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A thyroid hormone receptor b subtype-selective thyromimetic 5 was found to be efficacious in both
mouse and monkey hair growth models after topical applications. It penetrates the skin according to
the test in human cadaver skin mounted onto Franz diffusion chambers. The serum drug level of 5 is
below the limit of quantification during tests in the bald stump-tailed macaques (Macaca arctoides). It
is tested negative in the 3T3 neutral red uptake (NRU) phototoxicity test, indicating a low risk for causing
photo-irritation. It is also rapidly metabolized according to the PK data, thus the systemic exposure is
limited.

� 2009 Elsevier Ltd. All rights reserved.
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Androgenetic alopecia, also known male pattern baldness, oc-
curs not only in men but also in women. Current treatments such
as minoxidil (1, Rogaine�, a potassium channel opener) and finas-
teride (2, Propecia�, a 5a-reductase inhibitor) are only efficacious
in a small percentage of subjects. Novel mechanisms with robust
efficacy and long-term safety are still needed for the treatment of
androgenetic alopecia (see Fig. 1).

Thyroid hormone receptor agonists (thyromimetics) are closely
associated with hair growth. Topical triiodo-thyronine (T3, 3) stim-
ulates epidermal proliferation, dermal thickening, and hair growth
in both mice and rats.1 Some human subjects given with thyroxine
(T4, 4) to treat thyroid hormone deficiency reported hair growth as
a side effect. Thyroid hormones are also found to directly alter hu-
man hair follicle functions including anagen prolongation and
stimulation of both hair matrix keratinocyte proliferation and hair
pigmentation.2 Thyroid receptors (TR) interact with hairless gene
product (Hr), a transcription factor required for hair growth and
thyroid hormone receptor b1 is expressed in the human hair folli-
cles.3 Recently, human female hair follicles were found to be a di-
rect, nonclassical target for thyroid-stimulating hormone.4

However, use of oral thyroxine or thyroid hormones to treat andro-
genetic alopecia is impractical due to their known cardiotoxicity.
Therefore, we sought thyromimetics that are active topically and
yet devoid of systemic pharmacological activities to avoid deleteri-
ous side effects. We set out to find soft drugs with high systemic
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clearance as indicated by pharmacokinetic (PK) data such as
short-half-life in human liver microsome (HLM) and fast hepatic
clearance (see Fig. 2).

Our initial drug discovery program led to a novel series of 6-
azauracil-based thyroid hormone receptor ligands as potent, TRb
subtype-selective thyromimetics.5 Although our original goal was
to search for anti-obesity drugs by taking advantage of the thermo-
genic potential of thyromimetics, preliminary tests revealed that
some of these compounds had the potential to treat hair loss as
well after topical applications.6 Herein, we report our selection,
animal model studies, discovery and improved synthesis of PF-
00277343 (5), a thyroid receptor agonist with preclinical efficacy
for hair growth after topical applications.

A group of potent, TRb subtype-selective thyromimetics were
tested in the C3H/HeN mouse model, a validated hair growth mod-
el.7a C3H/HeN mice provide a good model for studying the hair
growth in vivo because they have synchronized hair cycles, alter-
nating between periods of anagen, catagen, and telogen.7b As
shown in the Table 1, after topical applications, thyromimetics 6
1, minoxidil (Rogaine®)
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Figure 1. Current treatments for androgenetic.
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Table 1
In vivo efficacy in the C3H/HeN mouse hair growth model
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a See note 6 of Ref. 5 for description of the binding assay method and calculation
of the Ki values.

b MED = minimal efficacious dose, as the percentage concentration (w/v) in
mixture of 70:30 ethanol/propylene glycol.
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Figure 2. Thyroid hormones T3 and T4; and thyromimetic PF00277343.

Figure 3. In vitro human cadaver skin penetration using franz diffusion chamber.
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and 7 with carboxylic acids have minimal efficacious doses (MED)
of 1.0% and 0.10% in the vehicle of 70:30 ethanol/propylene glycol,
respectively. On the other hand, 6-azauracil analogs 8–10 and 5 are
more efficacious with MEDs ranging from 0.003% to 0.10%. Azaura-
cil 5 (EC50 = 0.5 nM in Hep G-2 cell) in particular is the most
efficacious compound in this assay. Its MED of 0.003% represents
a 3000-fold increase in comparison to minoxidil (1) whose MED
is 2.5–5.0% qd for 4 weeks, with 5 days required for induction of
efficacy. More remarkably, single application of azauracil 5 at
1 mg/mL and 0.1 mg/mL was effective in inducing hair growth in
C3H female mice.

