
Structure−Activity Relationships of Central Nervous System
Penetration by Fatty Acid Amide Hydrolase (FAAH)-Targeted
Thyromimetic Prodrugs
J. Matthew Meinig,†,§ Skylar J. Ferrara,†,§ Tapasree Banerji,† Tania Banerji,† Hannah S. Sanford-Crane,†

Dennis Bourdette,‡ and Thomas S. Scanlan*,†

†Department of Physiology & Pharmacology, and ‡Department of Neurology, Oregon Health & Science University, 3181 SW Sam
Jackson Park Road, Portland, Oregon 97239, United States

*S Supporting Information

ABSTRACT: Thyroid hormone (TH) action is of clinical interest in treating demyelinating diseases of the central nervous
system (CNS). Two amide prodrugs of sobetirome, a potent thyroid hormone agonist, were previously shown to significantly
improve CNS selective distribution of the parent drug through hydrolysis in the CNS by fatty acid amide hydrolase (FAAH).
This concept is elaborated upon here with a series of 29 amide prodrugs targeting FAAH. We identify that conservative aliphatic
modifications such as the N-methyl (4), N-ethyl (5), N-fluoroethyl (15), and N-cyclopropyl (18) substantially favor selective
CNS distribution of the parent drug in mice. Additionally, lead compounds exhibit moderate to good rates of hydrolysis at
FAAH in vitro suggesting both enzymatic and physicochemical properties are important parameters for optimization. Both 4
and 15 were orally bioavailable while retaining appreciable CNS parent drug delivery following an oral dose. The
pharmacokinetic parameters of 4 over 24 h postdose (i.v. and p.o.) were determined.
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The blood−brain barrier (BBB) represents a unique
challenge for CNS drug development as it can significantly

restrict therapeutic exposure from systemic circulation.
Demyelinating diseases represent one class of therapeutically
underserved CNS disorders with multiple sclerosis (MS), an
autoinflammatory demyelinating disease, representing the most
common demyelinating disorder. Current approved therapies
for MS are mechanistically anti-inflammatory and do not
promote repair to damaged myelin.1 Thyroid hormone (T3, 1)
action has garnered significant attention for remyelination
therapy as T3 is important in both developmental myelination as
well as myelin repair.2,3 Unlike T3, the clinical stage thyroid
hormone agonist (thyromimetic) sobetirome has a suitable
therapeutic index for clinical use due to receptor- and tissue-
specific action.4 While sobetirome is unique in that it5,6 and
close analogues7 are the only known thyromimetics to distribute
to the CNS, efforts to develop sobetirome analogues with better
CNS distribution have led to a new class of amide prodrugs
termed sobetiramides.8 Both the primary amide Sob-AM1 (3,

Figure 1) and N-methylamide Sob-AM2 (4, Figure 1) were
shown to deliver significantly more sobetirome to the CNS
compared to a systemic dose of sobetirome. This improvement
in CNS exposure was coupled with a concomitant decrease in
peripheral exposure of sobetirome. This reversal from peripheral
to central drug action makes the sobetiramides promising
remyelination drug candidates with selective tissue action.
From mechanistic studies of the unique CNS distribution of

sobetiramides, we established that Sob-AM1 and Sob-AM2 are
selectively hydrolyzed by fatty acid amide hydrolase (FAAH)
and that FAAH activity is required for the selective CNS delivery
of sobetirome from Sob-AM2.8 FAAH catalyzes the hydrolysis
of a diverse array of fatty acid amide signaling molecules
including the endocannabinoid ananadamide (AEA),9 the
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hypnotic oleamide (OEA),10 the anti-inflammatory N-palmi-
toylethanolamine (PEA),11 andN-arachidonoyltaurine.12 Struc-
ture−activity relationship (SAR) studies have shown that FAAH
is also capable of hydrolyzing a diverse set of synthetic
arachidonoyl amides including substituted derivatives of
ethylamine and aniline as well as synthetic luciferin deriva-
tives.13,14 The pharmacology of FAAH inhibition has been of
significant clinical interest for antinociception and has been
extensively reviewed.15−17 However, as a pharmacological
substrate for FAAH, the scope of how existing SAR studies
apply to the sobetiramide scaffold remains to be explored.
Here we report a small library of sobetiramides (Figure 1,

