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Abstract

The blood-brain barrier (BBB) can be a substantial impediment to achieving therapeutic levels of 

drugs in the CNS. Certain chemical functionality such as the carboxylic acid is a general liability 

for BBB permeability preventing significant CNS distribution of a drug from a systemic dose. 

Here, we report a strategy for CNS-selective distribution of the carboxylic acid containing 

thyromimetic sobetirome using prodrugs targeted to fatty-acid amide hydrolase (FAAH), which is 

expressed in the brain. Two amide prodrugs of sobetirome were shown to be efficient substrates of 

FAAH with Vmax/KM values comparable to the natural endocannabinoid FAAH substrate 

anandamide. In mice, a systemic dose of sobetirome prodrug, leads to a substantial ~60-fold 

increase in brain distribution (Kp) of sobetirome compared to an equimolar systemic dose of the 

parent drug. The increased delivery of sobetirome to the brain from the prodrug was diminished by 

both pharmacological inhibition and genetic deletion of FAAH in vivo. The increased brain 

exposure of sobetirome arising from the prodrug corresponds to ~30-fold increased potency in 

brain target engagement compared to the parent drug. These results suggest that FAAH-targeted 

prodrugs can considerably increase drug exposure to the CNS with a concomitant decrease in 

systemic drug levels generating a desirable distribution profile for CNS acting drugs.
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Introduction

Central nervous system (CNS) drug development suffers from regulatory approval rates 

below those of peripheral drugs while also having longer average development times.1 CNS 

drugs must achieve therapeutic exposure levels in the CNS, and this usually involves 

efficient penetration of the blood-brain barrier (BBB) from a peripherally administered 

systemic dose. The requirement for efficient distribution to the CNS is often an impediment 

in drug discovery, especially in cases involving lead generation from target screening where 

the physicochemical requirements for BBB permeability are not taken into account. The 

BBB primarily consists of the endothelial cell layer surrounding the capillary network in the 

CNS supported by astrocytes.2 Through the use of tight-junctions and active transport, the 

BBB is responsible for controlling solute permeability into and out of the CNS.3 Problems 

with BBB permeability have been implicated in clinical shortcomings of drugs for 

therapeutic areas as diverse as cancer, HIV, and lysosomal storage disorders (LSDs), among 

others.3–6 New and general strategies for improving BBB penetration and increasing CNS-

specific drug exposure are needed to improve the chances for success in CNS drug 

development.

Our interest in CNS acting drugs is connected to the potential use of thyroid hormone 

agonists for treating CNS disorders that may respond favorably to thyroid hormone action. 

Examples include the genetic diseases MCT-8-deficiency7 and X-linked 

adrenoleukodystrophy (X-ALD),8, 9 as well as multiple sclerosis (MS), a neurological 

disorder involving damage to the protective myelin sheaths that envelop nerve fibers.10 

Thyroid hormone stimulates both myelin development and repair, and therapeutic agents that 

promote remyelination are currently lacking in the collection of drugs used for treating MS 

and other demyelinating diseases.11 However, thyroid hormone (1, Figure 1A) is not a 

suitable agent for chronic treatment of demyelinating disorders due to the lack of a 

therapeutic index (TI) between the beneficial and the thyrotoxic effects on tissues such as 

heart, bone, and skeletal muscle.12 The thyromimetic sobetirome (2, Figure 1A) is an 

attractive alternative as it displays tissue selectivity resulting in an improved TI and has 

progressed into clinical trials for hyperlipidemia.13 For the goal of treating CNS disorders, 

sobetirome is unique among thyromimetics as it14, 15 and close analogues16 are the only 

thyromimetics known to distribute to the brain from a peripheral, systemic dose.

While sobetirome does distribute to the CNS, the fraction of the administered dose that 

reaches the CNS is at the lower end of the range of approved CNS drugs.17 We have been 

examining strategies to increase CNS distribution of sobetirome while concomitantly 

decreasing peripheral exposure in an effort to create new agents with improved CNS 

distribution profiles. These efforts have involved the creation of ester and amide prodrugs of 

sobetirome that mask sobetirome in circulation and peripheral tissues, but liberate 

sobetirome upon hydrolysis in the CNS.18, 19 The discovery that the best-in-class sobetirome 

ethanolamine ester spontaneously rearranged to the corresponding ethanolamide (3, Figure 

1A) under physiological conditions revealed the structural similarity between this 

sobetirome amide derivative and anandamide (AEA, 4, Figure 1A), one of the endogenous 

cannabinoid substrates for fatty acid amide hydrolase (FAAH).19 This led to the hypothesis 

that FAAH was responsible for cleavage of this amide prodrug to sobetirome, suggesting 
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that sobetirome amides (“sobetiramides”) tailored as substrates for FAAH would be a highly 

effective strategy for liberating sobetirome in the CNS while minimizing peripheral 

exposure. Here we report that FAAH-tailored sobetiramides are indeed efficient substrates 

for FAAH that deliver exceptionally high concentrations of sobetirome to the CNS with 

minimal peripheral exposure from a peripheral systemic dose.

Results

Sobetiramides as FAAH substrates

From our previous studies, the best sobetirome prodrug for generating sobetirome in the 

brains of mice dosed peripherally with the prodrug was an ethanolamine amide (3) with a 

structural resemblance for the endogenous FAAH substrate AEA (4). FAAH is a membrane 

bound serine hydrolase found in the brain and select peripheral tissues and intercellular 

signaling by AEA, oleamide (OEA, 5, Figure 1A), and other endogenous fatty-acid amides 

is terminated by FAAH-catalyzed hydrolysis to fatty acids.20, 21 In addition to endogenous 

cannabinoids, FAAH accepts a number of structurally diverse natural and synthetic fatty-

acid amides as substrates.22–24 This known substrate promiscuity together with a recent 

report that synthetic luciferin amides were viable FAAH substrates,25 led us to synthesize 

FAAH-targeted amide prodrugs of sobetirome (Methods).

