for the 6 mg·kg-1·day-1 group, animals were maintained
on their respective atorvastatin (AT)-containing diets for an
additional 6 weeks. In this latter group (120 p.p.m. atorvasta-
tin in diet), severe reductions in food intake were observed in
several animals over 5 days. Consequently, all animals in this
group were switched to the 1 mg·kg-1·day-1 atorvastatin diet for
days 6–11, and then to the 3 mg·kg-1·day-1 level from day 11 to
the end of the study. Body weight and food intake were
measured daily in all animals.

Activity of MB07344 as monotherapy and in combination with
atorvastatin in normal rabbits The focus of this experiment was
to determine whether parenteral administration of the active
TR agonist, MB07344, would have adjunctive activity to ator-
vastatin in the normal rabbit model. In this study, 32 rabbits
(2.6–3.7 kg) were acclimatized for 29 days prior to entrance
into the protocol. Baseline daily food intake was monitored
and blood samples were collected via a superficial ear vein
into potassium EDTA tubes, once on day -7, and again on day
0 to obtain two points for measurement of baseline TPC.
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Rabbits were randomized into four treatment groups (n = 8
per group) such that the average TPC were similar among the
groups. The groups were non-drug control, atorvastatin alone,
atorvastatin + MB07344, and MB07344 alone. The duration
of the experiment was 5 weeks with blood samples taken
weekly from each animal. Animals in the control group were
maintained on the normal chow diet for the entire 5 week
period with vehicle administration (saline) for the last 3
weeks on the same schedule as the MB07344 treated animals.
Animals in the atorvastatin alone group were switched to the
atorvastatin containing diet on day 0 and maintained on the
diet for the entire 5 week period. These animals received
vehicle for the last 3 weeks. Animals in the atorvastatin +
MB07344 group were also maintained on the atorvastatin diet
from day 0 for 5 weeks, but received MB07344 (0.05 mg·kg-1)
via an ear vein 3 times per week for the last 3 weeks. Animals
in the MB07344 alone group were maintained on the normal
chow diet for the entire 5 week period but were treated with
MB07344 (0.05 mg·kg-1) 3 times per week for the last 3 weeks.
Body weight and food intake were monitored daily for all
animals. There were no significant effects on either body
weight or food intake (measured daily) among the experimen-
tal groups.

Activity of MB07811 in normal and hypercholesterolaemic
rabbits These experiments were conducted to determine
the oral efficacy of MB07811 in the normal and hypercholes-
terolaemic rabbit models. For the evaluation in normal
rabbits, following baseline TPC measurements, animals were
randomized into control (n = 6) and MB07811 groups
(10 mg·kg-1·day-1, n = 6). Drug treatment (MB07811,
200 p.p.m. in diet) was instituted for 4 weeks with daily moni-
toring of food intake and body weight. TPC measurements
were obtained weekly as previously described. In hypercho-
lesterolaemic rabbits, a separate cohort of rabbits was placed
on a diet containing 0.2% cholesterol. After 4 weeks, when
TPC levels had increased to 13.0–15.5 mmol·L-1, animals were
randomized to control (n = 7) and MB07811-treated (n = 8)
experimental groups. MB07811 animals were treated with
MB07811 (added to 0.2% cholesterol diet) at a dose of
5 mg·kg-1·day-1 for 2 weeks followed by 10 mg·kg-1·day-1 for
an additional 5 weeks. TPC, body weight and food intake
measurements were obtained weekly.

Adjunctive activity of MB07811 in combination with atorvastatin
in normocholesterolaemic rabbits To evaluate the oral activity
of MB07811 when administered as adjunctive treatment
to atorvastatin, an experimental design similar to the
MB07344 � atorvastatin study described above was
employed. The experimental groups (n = 6/group) were non-
drug control, atorvastatin alone (3 mg·kg-1·day-1), MB07811
alone (10 mg·kg-1·day-1) and atorvastatin (3 mg·kg-1·day-1)
+ MB07811 (10 mg·kg-1·day-1). The duration of atorvastatin
exposure prior to initiation of MB07811 treatment was
increased to 3 weeks to ensure that TPC levels were stable
prior to administration of MB07811. All other aspects of the
protocol were identical to the MB07344 � atorvastatin study.
As with the first combination study, there were no significant
effects on either body weight or food intake among the
experimental groups.