Table 1) designed to probe the structural requirements of
FAAH-mediated CNS delivery. The compound library consists
of simple aliphatic amides (5−8, 20), substituted ethylamines
(9−17), a variety of anilines and aryl amines (21−26), and
several polar derivatives (27−31). The compounds were
synthesized from sobetirome in a direct manner from readily
available starting materials in one or two steps. In certain cases
(5−6, 14), prodrug synthesis was accomplished in a protecting
group-free manner from sobetirome identical to the report for 3
and 4 (Scheme 1, Method A). The remaining sobetiramides
were prepared from O-benzyl sobetirome (32, Scheme 1,
Methods B−E) using common amide bond coupling reactions
followed by deprotection via transfer hydrogenation or treat-
ment with boron trichloride.
The sobetiramide library was initially screened using a 1 h

tissue distribution experiment in male mice. The 1 h time point
was selected because it approximates the Tmax of sobetirome
brain concentration observed previously with related sobetir-
ome prodrugs.8,18,19 Mice were dosed systemically (i.p.) with
equimolar doses of test compounds, and brain and blood were
collected at 1 h postdose. Using LC−MS/MS, the concentration
of the parent drug sobetirome hydrolyzed from the prodrug was
quantified in both the brain and serum (Table 1). Brain-to-
serum concentration ratios (Kp

1h) were calculated from these 1 h
time points as a measure of central vs peripheral selectivity of
distribution. A majority of tested sobetiramides show sub-
stantially elevated levels of sobetirome in the brain compared to
an equimolar dose of sobetirome. Importantly, several
derivatives including ethylamine 5, propargylamine 8, fluo-
roethylamine 15, and difluoroethylamine 16 show comparable
levels of sobetirome in the brain to those delivered by Sob-AM1
(3) and Sob-AM2 (4). With Kp

1h near or above unity, these
prodrugs deliver sobetirome preferentially to the CNS at the 1 h
time point. Combined with our previous results with Sob-AM1
and Sob-AM2, these data suggest that small, nonpolar
modifications lead to favorable CNS distribution of sobetirome
from sobetiramides.
As the sobetiramides were designed to include the amine

components of known FAAH substrates, it is possible that the
increased CNS distribution results from higher rates of FAAH-
catalyzed hydrolysis. To test this hypothesis, compounds were

screened in an in vitro hydrolysis assay using a cell homogenate
containing expressed FAAH as previous described for Sob-AM1
and Sob-AM2.8 Interestingly, the two prodrugs with the highest
rates of cleavage in the in vitro enzymatic assay were the taurine
derivative 14 (8.9± 0.3 nmol mg−1 min−1) and 3-hydroxyaniline
22 (10.1 ± 0.8 nmol mg−1 min−1). The remaining aromatic
derivatives including the 2-hydroxyaniline demonstrated low
rates of hydrolysis (21, 24−26) while most of the other aliphatic
and polar derivatives showed intermediate kinetics in this range
similar to 4 (3.2± 0.2 nmol mg−1 min−1). One possibility is that
the charged nature of 14 precludes successful penetration of the
BBB. Compound 22 demonstrated similar levels of serum
sobetirome compared to an equimolar dose of sobetirome itself
suggesting that this sobetiramide is cleaved by other hydrolases
in addition to FAAH in vivo.
Comparing FAAH hydrolysis rates with Kp

1h (Figure 2A)
reveals that the prodrugs with the highest CNS selectivity all
have similar rates of in vitro hydrolysis (∼3−5 nmol mg−1

min−1). This suggests that adequate enzyme kinetics is necessary
but not sufficient to account for sobetirome tissue distribution in
vivo.
Compound physicochemical properties can play an outsized

role in determining CNS drug penetration due to the unique
nature of the BBB.20 It has previously been shown by a number
of QSAR studies that properties such as charged state, CLogP,
polar surface area (PSA), and rotatable bonds can help predict
whether a drug will be able to passively diffuse through the BBB.
In the case of the sobetiramides, the complete SAR likely
contains components favoring both enzymatic hydrolysis and
passive diffusion through the BBB. To examine this relationship,
physicochemical parameters were calculated for the sobetir-
amides (Table 1). When the relationship between Kp