Two such sobetiramides, Sob-AM1 (6) and Sob-AM2 (7, Figure 1A), were tested as FAAH 

substrates using COS7 cell homogenate with overexpressed human FAAH similar to 

previous reports.26, 27 Both Sob-AM1 and Sob-AM2 demonstrated saturation kinetics of 

hydrolysis (Figure 1B) with observed Vmax values (31.4 ± 2.9 and 20.9 ± 2.5 nmol mg−1 

min−1, respectively) 4–6 fold lower than the endogenous substrate AEA (128.4 ± 2.3 nmol 

mg−1 min−1). Interestingly, both prodrugs exhibited similar KM values (1.7 ± 0.7 and 1.3 

± 0.8 μM, respectively) to that observed for AEA (1.8 ± 0.2 μM) in our experiment, which 

leads to Vmax/KM ratios that are also 4–6 fold lower than AEA (Table 1). These findings 

demonstrate that FAAH is capable of efficiently hydrolyzing sobetiramides in vitro making 

these compounds a novel class of synthetic FAAH substrates.

In vivo pharmacology of sobetiramides

We next evaluated whether a peripheral dose of Sob-AM1 or Sob-AM2 would deliver more 

sobetirome to the brain than a peripheral dose of sobetirome. Equimolar doses of the three 

compounds (i.p., 3.05 μmol/kg) were administered to different cohorts of mice and total 

brain and serum concentrations of sobetirome were quantified 1 hour post-injection. 

Compared to sobetirome administration, Sob-AM1 and Sob-AM2 showed average total 

sobetirome levels in the brain approximately 17- to 20-fold higher (Figure 2A). This 

increase in sobetirome in the brain from the sobetiramides was accompanied by a substantial 

decrease in circulating levels of sobetirome (Figure 2B). Consistent with previous reports in 

mice,19 sobetirome was found to have a [brain]/[serum] ratio (Kp) of 0.03 from this single 

time-point experiment, whereas the sobetiramides had Kp values that were considerably 

larger (Figure 2C). The primary amide Sob-AM1 shows a ~20-fold increase in Kp, and the 

N-methyl amide Sob-AM2 demonstrates a remarkable 100-fold increase in Kp compared to 

sobetirome.
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Due to its favorable CNS distribution in this 1 h assay, Sob-AM2 was further evaluated in an 

8-hour time course experiment. In this experiment, mice were dosed peripherally with Sob-

AM2 (i.v., 9.15 μmol/kg) and sobetirome levels in brain and serum were quantified at 

specific time points over the next 8 h (Figure 2D). Calculated area under the curve (AUC) 

values for Sob-AM2 compared with previously reported values for sobetirome and 

compound 3 are summarized in Table 2.19 When comparing 8-hour exposure levels, Sob-

AM2 maintains brain selectivity with Kp of 1.20 ± 0.27. This represents a 60-fold 

improvement over the parent drug sobetirome (0.02 ± 0.006) and a 9-fold improvement to 

the previous best-in-class prodrug compound 3 (0.13 ± 0.03).19 Interestingly, Sob-AM2 

exhibits a ~4-fold increased hydrolysis rate at FAAH in vitro compared to 3 (Table S1) 

suggesting the improvement in Kp could at least partially be attributed to higher cleavage 

rates.

We next sought to understand which regions of the brain and CNS received sobetirome 

exposure from a peripheral dose of Sob-AM2. Mice receiving equimolar doses (i.p., 3.05 

μmol/kg) of sobetirome or Sob-AM2 were sacrificed after 1 h and brains were dissected into 

general anatomical regions. Concentrations of sobetirome (Figure 2E) and Sob-AM2 (Figure 

2F) were quantified in the dissected regions revealing that Sob-AM2 treatment led to a 

general increase in sobetirome concentrations across all brain regions examined compared to 

the brains from animals treated with sobetirome. The largest observed changes sobetirome 

levels with Sob-AM2 treatment were seen in the cortex (18.9-fold), hippocampus (14.7-

fold), and olfactory bulbs (14.7-fold). Increased sobetirome concentrations were also 

observed in the spinal cord indicating that the increased CNS penetration afforded by Sob-

AM2 is not limited to the brain. In prodrug treated samples, each region contained lower 

levels of non-hydrolyzed Sob-AM2 compared to unmasked sobetirome and the amount of 

non-hydrolyzed Sob-AM2 was comparable across most regions (Figure 2F). These results 

demonstrate CNS-wide increases in sobetirome concentrations following peripheral doses of 

Sob-AM2, suggesting that prodrug cleavage is not confined to a specific region, which is 

consistent with the known ubiquitous expression pattern of FAAH in the CNS.20

In vivo validation of FAAH as prodrug target

We next endeavored to obtain evidence showing that FAAH was the hydrolase responsible 

for sobetiramide cleavage in vivo. PF-3845 is a FAAH inhibitor that readily distributes to the 

CNS from a peripheral dose,28 and URB-937 is a peripherally restricted FAAH inhibitor that 

does not cross the BBB.29 Mouse cohorts were injected with either vehicle or an inhibitor 