MB07811 and atorvastatin monotherapy/combination efficacy in
dogs A study was conducted in six male and six female dogs
utilizing a three-way crossover design consisting of two male
and two female dogs/group, three treatment groups/cycle,
and three treatment cycles. The experimental groups were
MB07811 (30 mg·kg-1·day-1), atorvastatin (10 mg·kg-1·day-1)
or a combination of MB07811 (30 mg·kg-1·day-1) and atorvas-
tatin (10 mg·kg-1·day-1) administered by oral gavage daily for
seven consecutive days. The dose of atorvastatin was chosen
as 10 mg·kg-1·day-1 as this has been determined to be the
no-adverse-effect level in chronic studies in dogs (C. Wilker,
pers. comm.). A washout period of a minimum of 14 days was
imposed between each cycle. With this experimental design,
each dog received all three treatment regimens over the
course of the study. Venous blood samples for blood choles-
terol measurements were obtained in each animal at t = 0 h
before the first dose (pre-dose) and then 24 h after the 7th
dose for each treatment cycle. Both MB07811 and atorvasta-
tin were formulated as uniform suspensions in 0.5%
carboxymethyl cellulose, and 1% Lutrol in water and admin-
istered by oral gavage at 2 mL·kg-1.

MB07811 and atorvastatin monotherapy efficacy in monkeys Six
male and six female cynomolgus monkeys were instru-
mented with electrocardiogram leads, pressure transducers,
and telemetry units and allowed to recover for at least
1 week prior to study initiation. MB07811 (0.03–
30 mg·kg-1·day-1 in half-log increments), atorvastatin
(0.3–30 mg·kg-1·day-1 in half-log increments) or vehicle
(polyethylene glycol 400) was administered orally to groups
of three male and three female monkeys on a daily basis for
7 days. Blood was drawn prior to dosing on day 1 (pre-dose)
and approximately 24 h after the final dose on day 8 to
assess serum cholesterol and clinical chemistry parameters.
Treatment stopped on day 8 and the animals were subjected
to a washout period of at least 7 days prior to the next
treatment. Animals were cycled through 6–8 treatments over
the course of the study. Vehicle was administered on two
separate cycles, so all animals received vehicle.

MB07811 and atorvastatin monotherapy/combination efficacy
and pharmacokinetics in monkey A study was conducted to
evaluate both the cholesterol lowering activity and pharma-
cokinetics of MB07811 and atorvastatin alone and in combi-
nation in cynomolgus monkeys. A total of six male and six
female non-naïve cynomolgus monkeys were assigned to the
study. Groups of four monkeys (two males and two females)
were placed under one of three oral treatment regimens: (i)
3 mg·kg-1·day-1 of MB07811 for 8 days; (ii) 3 mg·kg-1·day-1 of
atorvastatin for 8 days; and (iii) a combination of
3 mg·kg-1·day-1 of MB07811 and 3 mg·kg-1·day-1 of atorvasta-
tin for 8 days. The vehicle for all treatments was polyethylene
glycol-400. Prior to treatment and at 24 h following the 7th
dose, blood samples were collected from the femoral vein or
artery and serum prepared for analysis of total cholesterol.
Blood was also collected on the final day (day 8) of compound
administration at 0 (pre-dose), 0.5, 1, 2, 4, 8, 12 and 24 h post
last dose (day 9) for each regimen for pharmacokinetic evalu-
ation. For this latter purpose, plasma proteins from plasma
samples (50 mL) were precipitated by addition of methanol
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(75 mL). After 20 min of centrifugation (Eppendorf microfuge)
at 1500¥ g and room temperature, the resulting supernatant
was collected and concentrations of MB07811, AT and their
respective active metabolites MB07344 and hydroxy-
atorvastatin were measured by liquid chromatography-
tandem mass spectroscopy (LC-MS/MS) as described below.
Non-compartmental pharmacokinetic analysis was performed
on the resulting plasma concentration-time profiles for each
analyte using WinNonLin (ver. 1.1; Scientific Consultants,
Cary, NC). The pharmacokinetic variables measured were
defined as follows: AUClast, the area under the curve from the
time of dosing (t = 0) to the last measurable concentration
(24 h); Cmax, maximum observed concentration; MRT, mean
residence time from the time of dosing to the time of the last
measurable concentration and t1/2, terminal half-life esti-
mated via linear regression of the time versus log concentra-
tion plot.

Following washout periods of 2 weeks, the monkeys were
crossed over (three-way crossover design) into different treat-
ment groups such that each group of four animals received all
three dosing regimens.