1h and
CLogP is plotted (Figure 2B), a bell-shaped response with an
apparent maximum is found around CLogP ≈ 5. While higher
than average for approved CNS drugs, this value is consistent
with the recommended range for CNS penetrating com-
pounds.21−23 PSA is another important parameter that
correlates with known drug penetration of the brain. A plot of
prodrug PSA values vs Kp

1h (Figure 2C) shows that the better
brain penetrating prodrugs have smaller PSA values. This
preference for low PSA is supported by QSAR analysis of
approved CNS compounds.22 It has recently been determined
that drug molecules featuring PSA values≤90 Å2 are optimal for
BBB penetration, a claim that applies to the sobetiramides in this
study.24 While CLogP and PSA are two of the relevant
properties affecting brain penetration, these factors could
explain why lead compounds similar to 4 and 15 were selected
from the in vivo screen, and more polar prodrugs with similar or
better hydrolysis rates at FAAH did not perform well in vivo.
This suggests that FAAH-targeted prodrugs must be optimized
for enzymatic activity while also retaining CNS drug-like
physicochemical properties.

Figure 1. Structure of thyroid hormone, the clinical stage thyromimetic sobetirome, and sobetiramides.
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Table 1. Structure, Tissue Distribution, FAAHHydrolysis Rates, and Physicochemical Parameters of the Library of Sobetiramide
Prodrugs
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As oral dosing is generally the preferred route of
administration in clinical development, it is important to
understand the CNS distribution of sobetirome from oral
dosing of sobetiramide prodrugs. To this end, the tissue
distribution of sobetirome from a subset of prodrugs was
determined 1 h following oral gavage. Compared with an
equimolar dose of sobetirome, both Sob-AM2 (4) and 15 show
statistically significant improvement in total sobetirome in the
brain and Kp

1h (Figure 3A).18 Interestingly, the remainder of the
prodrugs tested shows attenuated or nonsignificant improve-
ments over sobetirome itself. These differences could be
attributable to a more pronounced effect in first-pass

metabolism for these prodrugs. With Sob-AM2 showing
favorable properties in the 1 h time point, we aimed to fully
characterize Sob-AM2 in a 24 h distribution experiment.
Pharmacokinetic parameters for sobetirome and Sob-AM2 are
summarized in Tables 1, 2, and S1. Sob-AM2 has an elimination
half-life (t1/2) of 8.8 h, similar to that of sobetirome (t1/2 = 7.2
h).18 Exposure of sobetirome over a 24 h period following a
systemic dose of Sob-AM2 shows a Tmax of ∼30 min (Figure
3C). The Kp of sobetirome from Sob-AM2 over the 24 h
exposure (Kp

0−24h = 0.44) is well within the range of typical
CNS-active compounds.25 When mice are dosed orally, total
exposure in the brain is lower, and the Kp

0−24h is approximately
half that compared to i.v. administration suggesting that more
sobetirome is liberated in the periphery from orally administered
Sob-AM2 compared to intravenous administration. It is known
that FAAH is expressed in both the intestinal tract as well as the
liver making it likely that FAAH-mediated cleavage of orally
delivered Sob-AM2 occurs before Sob-AM2 crosses these first-
pass barriers into systemic circulation, which could account for
the additional peripheral prodrug cleavage observed from oral
administration.26

We previously described how both sobetirome and an ester
prodrug demonstrate a secondary maximal peak following oral
dosing, which is consistent with the enterohepatic circulation
observed with thyroid hormone.18,27 It was hypothesized that
glucuronidation or other reversible secondary metabolites were
responsible for this phenomenon. A similar secondary peak is
also observed following oral dosing of Sob-AM2 (Figure 3D).
Defining the role of FAAH and other Phase I and Phase II
metabolic pathways could provide valuable insight in explaining
the pharmacokinetics of these compounds.
With such a small chemical alteration differentiating prodrug

from parent drug, it is necessary to characterize prodrug activity
at the thyroid hormone receptor (TR) target. Prior thyromi-
metic SAR suggests it is important to have an anionic
carboxylate at this position for high-affinity TR binding.28 In
cellular transactivation assays with either human TRα or human
TRβ, Sob-AM2 was found to have weak agonist activity that was
less potent than that of either sobetirome or T3 (Figure 4, Table
S2). Because Sob-AM2-induced TR activation decreased at