(i.p., 1 mg/kg) followed by a second injection of Sob-AM2 (3.05 μmol/kg). One hour later 

mice were sacrificed and sobetirome concentration was measured in serum, brain, and 

peripheral tissues. Mice that received no FAAH inhibitor (vehicle, Figure 3A–B) showed 

high concentration of sobetirome in the brain with substantially lower levels in the serum 

and peripheral tissues. Treatment with PF-3845 reduced sobetirome concentration in brain 

by >8-fold compared to vehicle treatment (Figure 3A). Serum and peripheral tissue levels of 

sobetirome were also reduced in PF-3845 treated mice. The peripherally restricted FAAH 

inhibitor URB-937 showed a similar pattern of decreased sobetirome in the periphery; 

however, brain concentrations were unaffected compared to the vehicle control (Figure 3B).
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To further validate the role of FAAH in activation of sobetiramide prodrugs, FAAH-KO 

mice were employed and in vivo concentrations of sobetirome were measured following a 

peripheral dose (i.p., 3.05 μmol/kg) of Sob-AM2.30 The FAAH-KO mice contained 

significantly lower sobetirome levels in both the brain (Figure 3C) and serum (Figure 3D) 

compared with wild-type mice. Additionally, the deletion of FAAH had no significant 

impact on the brain accumulation of sobetirome from an equimolar peripheral dose of the 

parent drug (Figure 3E). The combined data from FAAH-specific inhibitors and FAAH-KO 

mice demonstrate unequivocally that FAAH is the major hydrolase responsible for 

generating sobetirome from sobetiramide prodrugs in vivo.

We next asked whether the increased brain and decreased peripheral concentrations of 

sobetirome delivered by Sob-AM2 translated into increased brain activity with decreased 

peripheral activity of the parent drug. Wild-type mice were dosed peripherally (i.p.) with 

Sob-AM2, and expression of Hairless (Hr) and Thrsp, T3-responsive genes in brain and 

liver, respectively, was quantified.31, 32 Both sobetirome and Sob-AM2 showed the expected 

dose-dependent increase in brain Hr and liver Thrsp expression 6 hours post-dose. Prodrug 

Sob-AM2 was approximately 30-fold more potent in inducing brain Hr than sobetirome 

(Figure 4A). Likewise, Sob-AM2 was approximately 10-fold less potent than sobetirome at 

liver Thrsp induction (Figure 4B). Taken together, these T3 target gene activation results are 

consistent with the regional distribution findings demonstrating that peripheral dosing of 

sobetiramide prodrugs leads to increased CNS and decreased peripheral levels of sobetirome 

via a CNS-selective prodrug cleavage mechanism involving FAAH.

Discussion

There are a few devastating CNS disorders that currently have no effective therapies and 

may benefit from a therapeutic strategy based on thyroid hormone action in the CNS. Allan-

Herndon-Dudley Syndrome, or MCT-8-deficiency, is an X-linked inborn error that affects 

thyroid hormone transport from blood into certain tissues including the CNS.7 As such, 

MCT-8-deficient patients are born with a hypothyroid brain and suffer the expected 

cognitive deficits. These patients do not benefit from thyroid hormone replacement because 

transport of endogenous thyroid hormone across the BBB is impaired.7, 33 X-Linked 

adrenoleukodystrophy (X-ALD) is an inborn error of metabolism that leads to the 

accumulation of very long chain fatty acids (VLCFA) resulting from loss-of-function 

mutations to a peroxisomal transporter called ABCD1 necessary for VLCFA degradation.
34, 35 The elevated VLCFA levels in the CNS lead to extensive demyelination producing 

debilitating neurological deficits. A related peroxisomal transporter called ABCD2 that is 

thyroid hormone regulated can complement defective ABCD1, and both T3 and sobetirome 

treatment lowers elevated VLCFA levels in the periphery and CNS of Abcd1-deficient mice.
9 Multiple sclerosis (MS) is a more prevalent inflammatory demyelinating disease in which 

some clinical progress has been made developing agents that are beneficial for the 

inflammatory component, but there are no available therapeutics that repair the damaged 

myelin.10 Because thyroid hormone plays an important role in myelin production during 

development and myelin repair, thyromimetics capable of penetrating the BBB such as 

sobetirome have been proposed for the treatment of MS.11
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The significance of these unmet clinical needs has motivated us to investigate new strategies 

for increasing the CNS distribution profile of thyromimetics such as sobetirome. We have 

undertaken a sobetirome prodrug approach, which has led us to discover a series of amide 

derivatives of sobetirome, sobetiramides, containing amine functionality consistent with 

endogenous FAAH substrates such as AEA and OEA. Here we show that these FAAH-

targeted prodrugs are indeed excellent substrates for FAAH in vitro and in vivo. Peripheral 

dosing of these sobetiramide prodrugs generates large concentrations of sobetirome 

selectively in the brain compared to peripheral organs, with a considerable 60-fold increase 

to the [brain]/[serum] ratio (Kp) compared to a peripheral dose of the parent drug sobetirome 

from an 8-hour AUC experiment. The observed Kp value of 1.2 for sobetirome delivered by 

Sob-AM2 represents a better CNS distribution profile than most approved CNS drugs and is 

an efficient example of a CNS prodrug delivery system.17, 36, 37 This dramatic change in 

sobetirome distribution afforded by the FAAH-activated prodrug would be expected to 

confer therapeutic benefits for use as a CNS drug including the potential for using lower 

doses and an increased therapeutic index separating desired therapeutic effects in the CNS 

from peripheral effects.