LC-MS/MS analysis
A 10 mL plasma extract aliquot was injected onto a Gemini
C18 column (5 mm, 2 ¥ 50 mm, Phenomenex) fitted with a
Gemini C18 guard column (5 mm, 4.0 ¥ 3.0 mm, Phenom-
enex, Torrance, CA) and eluted with a gradient consisting
of mobile phase A (20 mmol·L-1 N,N-dimethylhexylamine
and 10 mmol·L-1 propionic acid in 20% methanol) and B
(20 mmol·L-1 N,N-dimethylhexylamine and 10 mmol·L-1 pro-
pionic acid in 80% methanol) at a flow rate of 0.4 mL·min-1

(0 min, 60% B; 0–0.5 min, 60–100% B; 0.5–6 min, 100% B;
6–6.1 min, 100–60% B; 6.1–9 min, 60% B). The injector
temperature was set at 10°C. Elution times for MB07344,
MB07811, atorvastatin and hydroxyatorvastatin were
approximately 2.7, 4.9, 2.3 and 2.2 min respectively.
MB07811, MB07734, AT and hydroxyatorvastatin were
detected using the MS/MS mode (513/63.1 for MB07811,
363.3/63.1 for MB07344, 557.5/278.4 for AT and 573.5/278.4
for hydroxyatorvastatin) and quantified by comparison of
peak areas to standard curves obtained by adding known
concentrations of the analytes to blank monkey plasma. Cali-
bration curves ranging from 1 to 3000 ng·mL-1 for MB07344
and MB07811 (LOQ of 1 ng·mL-1) and from 0.1 to
3000 ng·mL-1 for atorvastatin (LOQ of 0.1 ng·mL-1) were gen-
erated. Although there is more than one possible isomer of
hydroxyatorvastatin, this assay could not distinguish between
them. As hydroxyatorvastatin standards were not available,
plasma concentrations of this analyte were estimated using
the atorvastatin calibration curve.

Data analysis
Statistical analyses The data are presented as mean with the
standard error of the mean (SEM) or standard deviations (SD)
as indicated. To determine treatment effects, statistical analy-
sis was performed in two ways: paired t-test, animal-by-
animal comparison in which measurements were made in
each animal before and after each intervention (i.e. before

and after MB07811 or atorvastatin); or multiple-group com-
parison with one-way analysis of variance (ANOVA) applied to
three or more treatment groups. P-values of less than 0.05
were considered statistically significant and are indicated by
asterisks in the graphs.

Materials
MB07344 was synthesized (Erion et al., 2004) at Metabasis
Therapeutics, formulated in saline and sterile filtered for
intravenous administration. Atorvastatin was purchased
from ChemPacific Corporation (Baltimore, MD) and formu-
lated at 2, 6, 20, 60 and 120 p.p.m. in either Purina #5321
normal rabbit chow or Purina #5321 supplemented with
0.2% cholesterol (Research Diets, New Brunswick, NJ). These
concentrations were calculated to give an atorvastatin expo-
sure of 0.1–6 mg·kg-1·day-1 based on rabbit food consump-
tion of 50 g·kg-1·day-1. Diet concentrations of atorvastatin of
3 mg·kg-1·day-1 (60 p.p.m.) and lower were well tolerated
with minor effects (<10% decrease) on food consumption.
MB07811 was synthesized (Erion et al., 2004) at Metabasis
Therapeutics and formulated at 1, 3, 10 mg·kg-1·day-1 (20, 60
and 200 p.p.m.) in Purina #5321 or 0.2% cholesterol supple-
mented rabbit chow (Research Diets, New Brunswick, NJ).
These concentrations were also well tolerated with minor
effects on food consumption (<10% decrease) and no
effects on body weight. Infinity Cholesterol Liquid Stable
Reagent Kit (Lot: D04362) and cholesterol standard for
measurement of TPC were purchased from ThermoDNA
(Arlington, TX) and used for all rabbit studies. Measure-
ments of cholesterol for the dog studies were conducted by
a commercial diagnostic laboratory (IDEXX, Sacramento,
CA). Cholesterol measurements for the monkey studies were
determined with an automated analyser (Olympus AU600)
at MPI Research.

Results

Rabbit studies
Activity of atorvastatin in normocholesterolaemic rabbits As
shown in Figure 1, oral treatment of normocholesterolaemic
animals with atorvastatin from 0.1 to 3 mg·kg-1·day-1 resulted
in a dose-dependent reduction in TPC, with equivalent effects
in the dose range of 0.3–3 mg·kg-1·day-1. At the dose of
3 mg·kg-1·day-1, TPC fell by 31 � 9% compared with pre-
treatment baseline values which is similar in magnitude to
that reported in published studies evaluating atorvastatin
in the normolipidaemic rabbit (Alegret et al., 1998; Rashid
et al., 2002). In a pilot study (data not shown) a dose of
10 mg·kg-1·day-1 of atorvastatin was not well tolerated and
resulted in a large (>75%) reduction in food intake and clini-
cal signs of hepatic toxicity. Based on these findings, the dose
level of 3 mg·kg-1·day-1 was chosen as the maximally effica-
cious and tolerated dose of atorvastatin to be used in subse-
quent studies.