Table 1. continued

aR group based on the sobetiramide structure in Figure 1. bSynthetic methods as described in Scheme 1. cConcentrations expressed as ng
sobetirome per gram tissue; data points represent mean ± SEM and n = 3. dKinetics of prodrug hydrolysis in COS-7 cell homogenate
overexpressing human FAAH, substrate concentration was 100 μM, data points represent mean ± SEM, and n = 3. eCalculated using Canvas
(Schrödinger). fPreviously published in ref 8

Scheme 1. Synthesis of the Sobetiramide Librarya

aReagents and conditions: Method A: R1 = H, (i) MeOH, H2SO4, (ii)
MeOH, amine. Method B: R1 = Bn, (i) CDI, THF, (ii) BCl3, DCM.
Method C: R1 = Bn, (i) oxalyl chloride, DCM, (ii) amine, (iii) Pd/C,
TES. Method D: R1 = Bn, (i) EDC, HOBT, DIEA, (ii) Pd/C, TES.
Method E: R1 = Bn, (i) DCC, NHS, (ii) amine. Note: compound 20
is a secondary amide (−NR2)

Figure 2. Comparative plots Kp
1h verse (A) in vitro hydrolysis in cell

homogenate overexpressing FAAH, (B) prodrug CLogP, and (C) PSA.
For panel B, a Gaussian curve was fit to better illustrate the local
maximum. A set of lead prodrugs from the in vivo screen are denoted by
red○ (Sob-AM1, 3), red● (Sob-AM2, 4), red□ (15), red■ (16), red
▲ (18), and red ▽ (5).
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higher concentrations creating a bell-shaped profile, it is not
clear whether this is partial agonist activity or agonist activity
blunted by cytotoxicity at high Sob-AM2 concentrations.
Interestingly, the activity was unchanged by FAAH inhibitor
PF-3845 suggesting that it is arising from Sob-AM2 itself and not
FAAH-mediated cleavage of Sob-AM2 providing sobetirome to
the cells.29 Regardless, this weak activity occurs at substantially
higher concentrations than sobetirome activity and can be
considered negligible for in vivo TR target engagement.
In conclusion, our data suggest that the sobetiramide strategy

is effective in delivering useful levels of sobetirome into the brain
from a systemic dose compared to a systemic dose of the parent
drug itself. The SAR demonstrates a clear preference for a “less-
is-more” approach with small, nonpolar amide modifications
beingmore productive for CNS distribution in vivo. As it is likely
that FAAH-targeted prodrugs could be developed for additional

drug scaffolds beyond sobetirome, this work may define at least
some of the structural requirements needed for BBB penetration
and FAAH activity. Recently, Sob-AM2 has been shown to be
effective in delivering sobetirome to the brain to treat a mouse
model of MCT8-deficiency (Allan−Herndon−Dudley syn-
drome), a condition of congenital CNS hypothyroidism
characterized by profound cognitive impairment.30 As such,
this FAAH-targeted prodrug CNS delivery strategy is providing
useful tools for studying thyroid hormone action in the CNS and
potentially new therapeutic agents for CNS diseases that would
benefit from CNS thyroid hormone action.
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Table 2. Summary of Pharmacokinetic and
Pharmacodynamic Properties of Sobetirome and Sob-AM2

propertiesa sobetiromeb Sob-AM2

oral bioavailability, F (%) 92 19.5c

terminal half-life (h) 7.2 8.8c
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aFrom 24 h areas under the curve. bFrom ref 16. cCalculated from
quantified Sob-AM2 concentrations in serum. dCalculated from
quantified sobetirome concentrations in tissue.

Figure 4. Dose response of T3 (1), sobetirome (2), and prodrug Sob-
AM2 (4) in a plate-based luciferase assay for on-target thyroid receptor
isoform activation (A, TRα; B, TRβ). Data points represent mean ±
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