The ability of FAAH to catalyze efficient hydrolysis of these non-natural substrates suggests 

that FAAH has wider substrate recognition with respect to the carboxylate side of the 

cleaved amide bond and is not limited to only fatty acids. Aromatic and biaryl ether 

containing carboxylic acid amides can also be FAAH substrates that are processed with high 

efficiency. The first reported glimpse of this property was the finding that luciferin amides 

were effective FAAH substrates that liberated luciferin in the CNS as an imaging tool.25 

This development led to the proposal that FAAH may be a suitable hydrolase to target for a 

CNS-selective prodrug,38 an idea that is reduced to practice by the findings reported here. It 

will be helpful to understand the limits and generality of this approach for targeting 

molecules to the CNS for both research tools and therapeutic applications.

The BBB represents a formidable impediment for small molecule access to the CNS and the 

sobetiramide prodrugs presented here are able to penetrate this barrier with little apparent 

difficulty. That the carboxylic acid containing parent drug sobetirome is also BBB 

permeable, albeit to a considerably lesser degree, is remarkable as carboxylates are 

considered a significant liability for BBB permeability, and there are accordingly very few 

carboxylate-containing CNS drugs.39 Should the FAAH-targeting strategy prove to be a 

reasonably general one in terms of FAAH substrate selectivity, perhaps more carboxylate-

containing drug candidates could be considered in CNS drug discovery. If, as is the case 

with sobetiramides, the amide-masked carboxylate is essential for therapeutic target 

engagement, then this strategy will block target engagement in tissues that do not express 

FAAH while facilitating target engagement in FAAH-expressing tissues like the brain. This 

confers a desirable and potentially therapeutically beneficial distribution profile for drugs 

acting in the CNS.
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Methods

Chemistry. General Chemistry
1H and 13C NMR were taken on a Bruker 400 MHz. All spectra were calibrated to the NMR 

solvent reference peak (chloroform-d or d3-MeCN). 1H coupling constants (JHH, Hz) are 

reported as follows: chemical shift, multiplicity (br = broad, s = singlet, d = doublet, sept= 

septet, m = multiplet, dd = doublet of doublets), coupling constant, and integration. High-

resolution mass spectrometry (HRMS) with electrospray ionization was performed by the 

Bioanalytical MS Facility at Portland State University. Sobetirome and d6-sobetirome were 

synthesized as previously described.40, 41 All other reagents were purchased from Fisher, 

Sigma, or TCI and used as received. Analytical HPLC analysis was performed on a Varian 

ProStar HPLC with a Grace Altima C18, 5 μm column (4.6 × 250 mm) with a gradient 

(Solvent A: Water + 0.1% TFA; Solvent B: MeCN + 0.1% TFA) for B: 20–100% 0–20 

minutes, 100% B 20–25min, 100%−20% B 25–26min, hold 20% B 26–30 min. Flowrate 

was 1 mL/min. Purity analysis of final compounds was determined to be >95% by HPLC 

(A235nm). HPLC traces can be found in the Supplemental Information.

Synthesis of Compounds and Characterization

Sob-AM1 (6), 2-(4-(4-hydroxy-3-isopropylbenzyl)-3,5-
dimethylphenoxy)acetamide—Sobetirome (250 mg, 0.76 mmol, 1 eq) is treated with 

MeOH (3 mL) in a sealed tube. Sulfuric acid (1 drop) is added and the reaction is sealed and 

then heated to 65 °C for 1 hour while stirring. The reaction is allowed to come to room 

temperature. TLC analysis (1:30 MeOH:DCM) shows complete conversion to the 

intermediate methyl ester. To the intermediate reaction mixture, ammonia (7N in MeOH, 

0.76 mL, 7 eq) is added. The reaction is resealed and, again, heated to 65 °C for 1 hour. The 

reaction flask is allowed to return to room temperature and is added to 0.5 N NaOH (20 mL) 

in a separtory funnel and subsequently extracted with DCM (3 × 100 mL). The organic 

layers are combined, dried with Na2SO4, and concentrated. Purification by flash 

chromatography (0–6% MeOH in DCM) gave the product as a white solid (157 mg, 0.48 

mmol, 63%). Purity: 95% (HPLC). 1H NMR (400 MHz, Chloroform-d) δ 6.93 (b, 1H), 

6.65–6.56 (m, 5H), 5.85 (b, 1H), 5.19 (s, 1H), 4.51 (s, 2H), 3.92 (s, 2H), 3.19 (sept, J = 6.9, 

1H), 2.24 (s, 6H), 1.23 (d, J = 6.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 171.6, 155.1, 

151.0, 138.9, 134.3, 131.7, 131.4, 126.1, 125.3, 115.2, 114.1, 67.0, 33.7, 27.1, 22.6, 20.5. 

HRMS (ESI) m/z [M+Na+] C20H25NNaO3
+ requires 350.1727, found 350.1737

Sob-AM2 (7), 2-(4-(4-hydroxy-3-isopropylbenzyl)-3,5-dimethylphenoxy)-N-
methylacetamide—The synthesis was carried out identical to 6 with sobetirome (155 mg, 

0.47 mmol), but using a solution of 40% methyl amine in water (610 μL, 7.05 mmol, 15 eq) 

instead of ammonia. The product was isolated as a white solid (144 mg, 90%). Purity: 97% 

(HPLC). 1H NMR (400 MHz, CD3CN): 6.98 (br, 1 H), 6.89 (s, 1 H), 6.68 (s, 2 H), 6.62 (d, 1 

H, J = 8.6 Hz), 6.54 (dd, J = 8.4, 2.4 Hz, 1 H), 4.37 (s, 2 H), 3.87 (s, 2 H), 3.16 (septet, J = 

6.9 Hz, 1 H), 2.75 (d, J = 4.9 Hz, 3 H), 2.20 (s, 6 H), 1.12 (d, J = 6.9 Hz, 6 H). 13C NMR 

(101 MHz, CDCl3) δ 169.4, 155.1, 151.0, 138.9, 134.3, 131.7, 131.2, 126.1, 125.2, 115.1, 

114.0, 67.2, 33.7, 27.1, 25.8, 22.6, 20.5. HRMS (ESI) m/z [M+Na+] C21H27NO3Na+ 

requires 364.1883, found m/z 364.1890.