Activity of MB07344 as monotherapy and in combination with
atorvastatin in normal rabbits The objective of this rabbit study
was to determine if MB07344 would have adjunctive activity
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to a maximally efficacious dose of atorvastatin. The four
experimental groups (vehicle control, atorvastatin alone,
MB07344 alone and MB07344 + atorvastatin combination)
and timing of drug treatment are depicted in Figure 2A. As
shown in Figure 2B, cholesterol levels in the model were quite
stable as TPC in vehicle control animals remained within 10%
of baseline levels for the duration of the 5 week protocol. As
observed previously, animals treated with atorvastatin alone
exhibited a significant (P < 0.05) and stable reduction in TPC
of 30–35% compared with baseline levels. The animals in the
combination group, prior to MB07344 administration (weeks
1–2), exhibited a similar decrease in cholesterol. Importantly,
MB07344 treatment administered as an adjunct to atorvasta-
tin (starting at week 2) in the combination group was associ-
ated with a further significant reduction in TPC to 55 � 8%
compared with baseline. As shown in Figure 2C, MB07344
treatment as monotherapy starting at week 2 in the MB07344-
alone group resulted in a decrease of 33–36% compared with
baseline, which was comparable to that achieved with atorv-
astatin alone (Figure 2B).

Activity of MB07811 in normal rabbits The studies described
above supported the concept that parenteral administration
of MB07344 had additive cholesterol lowering activity to a
maximal dose of atorvastatin in the rabbit model. However, it
is known that this compound has poor oral bioavailability
(Erion et al., 2007). Thus, an orally available prodrug of
MB07344, MB07811 which is the clinical candidate, was also
studied in these rabbit models. As shown in Figure 3, oral
administration of MB07811 at 10 mg·kg-1·day-1 to rabbits on a
normal chow diet resulted in a marked and significant reduc-
tion in TPC of 35–42% within 2 weeks that was sustained to
the end of the 4 week evaluation.

Adjunctive activity of MB07811 in combination with atorvastatin
in normocholesterolaemic rabbits As MB07811 administered as
monotherapy was able to lower TPC in rabbits, a study was
performed to evaluate the adjunctive activity of orally

administered MB07811 to atorvastatin-treated rabbits. The
results from this study are shown in Figure 4. Initial baseline
TPC concentrations were similar among the four experimen-
tal groups and ranged from 1.11 to 1.24 mmol·L-1. Similar
to previous observations, TPC values remained stable in
animals in the vehicle control group whereas treatment with
atorvastatin as monotherapy at 3 mg·kg-1·day-1 resulted in a
significant and stable reduction (ª40%) in TPC over the
duration of the 5 week protocol (data not shown). In the
atorvastatin + MB07811 combination group, the baseline
TPC of 1.24 � 0.28 mmol·L-1 was significantly decreased to
0.82 � 0.16 mmol·L-1 with the addition of atorvastatin (32%
decrease). Adjunctive treatment with oral MB07811 resulted
in a further decrease in TPC to 0.47 � 0.08 mmol·L-1 which
was 59 � 3% of baseline levels.

Activity of atorvastatin and MB07811 in hypercholesterolaemic
rabbits In contrast to the results in normocholesterolaemic
rabbits, atorvastatin was without pronounced cholesterol
lowering effect in the cholesterol-fed rabbit (Figure 5A). These
animals exhibited an average increase in TPC to approxi-
mately 13.0–15.5 mmol·L-1 after 5 weeks on the 0.2% choles-
terol enriched diet. After an additional 6 weeks, there was a
further increase in cholesterol in control animals to over
23.3 mmol·L-1, whereas animals treated with atorvastatin did
not increase further. Notably, in these animals atorvastatin
treatment was not associated with dose-dependent effects nor
pronounced cholesterol lowering activity even at the highest
tolerated dose (3 mg·kg-1·day-1) in contrast to what was
observed in chow-fed rabbits. This lack of pronounced effect
of statins in the cholesterol-fed rabbit is an expected result
based on the literature (Bocan et al., 2001; Bolayirli et al.,
2007). In a separate group of animals on the high cholesterol
diet with TPC values >13 mmol·L-1, the administration of
MB07811 at 10 mg·kg-1 was associated with a significant
decline of cholesterol below pre-treatment levels and com-
pared with control animals (Figure 5B). However, in contrast
to what was observed in normal animals, longer exposure
times were required (4–5 weeks).