Ideally, topical drugs exert their desired effects locally but are
rapidly inactivated via metabolism once they reach the systemic
circulation, thereby reducing unwanted systemic effects. In vitro
analysis indicated compound 5 is rapidly metabolized in rat liver
microsomes (HLM t1/2 = 40 min).8 In rat hepatocytes, its half-life
is 45 min, clearance CLblood is 51 mL/min/kg and CLint is 149 mL/
min/kg. The hepatic extraction ratio (EH) predicted from these
in vitro data approached liver blood flow in rat, with a predicted
EH value of 1.0, indicating a high systemic clearance. Also in vitro,
compound 5 is rapidly metabolized in human liver microsomes as
well (HLM t1/2 = 39 min, CLint = 29 mL/min/kg, CLblood = 15 mL/min/
kg). The half-life in human hepatocyte is 119 min. The hepatic
extraction ratio (EH) predicted from these in vitro data in human
is 1.0 as well. Furthermore, the in vivo clearance data in rats were
consistent with the high clearance predicted in vitro in rat: Follow-
ing intravenous administration of 5 at dosage of 0.5 mg/Kg, the
mean systemic plasma clearance is 40 mL/min/kg. The mean
apparent volume of distribution at steady state was 4.88 mL/min/
kg, and the mean terminal phase half-life was 2.73 h.

Unlike oral drugs, topical drugs are required to penetrate the
skin to exert their pharmacological effects. We evaluated skin pen-
etration of thyromimetic 5 using human cadaver skin mounted
onto Franz diffusion chambers.9 As shown in Figure 3, compound
5 did indeed penetrate the skin, with the maximal penetration rate
of 0.14 lg/cm2/h at 28 h. After 40 h, the total skin penetration was
2.39 lg/cm2/h, representing 6.17% of the total drug applied. Of the
drug that did penetrate into the skin, 0.58% was distributed in the
dermis, whereas 9.88% was in the epidermis.

Another unique requirement for topical drugs is low propensity
for photo-irritation. Thyromimetic 5 was tested negative in the 3T3
neutral red uptake (NRU) phototoxicity test,10,11 indicating a low
risk for causing photo-irritation.

As preliminary in vitro and in vivo evaluation of the efficacy and
metabolic stability characteristics of 5 proved favorable, an effi-
cient synthesis was mandated to prepare enough active pharma-
ceutical ingredients (API) to support subsequent in vivo studies.
To that end, we devised a practical and convergent synthesis that
was suitable for large-scale production of 5. As shown in the
Scheme 1, the Friedel–Crafts acylation of 1-bromo-4methoxyben-
zene with 4-fluorobenzoic acid was promoted by Eaton’s reagent12

to afford diaryl ketone 11, which was reduced using trisilylsilane in
the presence of trifluoroacetic acid (TFA) to give benzyl derivative
12. Meanwhile, a Buchwald�Hartwig cross-coupling13 of 5-bromo-
2-methoxy-1,3-dimethylbenzene with 6-azauracil afforded adduct
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Scheme 1. Improved convergent synthesis of 5.
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13 in 54% yield, which was subsequently demethylated using BBr3

in CH2Cl2 to provide azauracil-phenol 14.
Now with fragments 12 and 14 in hand, the convergent ether

formation was achieved by Ullmann coupling using 2,2,6,6-tetra-
methylheptane-3,5-dione as a powerful ligand to accelerate the
recation.14 Routine demethylation then delivered the desired prod-
uct 5 in 86% yield. Although the yield of the cross-coupling reaction
to access 13 was moderate, the convergent nature of this route al-
lowed large-scale synthesis of 5.

With enough quantities of 5 in hand, we carried out in vivo hair
growth experiments in the bald stump-tailed macaques (Macaca
arctoides), a validated primate model for androgenetic alopecia.15

The MED of 5 for hair growth was 0.1% (reference compound 1
has a MED of 2% for the bald stump-tailed macaques15). Therefore,
while 5 is efficacious in the monkey the MED is right-shifted rela-
tive to the C3H/HeN mouse model (MED, 0.003%). During the
course of the four-month study, there were no signs of skin irrita-
tion, erythema, flaking, edema, or skin pigmentation changes. The
serum drug level for 5 was below the lower limit of quantification
(LLQ, detection limit 2 ng/mL for the first two-month samples and
1 ng/mL for the third and fourth month samples), indicating lim-
ited systemic exposure of the drug. Although the LLQ was still
above the EC50 for these compounds, analysis of functional thyroid
endpoints indicated that there was no detectable systemic phar-
macological effects from application of 5 at efficacious dosages.

In summary, we have discovered a TRb subtype-selective thyr-
omimetic 5 that is efficacious in both mouse and monkey hair
growth models after topical applications. It is rapidly metabolized
based on pharmacokinetic data, thus the systemic exposure is lim-
ited. It penetrates the skin according to the test in human cadaver
skin mounted onto Franz diffusion chambers. The serum drug level
of 5 is below the limit of quantification during tests in the bald
stump-tailed macaques (M. arctoides). It is also tested negative in
the 3T3 neutral red uptake (NRU) phototoxicity test, indicating a
low risk for causing photo-irritation.
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