Meinig et al. Page 7

ACS Chem Neurosci. Author manuscript; available in PMC 2019 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



d6-Sob-AM2 (8), 2-(4-(4-hydroxy-3-(propan-2-yl-1,1,1,3,3,3-d6)benzyl)-3,5-
dimethylphenoxy)-N-methylacetamide—The synthesis was carried out identical to 7 
but using d6-sobetirome (scaled to 28 mg, 0.08 mmol) as a starting material. The product 

was isolated as a white solid (24.5 mg, 84%). Purity: 97% (HPLC). 1H NMR (400 MHz, 

Chloroform-d): 6.94 (d, J = 1.8 Hz, 1 H), 6.68 (br, 1 H), 6.59 (m, 4 H), 5.30 (s, 1 H), 4.51 (s, 

2 H), 3.92 (s, 2 H), 3.16 (s, 1 H), 2.94 (d, J = 5.0, 3 H), 2.23 (s, 6 H). 13C NMR (101 MHz, 

CDCl3) δ 169.5, 155.1, 151.2, 138.9, 134.4, 131.5, 131.1, 126.1, 125.2, 115.1, 114.0, 67.2, 

33.7, 26.6, 25.8, 20.5. HRMS (ESI) m/z [M+H+] C21H22D6NO3
+: m/z 348.2240, found m/z 

348.2444.

General Materials

Sobetirome and d6-sobetirome were synthesized as previously described.40, 41 Anandamide 

(AEA, #90050), PF-3845 (#13279), and URB-937 (#10674) were purchased from Cayman. 

Arachidonic acid was purchased from Sigma (#23401). d11-Arachidonic acid was purchased 

from Avanti (#861810E). Fatty-acid free BSA was from Alfa Aesar (#64682). Solvents were 

HPLC grade from Fisher.

Plasmids

Human FAAH cDNA in a pcDNA4 backbone was kindly provided by Prof. Martin 

Kaczocha (Stony Brook). A C-terminal FLAG sequence was inserted by PCR using the 

following primers: 5’-CGCAAATGGGCGGTAGGCGTG (f_CMV) and 5’-

AGACTCGAGTCACTTGTCGTCATCGTCTTTGTAGTCGGATGACTGCTTTTCAGGGG

TCAT. The Kpn1/Xho1 digestion fragment was reinserted back into digested pcDNA4. The 

resulting pcDNA4-FAAH-FLAG construct was confirmed by sequencing (OHSU DNA 

Services Core).

LC-MS/MS analysis

Compound quantification was performed by LC-MS/MS as previously described19 with 

modifications. Chromatography separation was performed on a Hamilton PRP-C18 column 

(5 μm, 2.1 × 50 mm, 100 Å) fit with a Betabasic precolumn (Thermo). The gradient mobile 

phase was delivered at a flow rate of 0.5 mL/min, and consisted of two solvents, A: 10 mM 

ammonium formate in water and B: 10 mM ammonium formate in 90% acetonitrile, 10% 

water. The gradient was as follows: 0–0.5 min, hold 10% B; 0.5–5.1 min, 10–98% B; 5.1–7 

min, hold 98% B; 7–7.1 min, 98–10% B; 7.1–8 min, hold 10%. Sample injections were 20 

μL. Either a 5500 QTRAP or 4000 QTRAP hybrid/triple quadrupole linear ion trap mass 

spectrometer (Applied Biosystems) were used to detect analytes with multiple-reaction-

monitoring (MRM) using parent ion m/z and a second transition. Instrument parameters 

were optimized for MRM transitions by direct infusion of pure compound. Sobetirome (m/z 

327.3 −> 269.3 and m/z 327.3 −> 135.0; retention time 2.88 min), d6-sobetirome (m/z 333.0 

−> 275. 2 and 333.0 −> 141.1; retention time 2.86 min), arachidonic acid (m/z 303.45 −> 

259.1; retention time 5.75 min), and d11-arachidonic acid (m/z 314.45 −> 270.1; retention 

time 5.75 min) were detected with negative mode. Sob-AM2 (m/z 342.2 −> 194 and 342.2 

−> 135, retention time 4.35 min) and d6-Sob-AM2 (m/z 348.2 −> 194.1 and 348.2 −> 141.1) 

were detected in positive mode using a mode switch from negative to positive.
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FAAH activity in cell homogenate

The COS-7 cell line was a kind gift of Prof. Michael Cohen (OHSU). COS-7 cells (from 

ATCC CRL-1651) were cultured in Dulbecco’s Modified Eagle’s Medium supplemented 

with FBS (10%), penicillin (100 units/L), and streptomycin (100 μg/L). Cells (800,000/well) 

were seeded into 6-well plates (Falcon 353046) and left to adhere overnight. Cells were 

transfected with pcDNA4-FAAH-FLAG with Lipofectamine (Invitrogen) according to the 

manufacturer’s protocol. Mock transfection controls were done with transfection reagent and 

no DNA. Cells were washed 4-days post transfection with cold PBS and scraped into cold 

TE buffer (125 mM Tris, 1 mM EDTA, pH 9) and sonicated (10 sec, 60Sonic Dismembrator, 

Fisher). Cell homogenates were stored at −80 °C until use. Protein concentrations were 

determined by a BCA assay (Pierce). Cell homogenates were diluted into reaction buffer 

(TE buffer + 0.1% fatty-acid free BSA). Substrates were added as 50× stocks in DMSO into 

50 μL aliquots of homogenate to final concentrations between 0.5 μM and 100 μM. 