Dog studies
In the three-way crossover study of MB07811 and atorvastatin
conducted in beagle dogs, the average pre-dose cholesterol
levels were not significantly different between groups
(MB07811: 4.66 � 0.23 mmol·L-1; atorvastatin: 4.73 �

0.34 mmol·L-1; MB + atorvastatin: 4.97 � 0.36 mmol·L-1). The
animal-by-animal responses to the three treatments are shown
in Figure 6A. All animals exhibited a clear decrease in choles-
terol in response to MB07811 treatment whereas the response
to atorvastatin was more modest. Notably, all animals exhib-
ited a marked decrease in cholesterol with combined treat-
ment, irrespective of starting cholesterol levels. The 7 day
treatment with either MB07811 or atorvastatin resulted in a
significant decrease in serum cholesterol compared with pre-
dose levels (P < 0.01) (Figure 6B). Importantly, and in agree-
ment with observations in the rabbit, the combination
treatment was associated with a significantly greater decrease
in cholesterol compared with either MB07811 or atorvastatin
given as monotherapy (P < 0.01).
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Monkey studies
MB07811 and atorvastatin monotherapy efficacy in monkey As
shown in Figure 7A, MB07811 lowered total cholesterol in
cynomolgus monkeys by 34% after 7 days of treatment with
a dose of 30 mg·kg-1·day-1. The effects were dose related with
a minimum efficacious dose of 0.1 mg·kg-1·day-1 resulting in a
23% decrease in total cholesterol. Atorvastatin demonstrated
similar maximal efficacy (33% decrease in total cholesterol at
30 mg·kg-1·day-1), but had a higher minimal efficacious dose
(10 mg·kg-1·day-1) than MB07811 when administered orally.
No significant cardiovascular effects were observed with
either MB07811 or atorvastatin. Based on these results an
intermediate dose of 3 mg·kg-1·day-1 was chosen for a subse-

quent study evaluation of the efficacy and PK profiles of
MB07811 and atorvastatin given as monotherapy and in
combination.

MB07811 and atorvastatin pharmacokinetics in monkey The
average pharmacokinetic parameters derived from the indi-
vidual concentration-time profiles of each analyte (MB07811,
MB07344, atorvastatin and hydroxyatorvastatin) are shown
in Tables 1 and 2. There were no significant differences in the
pharmacokinetics of either MB07811 or atorvastatin and their
respective metabolites when given in combination compared
with each as monotherapy. In addition, the MB07344/
MB07811 and hydroxyatorvastatin/atorvastatin ratios of
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Table 1 Pharmacokinetic parameters for MB07811 and MB07344 following MB07811 monotherapy or in combination with atorvastatin (AT)
on day 8 in monkeys

Group Analyte AUClast (mg·h·mL-1) Cmax (mg·mL-1) MRT (h) t1/2 (h)

MB07811 MB07811 0.07 � 0.06 0.012 � 0.006 4.47 � 2.51 4.09 � 1.35
MB07811 + AT MB07811 0.09 � 0.10 0.021 � 0.020 4.50 � 1.75 5.35 � 4.10
MB07811 MB07344 2.05 � 0.81 0.19 � 0.10 8.47 � 1.17 7.29 � 2.20
MB07811 + AT MB07344 2.55 � 1.22 0.25 � 0.11 7.73 � 1.47 6.83 � 3.23

Data shown in Table are means � SD from 12 animals per group.
AUClast, area under the curve; Cmax, maximum observed concentration; MRT, mean residence time; t1/2, terminal half-life.

Table 2 Pharmacokinetic parameters for atorvastatin (AT) and hydroxyatorvastatin (AT-OH) following atorvastatin monotherapy or in
combination with MB07811 on day 8 in monkeys

Group Analyte AUClast (mg·h·mL-1) Cmax (mg·mL-1) MRT (h) t1/2 (h)

AT AT 0.06 � 0.02 0.009 � 0.005 4.47 � 2.51 8.00 � 1.47
MB07811 + AT AT 0.07 � 0.04 0.013 � 0.009 6.98 � 1.41 7.56 � 2.92
AT AT-OH 0.10 � 0.07 0.007 � 0.004 10.23 � 1.37 14.14 � 3.57
MB07811 + AT AT-OH 0.09 � 0.06 0.008 � 0.004 8.71 � 1.72 10.62 � 4.35

Data shown in Table are means � SD from 12 animals per group.
AUClast, area under the curve; Cmax, maximum observed concentration; MRT, mean residence time; t1/2, terminal half-life.
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AUClast values observed after monotherapy treatment (i.e. 29
and 1.7 respectively) remained relatively unchanged follow-
ing combination therapy (i.e. 28 and 1.3 respectively) in male
or female animals. These data indicate that the major routes
of absorption, metabolism and elimination of MB07811 and
atorvastatin were largely unaffected by MB07811 and atorv-
astatin co-administration.

Activity of MB07811 as monotherapy and in combination with
atorvastatin in normocholesterolaemic monkeys As shown in
Figure 7B, MB07811 (3 mg·kg-1·day-1) or atorvastatin
(3 mg·kg-1·day-1) treatment of monkeys for 7 days signifi-
cantly lowered total serum cholesterol by 0.62 � 0.10 and
0.41 � 0.10 mmol·L-1 respectively. Importantly, as was seen
in rabbits, the administration of MB07811 and atorvastatin in
combination resulted in a significantly more pronounced
reduction in total serum cholesterol than that observed
with either test compound alone, a 1.01 � 0.13 mmol·L-1

(32 � 3%) decrease from baseline values (Figure 7B,C).

Discussion

Statins decrease cholesterol by inhibition of de novo meva-
lonate synthesis from acetyl CoA via the rate-limiting HMG-
CoA reductase enzyme and by up-regulation of LDL-R thereby
increasing hepatocyte cholesterol uptake (Slater and Mac-
Donald, 1988; Goldstein and Brown, 1990; Qin et al., 1992).
Increased LDL-R expression also plays a role in the cholesterol
lowering effects of TH and synthetic TR agonists (Staels et al.,
1990; Ness and Lopez, 1995; Bakker et al., 1998; Lopez et al.,
2007) that can be mediated directly via a thyroid responsive
element on the hepatic LDL-R promoter (Lopez et al., 2007) as
well as secondarily through activation of SREBP-2 (Shin and
Osborne, 2003).

As nearly all patients with hypercholesterolaemia are
prescribed statins (ª95%), with the majority not reaching
recommended target LDL-C levels, we evaluated whether TR
activation in combination with a statin could produce a
further reduction in cholesterol beyond a statin alone. The
common mechanism of increased LDL-R involved in the cho-
lesterol lowering action of both statins and TR activation
brings into question whether their activity would indeed be
additive. To our knowledge, there are no publications dem-
onstrating the additive activity of TR activation in combina-
tion with a statin. To evaluate this question in the present
studies, MB07344 and MB07811 were tested alone and in
combination with atorvastatin in rabbit, dog and monkey
animal models. The rabbit is a widely utilized animal model
in atherosclerosis research and is responsive to a variety of
cholesterol lowering agents including HMG-CoA reductase
inhibitors and bile acid-binding resins (Bocan, 1998; Aikawa
and Libby, 2000; Rashid et al., 2002). Although chow-fed dogs
are not a model of atherosclerosis, there is precedence for
their use to evaluate the activity of cholesterol lowering
agents in combination with a variety of statins (Davis et al.,
2001). Non-human primates are also frequently employed to
evaluate the efficacy of potential anti-hyperlipidaemic thera-
peutics and have been shown to be responsive to statins as
well as TR agonists (Bocan, 1998; Grover et al., 2003). Employ-

ing these three animal models we report a consistent finding
that TR activation with MB07344/MB07811 results in adjunc-
tive and additive activity when given in combination with
atorvastatin.

Potential drug–drug interactions
The conversion of atorvastatin and its inactive metabolite,
atorvastatin lactone, to their corresponding hydroxy acids by
CYP3A4 is their major clearance pathway in vivo (Jacobsen
et al., 2000). Similarly, the activation of the MB07811 prodrug
to the active TR agonist MB07344 is dependent upon hepatic
CYP3A4-mediated cleavage (Erion et al., 2004; 2007). In
recognition of this common pathway, a potential drug–drug
interaction was assessed early in the development of
MB07811. In vitro studies indicated that neither MB07344
nor MB07811 inhibited CYP3A-mediated testosterone-6b-
hydroxylation in human liver microsomes (Fujitaki, unpubl.
obs.). Additionally, results from the monkey study reported
herein showed no change in the plasma AUC or Cmax of either
drug or their metabolites when administered in combination
for 8 days at therapeutic doses, when compared with each
drug administered individually. These results indicate that
MB07811 does not suppress or induce CYP3A-mediated
metabolism of atorvastatin. This finding is not surprising
given that hepatic concentrations of HepDirect prodrugs rise
only transiently and remain far below their Km for CYP3A due
to efficient conversion to the phosphonic acid.