Homogenate protein levels (0.25 – 10 μg/mL) and time (5 – 15 min) were adjusted to 

maintain < 10% product conversion. Reactions were quenched with 100 μL acetonitrile and 

vortexed for 20 s. Samples were clarified by centrifugation (10,000 rpm, 15 min, 4 °C). The 

supernatant was diluted 2–50 fold depending on signal intensity into 2:1 MeCN:H2O 

containing 149 or 299 nM d11-arachindonic acid and 14.9 or 29.9 nM d6-sobetirome. 

Samples were centrifuged again (13,200 rpm, 15 min, 4 °C). Products were quantified by 

LC-MS/MS with standard curves generated from mock samples. Product concentrations 

were corrected for differences in method extraction efficiencies between sobetirome (0.48) 

and arachindoic acid (0.62). Extraction efficiencies were determined by the area ratio of 

known quantity of labeled product spiked into a mock sample before extraction to a known 

quantity of unlabeled product spiked into the final solution (Figure S1). Observed rates are 

expressed as nmol product per mg protein homogenate per min. Hydrolysis rates from 

nontransfected (mock) controls were determined to be minimal and did not effect calculated 

values (Table S1). Kinetic parameters were determined in GraphPad Prism 7 (Michaelis-

Menton fitting) and are expressed as value ± SE.

Animal studies

Experimental protocols were in compliance with the National Institutes of Health Guide for 

the Care and Use of Laboratory Animals and approved by the Oregon Health & Science 

University Institutional Animal Care & Use Committee. FAAH-KO mice on a C57/BL6 

background were a kind gift of Prof. Benjamin Cravatt (Scripps Research Institute).30 Wild 

type C57BL/6 mice, aged 8–10 weeks, were purchased from Jackson Laboratory. All mice 

were housed in climate-controlled rooms with a 12h/12h light-dark cycle with ad libitum 

access to food and water. All injections were delivered intraperitoneally (i.p.) using 1:1 

saline:DMSO as a vehicle except for AUC experiments, which were delivered intravenous 

(i.v., tail vein). Injection volumes were standardized to 150 μL/26 g mouse. When 

comparing sobetirome and sobetiramides, equimolar doses were given (i.e. 3.05 μmol/kg 

corresponds to 1 mg/kg for sobetirome). FAAH inhibitors PF-3845 and URB-937 were 

injected at 1 mg/kg. Time-points for the AUC experiment were: 0.167, 0.5, 1, 2, 4, and 8 h 

and match previous experiments.19 Euthanasia was carried out with CO2 followed by 

cervical dislocation.
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Tissue processing

Tissues were processed for LC-MS/MS analysis as previously described with slight 

modifications.19 Standard curves were prepared in vehicle treated samples for each tissue to 

control for ion suppression in the analysis.

Serum.—Whole blood was incubated for 15 min on ice and then clarified (7,800 rpm, 15 

min, 4 °C). 100 μL of serum is transferred to a new tube and stored at −80 °C until further 

processed. Serum samples were thawed on ice prior to treatment with 10 μL internal 

standards (2.99 μM d6-sobetirome in water and/or 2.99 μM d6-Sob-AM2 in MeCN) 

followed by a crash with 400 μL MeCN. Following vigorous vortexing (~20 sec), samples 

were centrifuged (10,000 rpm, 15 min, 4 °C). The supernatant is dried under high vacuum. 

Samples were treated with 400 μL 1:1 MeCN:H2O with vigorous vortexing. When Sob-

AM2 was analyzed, the resuspension step was carried out with 4:1 MeCN:H2O. Samples are 

centrifuged (10,000 rpm, 15 min, 4 °C), the supernatant is transferred, and centrifuged again 

(13,200 rpm, 15 min, 4 °C) prior to analysis by LC-MS/MS.

Brain.—Tissue weights were determined prior to homogenization. Whole brains were 

treated with water (1 mL) containing 29.9 nM internal standard (d6-sobetirome and/or d6-

Sob-AM2). Tissues were homogenized in 2 mL tubes containing 3 GoldSpec 1/8 chrome 

steel balls (Applied Industrial Technologies) using either a Bead Bug homogenizer or a Bead 

Ruptor 24. The homogenate was crashed and extracted with 4 mL MeCN and centrifuged 

(10,000 rpm, 15 min, 4 °C). The supernatant was transferred to glass culture tubes and dried 

under high vacuum. The sample residue was then treated with 400 μL 1:1 MeCN:H2O and 

vigorously vortexed (20 sec). When Sob-AM2 was analyzed, the resuspension step was 

carried out with 4:1 MeCN:H2O. The sample is centrifuged (10,000 rpm, 15 min, 4 °C) and 

the resulting supernatant is transferred to an eppendorf tube. The supernatant is centrifuged 

again (13,200 rpm, 15 min, 4 °C) and submitted for LC-MS/MS analysis.

Liver/Kidney/Heart.—Peripheral tissues were processed identical to the brain with the 

following modifications. From the 1 mL liver homogenate, 0.1 g (~100 μL) of sample was 

further processed. The 100 μL of liver sample was extracted with 400 μL MeCN. Kidney 

and heart samples were homogenized in 400 μL water containing 75 nM internal standard 

(d6-sobetirome). Homogenization was carried out for 120 s. Sample extraction was done 

with 1.2 mL MeCN.