Normocholesterolaemic rabbits, dogs and monkeys
In the present studies, atorvastatin decreased TPC in normal
chow-fed rabbits producing a maximal decrease of approxi-
mately 31% at the maximally tolerated dose of
3 mg·kg-1·day-1. Importantly, both MB07344 and MB07811
further reduced cholesterol when given as an adjunctive treat-
ment to this dose of atorvastatin resulting in decreases in
cholesterol to 55% and 59% of baseline respectively (Figures 2
and 4). Additional support for this adjunctive activity was
provided from complimentary data obtained in the dog as
well as the monkey models (Figures 6 and 7). Consistent with
data previously obtained in the rodent (Erion et al., 2007),
MB07811 treatment of monkeys also resulted in dose-
dependent cholesterol lowering activity (Figure 7A). Impor-
tantly, the magnitude of this response was similar to that
observed with atorvastatin, over the range of tested doses.

There are many results that elucidate the possible mecha-
nisms of this adjunctive activity. Cholesterol homeostasis is
maintained by coordinate regulation of three major path-
ways: (i) de novo synthesis in which HMG-CoA reductase is the
rate limiting step; (ii) cholesterol uptake via LDL-R; and (iii)
cholesterol elimination via the formation of bile acids. The
activity of MB07344/MB07811 is unlikely to be mediated via
effects on the de novo synthetic pathway since statins are
potent HMG-CoA enzyme inhibitors and the reported effect
of T3 or synthetic TR agonists on hepatic HMG-CoA reductase
is reported to be up-regulation (Sample et al., 1987; Ness et al.,
1998). In contrast, there is considerable literature implicating
LDL-R in mediating the cholesterol-modifying effects of TH.
Consistent with this concept, we previously reported that
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MB07811 treatment increases LDL-R mRNA expression in
euthyroid SD rats, diet-induced obese mice and thyroidecto-
mized SD rats (Erion et al., 2007). The third cholesterol
regulatory pathway is the biliary elimination route. Bile acid
synthesis is the major pathway of cholesterol degradation in
mammals and approximately 40% of cholesterol removal
from the body occurs via degradation to bile acids (Vlahcevic
et al., 1991). It is also known that CYP7A is the rate-limiting
enzyme in the conversion of cholesterol to bile acids (Chiang,
2004). TH plays an important role in the regulation of CYP7A
and positively regulates gene expression in rats and rat hepa-
tocytes (Hylemon et al., 1992; Ness and Lopez, 1995; Pandak
et al., 1997). As we showed previously that MB07811 treat-
ment of rats also results in a significant up-regulation of
CYP7A in euthyroid animals (Erion et al., 2007), it is plausible
that the MB07344/MB07811-induced decrease in cholesterol
observed in the present studies could be in part mediated via
the up-regulation of CYP7A. Notably, increased bile acid syn-
thesis is associated with administration of the TR agonist
KB2115 in man (Berkenstam et al., 2008). Of relevance to the
current study, it is known that inhibition of cholesterol
synthesis with a statin results in a decrease in CYP7A activity,
enzyme mass, steady-state mRNA levels and bile acid synthe-
sis (Pandak et al., 1990; Jones et al., 1993). One can speculate
that this may be a limiting factor with respect to statin cho-
lesterol lowering activity, which may be overcome with the
addition of a TR agonist such as MB07811.

Activity in hypercholesterolaemic rabbits
Differences in the cholesterol lowering mechanism of
MB07344/MB07811 compared with statins are highlighted
by findings of others and our studies here showing that ator-
vastatin does not have a pronounced lowering effect on cho-
lesterol in rabbits fed a high cholesterol diet, even when
administered at maximally tolerated doses (Bocan et al.,
2001; Bolayirli et al., 2007). The relative lack of effect of
HMG-CoA reductase inhibitors in the cholesterol-fed model
is presumably due to down-regulation of SREBP-2, LDL-R,
and reduced activity of de novo cholesterol synthetic
enzymes including HMG-CoA synthase and reductase
(Horton et al., 2002). Importantly, it was demonstrated here,
that in contrast to atorvastatin, MB07811 caused similar cho-
lesterol lowering in the diet-induced hypercholesterolaemic
condition as it did in normocholesterolaemic animals. It
should be noted that neither MB07344 nor MB07811 treat-
ment were associated with changes in body weight or food
intake commonly observed with hyperthyroidism in animals
and man and is consistent with a liver-targeted effect.
Limited non-hepatocyte uptake of MB07344, as well as the
role of TRa1 regulation of food intake (Pantos et al., 2007),
are possible explanations. Although not the focus of the
studies described here, the reduced effect of MB07811 on the
TH axis compared with KB-141 or T3 has been previously
demonstrated (Erion et al., 2007) and is also consistent with
a liver-targeted activity.

There is also a body of literature implicating CYP7A in the
known exaggerated response to dietary cholesterol in rabbits.
Unlike rodents, in which cholesterol feeding increases bile
acid synthesis by up-regulating CYP7A mRNA and activity

(Jelinek et al., 1990; Jones et al., 1993), cholesterol feeding
decreases CYP7A in rabbits (Xu et al., 1995; 1996), monkeys
(Rudel et al., 1994) and hamsters (Horton et al., 1995).
Further, increasing hepatic CYP7A by bile acid depletion was
shown to decrease plasma cholesterol in both NZW and
Watanabe heritable hyperlipidemic rabbits on a normal chow
diet, although baseline cholesterol levels in these two strains
were expectedly quite different (Xu et al., 1996). An impor-
tant conclusion from this study was that plasma cholesterol
could be reduced when CYP7A was stimulated, even in the
absence of LDL receptor function. A similar result was
recently reported in a LDL-R deficient mouse model, which
overexpresses CYP7A (Ratliff et al., 2006). Thus, one can
speculate that an increase in cholesterol disposal via
TR-mediated up-regulation of CYP7A may be involved in the
effects of MB07811 seen in both normal and cholesterol-fed
animals.

Benefit
Although statins are the drug of first choice for lowering
LDL-C, most moderately high and high-risk patients will
require high-dose statin or combination therapy to reach
the more aggressive ATP III LDL-C target levels of 1.81–
2.59 mmol·L-1 (70–100 mg per 100 mL) (Grundy et al., 2004).
Further, it is also known that doubling the dose of a statin
achieves only about a 6% decrease in LDL-C, and that increas-
ing the dose is associated with a higher rate of adverse events
leading to discontinuation (Davidson and Toth, 2004). Thus,
combination therapy by adding a TR agonist to low or mod-
erate dose statin therapy may increase the per cent of patients
reaching target cholesterol levels and decrease the statin-
related adverse events. Additionally, there is a subpopulation
of hypercholesterolaemic patients that may especially benefit
from combination therapy with a TR agonist. Cholesterol
absorption in humans is highly variable, and patients who
have the ‘hyper-absorber’ phenotype respond suboptimally to
statins (Gylling and Miettinen, 2002; Hoenig et al., 2007). In
these individuals, combination therapy (i.e. statins plus
ezetimibe) resulting in inhibition of both cholesterol synthe-
sis and absorption can be efficacious. The results presented
here also suggest that a TR agonist such as MB07811 might be
useful in these patients.

Limitations

One of the limitations of the results presented in these studies
is that complete dose-response evaluations of the cholesterol
lowering activity of atorvastatin or TR activation with
MB07811/MB07344 were not determined in these pre-clinical
models. Although MB07811/MB07344 administration was
efficacious in further lowering cholesterol in the presence of a
maximally tolerated dose of atorvastatin in the normocholes-
terolaemic rabbit (Figures 1, 2 and 5), it is unclear whether
this would be the case in hypercholesterolaemic models or in
man and additional experiments are warranted. What is clear
is that the clinical utility of combination therapy for hyper-
cholesterolaemia will be dose-dependent and highly influ-
enced by the tolerability and side-effect profile. Nonetheless,

TR activation as adjunct to atorvastatin
BR Ito et al 463

British Journal of Pharmacology (2009) 156 454–465



the experiments presented here do support the concept that
TR activation with a compound such as MB07811 can provide
additional cholesterol lowering in the presence of efficacious
doses of a statin.

In summary, these studies demonstrate that selective TRb
activation has adjunctive/additive cholesterol lowering activ-
ity when administered in combination with atorvastatin
in the rabbit, dog and non-human primate. These results
provide the first experimental evidence that TR agonists, such
as that provided by the liver-targeted prodrug, MB07811, may
be beneficial for combination with statins.
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