Dissected brain regions were processed as above but with slightly different volume/weight 

ratios. Each dissected sample was homogenized at 2.5 μL water per 1 μg tissue. The MeCN 

crash and extraction was performed with 10 μL MeCN per 1 μg tissue. Following drying 

under vacuum, samples were reconstituted in 2.5 μL 4:1 MeCN:Water per 1 μg original 

tissue weight. For each treatment, each region was carried out with n=5. Due to sample loss 

in processing, final replicates were reduced in number for some regions: sobetirome treated 

hippocampus (n=4); sobetirome treated olfactory bulbs (n=4); Sob-AM2 treated olfactory 

bulbs (n=2). All others points were done at n=5. Data represents mean ± SEM.
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Quantitative PCR

Transcripts were quantified as previously described with slight modifications and are briefly 

described here.19 Mice were injected (n=3 per point) once (i.p.) with sobetirome or Sob-

AM2 over a dose range. Vehicle only treated mice were used as the control. Brain and liver 

were collected 6 h post-injection and preserved in RNAlater (Fisher). RNA was extracted 

from tissue and purified using Trizol (Invitrogen) and a Pure-Link RNA Mini Kit 

(Invitrogen) according to the manufacturer protocol. RNA was DNase treated on the column 

using an RNase-Free DNase kit (Qiagen). Extracted RNA was used to synthesize cDNA 

using a QuantiTect Reverse Transcription kit (Qiagen). Transcripts levels were measured by 

qPCR using the QuantiTect SYBR green PCR kit (Qiagen). Hairless (Hr) expression (f-Hr: 
CCAAGTCTGGGCCAAGTTTG; r-Hr: TGTCCTTGGTCCGATTGGAA) was measure 

relative to gapdh in the brain (5’ f-Gapdh: CCGCATCTTCTTGTGCAGTG 3’; r-Gapdh 5’ 

GAGAAGGCAGCCCTGGTAAC 3’). Thrsp expression (f-Thrsp: 5’ 

TGAGAACGACGCTGCTGAAA 3’; r-Thrsp: 5’ TATTTCCGCGTCACCTCCTG 3’) was 

measured relative to the 18S RNA (f-18S: 5’ TTCCGATAACGAACGAGACTCT 3’; r-18S: 

5’ TGGCTGAACGCCACTTGTC 3’) in the liver. Data was analyzed using the comparative 

2−ΔΔCt method and normalized between vehicle and the highest dose of sobetirome. 

Individual data points are shown as normalized fold-change ± SEM. EC50 values were 

calculated using a non-linear regression (GraphPad Prism 7 four-parameter model).

Statistical Analysis

Statistical significance was determined using one-way ANOVA (Fisher LSD) or multiple t-

tests as indicated. All tests were two-tailed. Replicates in each experiment were as stated in 

the specific figure legend and in the corresponding methods. For animal groups, 

experimental numbers were informed by previous experience in the field in order to 

minimize total animal numbers as appropriate. Analysis was carried out in GraphPad Prism 

7 and carried out without further modifications. Significance level (α) was set to <0.05. P-

values are illustrated with the following symbols * P <0.05, ** P <0.01, *** P<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FAAH fatty-acid amide hydrolyase

X-ALD X-linked adrenoleukodystrophy

MS multiple sclerosis

TI therapeutic index

AEA anandamide

OEA oleamide

AUC area-under-the-curve

KO knock out

VLCFA very long-chain fatty acids

i.p. intraperitoneal

i.v. intravenous
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Figure 1. Sobetiramides are substrates of FAAH.
(A) Chemical structures of thyroid hormone (T3), sobetirome, two endogenous substrates of 

FAAH (AEA and OEA), and novel FAAH-targeted sobetirome amide (sobetiramide) 

prodrugs. (B) Using cell homogenate overexpressing human FAAH, Michaelis-Menten 

curves were produced for both Sob-AM1 and Sob-AM2 compared with the endogenous 

FAAH substrate AEA. Hydrolysis reactions (n=3) were monitored by quantifying product 

formation by LC-MS/MS. A summary of Vmax and Km values can be found in Table 1. For 

each substrate concentration, reaction time and protein levels were adjusted to maintain 

<10% substrate conversion. Data represent mean ± SEM
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Figure 2. Sobetiramides substantially increase brain exposure while decreasing peripheral 
concentrations of sobetirome in vivo.
Mouse cohorts (n=6) were treated (i.p., 3.05 μmol/kg) with sobetirome, Sob-AM1, or Sob-

AM2. After 1 h, tissues were collected and analyzed by LC-MS/MS for sobetirome levels in 

the (A) brain and (B) serum. (C) Brain-to-serum concentration ratios at this 1 h time point 

suggests significant increases in brain selective distribution of the prodrugs. Statistical 

analyses for A-C were done using one-way ANOVA (Fisher LSD) comparing prodrug 

values to sobetirome (A-C). To quantify sobetirome exposure from peripherally dosed Sob-

AM over time, sobetirome levels the brain and serum (D) was measured from mouse cohorts 

treated at t=0 (i.v., 9.15 μmol/kg) and measured over 8 h post-dose. Each data point 

represents n=3. Calculated AUC values are summarized in Table 2. (E) Mice cohorts (n=3) 
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were treated with sobetirome or Sob-AM2 identical to A-C except brain regions were 

dissected and analyzed separately. Sobetirome concentrations were significantly increased in 

Sob-AM2 treated mice across almost all CNS regions including the cortex (18-fold) and 

spinal cord (3.5-fold). Statistical analyses for E were done using multiple two-tailed t-test 

comparing sobetirome/Sob-AM2 treatments. (F) Sob-AM2 levels were quantified in the 

same dissected CNS regions as (E) using LC-MS/MS monitoring the Sob-AM2 ion. Intact 

(non-hydrolyzed) prodrug can be observed across CNS regions at levels similar to the cortex 

with only the cerebellum displaying significantly elevated Sob-AM2. Statistical analysis for 

F was done using one-way ANOVA (Fisher LSD) comparing regions to the cortex. All data 

in A-F represent mean ± SEM and are expressed as a function of tissue weight. (* P= <0.05, 

** P <0.01, *** P <0.001)
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Figure 3. FAAH is the primary hydrolase responsible for sobetiramide hydrolysis in vivo.
(A & B) FAAH inhibitors significantly decrease Sob-AM2 hydrolysis in target tissues. 

Mouse cohorts (n=3) were treated with vehicle, PF-3845, or URB-937 (i.p., 1 mg/kg). 30 

min post initial injection, mice were treated with Sob-AM2 (i.p., 3.05 μmol/kg). Tissues 

were collected 1 h after the second injection. (A) Consistent with its known pharmacological 

distribution, PF-3845 significantly reduced sobetirome levels in all tested tissues compared 

with vehicle. (B) Compared to the vehicle control, URB-937 reduced sobetirome levels in all 

tested tissues except for the brain, consistent with its inability to cross the BBB. Data for 

vehicle treated animals is common to (A) and (B) and is replicated for clarity. Data represent 

mean ± SEM and statistical analyses were performed using multiple t-test comparing 

inhibitor treatment to vehicle. (C-E). Wild type and FAAH-KO mice were treated with Sob-

AM2 (i.p., 3.05 μmol/kg) and tissues were collected 1 h post-dose. Sobetirome levels 

analyzed by LC-MS/MS. FAAH-KO mice exhibited significant lowering of sobetirome in 

both the brain (C) and serum (D) compared to wild type animals that receiving an identical 

systemic dose. (E) Following a peripheral dose of the parent drug sobetirome (i.p., 3.05 

μmol/kg), FAAH-KO mice showed no significant difference in brain sobetirome levels 

compared with wild type. Data represent mean ± SEM. (C) n=6; (D) and (E) n=3. Statistical 

analyses were performed using two-tailed Student t-tests (***P < 0.001, # P> 0.05)
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Figure 4. Sob-AM2 is more potent in the brain and less potent in the liver at TR-activation than 
sobetirome.
Following peripheral dosing (i.p.) of sobetirome or Sob-AM2 in wild type mice across a 

dose range, transcript levels of the known thyroid-responsive genes Hr and Thrsp were 

quantified in the brain (A) and liver (B), respectively. In the brain, Sob-AM2 (EC50 ~ 0.17 

μmol/kg) was more potent than sobetirome (EC50 ~3.4 μmol/kg). This trend is reversed in 

the liver with Thrsp response (Sob-AM2 EC50 ~76 nmol/kg; sobetirome EC50 ~10 nmol/kg). 

Data points represent mean ± SEM and n=3.
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Table 1.

A summary of Michaelis-Menten observed parameters for AEA, Sob-AM1, and Sob-AM2.

Substrate Vmax (nmol * mg−1 * min−1) KM (μM) Vmax/KM

AEA 128.4 ± 2.3 1.8 ± 0.2 71.1 ± 6.3

Sob-AM1 31.4 ± 2.9 1.7 ± 0.7 18.9 ± 8.7

Sob-AM2 20.9 ± 2.5 1.3 ± 0.8 15.5 ± 9.7
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Table 2.

Comparative brain and serum exposures for sobetirome, 3, and Sob-AM2 showing systemic improvements in 

AUCbrain/AUCserum (Kp).

Compound Brain-AUC0–8h (ng * h * g−1) Serum-AUC0–8h (ng * h * g−1) Kp
a

Sobetirome (2)
b 9.9 ± 1.0 472.6 ± 132.4 0.02 ± 0.006

3
b 17.2 ± 2.3 136.5 ± 21.0 0.13 ± 0.03

Sob-AM2 (7)
c 573.9 ± 82.6 479.8 ± 84.5 1.20 ± 0.27

a
Kp = AUCbrain/AUCserum

b
Data reproduced from Ferrara, 2017 (i.p., 1.5 μmol/kg)

c
This work (i.v., 9.15 μmol/kg)

ACS Chem Neurosci. Author manuscript; available in PMC 2019 January 22.


	Abstract
	Introduction
	Results
	Sobetiramides as FAAH substrates
	In vivo pharmacology of sobetiramides
	In vivo validation of FAAH as prodrug target

	Discussion
	Methods
	Chemistry. General Chemistry
	Synthesis of Compounds and Characterization
	Sob-AM1 (6), 2-(4-(4-hydroxy-3-isopropylbenzyl)-3,5-dimethylphenoxy)acetamide
	Sob-AM2 (7), 2-(4-(4-hydroxy-3-isopropylbenzyl)-3,5-dimethylphenoxy)-N-methylacetamide
	d6-Sob-AM2 (8), 2-(4-(4-hydroxy-3-(propan-2-yl-1,1,1,3,3,3-d6)benzyl)-3,5-dimethylphenoxy)-N-methylacetamide

	General Materials
	Plasmids
	LC-MS/MS analysis
	FAAH activity in cell homogenate
	Animal studies
	Tissue processing
	Serum.
	Brain.
	Liver/Kidney/Heart.

	Quantitative PCR
	Statistical Analysis

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.

