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Mycobacterium tuberculosis, the causative agent of human 
tuberculosis (TB),2 infects one-third of the world’s population 
and is responsible for 9.0 million new infections and 1.5 million 
deaths in 2013.3 The situation is complicated by HIV/AIDS 
infection, multidrug resistant TB (MDR-TB) and extensively 
drug resistant TB (XDR-TB).4 In 2008, 22% of new TB cases 
were reported to be MDR-TB.5 The basic regimen recommended 
for TB treatment is comprised of the four front-line drugs: 
isoniazid (INH), rifampicin (RIF), pyrazinamide (PZA), and 
ethambutol (EMB). The regimen starts with two months initial 
phase, followed by INH and RIF for another four months. MDR-
TB is resistant against INH or RIF, contributes to the spread and 
worsens the situation by lengthening the treatment from 6 months 
to nearly 2 years. XDR-TB is resistant to both front-line and 
second-line drugs and is extremely difficult to cure.6 Taken 
together, novel drugs with activity against drug-resistant TB are 
therefore urgently needed. 

InhA, the enoyl-ACP reductase involved in the M. tuberculosis 
fatty acid biosynthesis (FAS II) pathway,7 catalyzes the last 
reaction in the elongation cycle, and is the target for INH, one of 
the most effective and widely used anti-tubercular drugs.7, 8 INH 
is a prodrug that is activated by the mycobacterial catalase-
peroxidase enzyme KatG.7, 9-11 Activation of INH leads to the 
formation of the INH-NAD, which is a slow, tight-binding 
inhibitor of InhA.8 Because a substantial fraction of all clinical 
isolates that are resistant to INH result from KatG mutations,12-15 
compounds that target InhA, but that do not require activation by 
KatG, are promising candidates for drug-resistant M. 
tuberculosis. 

Based on the above hypothesis, we and others have developed 
direct inhibitors of InhA that do not require activation.16-20 In our 
own studies, we have used the diaryl ether scaffold of the enoyl-
ACP reductase triclosan as a starting point for the generation of 
InhA inhibitors. Our initial studies resulted in a series of 
compound with nanomolar potency for InhA and minimum 
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PT70 is a diaryl ether inhibitor of InhA, the enoyl-ACP reductase in the Mycobacterium 
tuberculosis fatty acid biosynthesis pathway. It has a residence time of 24 min on the target, and 
also shows antibacterial activity in a mouse model of tuberculosis infection. Due to the interest 
in studying target tissue pharmacokinetics of PT70, we developed a method to radiolabel PT70 
with carbon-11 and have studied its pharmacokinetics in mice and baboons using positron 
emission tomography. 
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inhibitory concentrations (MICs) of 1 – 2 μg/mL against both 
drug-sensitive and drug-resistant strains of M. tuberculosis.21 In 
separate studies, we examined the in vitro and in vivo 
antibacterial activity of these compounds against other 
pathogens, and discovered that the residence time (tR) of the 
diphenyl ethers on the Francisella tularensis FabI correlated with 
the efficacy of the compounds in an animal model of tularemia,22 
supporting the importance of drug-target kinetics in drug 
action.23-26 Our initial series of InhA inhibitors were not time 
dependent,21 but based on the F. tularensis data, and the 
knowledge that the INH-NAD adduct is a slow onset inhibitor of 
InhA with a residence time of 1 h on the enzyme,8 we set out to 
develop time-dependent diaryl ether inhibitors of InhA. 

Slow-onset inhibition of the FabI (InhA) enoyl-ACP reductases 
is coupled to ordering of an active site loop (substrate-binding 
loop), which closes over the substrate-binding pocket.27-30 Using 
this information we developed PT70, a slow-onset inhibitor of 
InhA that binds preferentially to the InhA:NAD+ complex and 
has a residence time of 24 min on the target.28 PT70 binds to 
InhA through a two-step induced-fit mechanism, in which the 
rapid formation of the initial EI complex is followed by the slow 
formation of the final enzyme-inhibitor complex (EI*) (Scheme 
1), and X-ray crystallography confirmed that the substrate-
binding loop had closed over the inhibitor in the EI* complex.28, 

30  

We examined the efficacy of this compound in a mouse model 
of TB infection. Although PT70 did not affect the bacterial 
burden in the lungs of the infected animals, the compound 
reduced the bacterial load in the spleens, whereas a rapid 
reversible inhibitor of InhA demonstrated no in vivo antibacterial 
activity.31 Encouraged by these results we set out to examine the 
metabolism of PT70 as well as the biodistribution of this 
compound in mice as well as in non-human primates. 

Traditionally, due to the limitation of methodologies to access 
tissue pharmacokinetics (PK), plasma PK has been widely used 
as a surrogate to evaluate the exposure of candidate drugs and to 

compare with their corresponding minimum inhibition 
concentrations in the expectation to predict in vivo efficacies. 
However, the equilibrium between plasma and target tissue 
cannot always be taken for granted and drug levels in target 
tissues are often substantially different from the corresponding 
plasma levels.32, 33 In the case of antibacterial drugs, failure to 
reach optimal concentration at target site can not only cause 
failed therapy but also trigger resistance.34 In order to address 
these issues, the Food and Drug Administration (FDA) requires 
target tissue distribution studies at infected and uninfected sites.33 

Positron Emission Tomography (PET) has emerged as a 
powerful tool for studying drug action in humans and laboratory 
animals.35 This approach quantifies the three-dimensional 
distribution of drugs in real-time using the non-invasive detection 
of positron-emitting isotopes.36 It can also be used to validate the 
mode of drug action by establishing that drugs actually engage 
their intended targets in vivo.37 Since this is a non-invasive 
technique, preclinical PK/PD studies can thus be readily 
translated into humans. Although widely used in fields such as 
neuroscience and oncology, PET is now beginning to be used to 
study the biodistribution of antibacterial agents.1, 38-40 

The goal of the present study was to develop a method to 
incorporate the positron-emitting isotope carbon-11 (half-life: 
20.4 min) into PT70 (Scheme 1), and then to study the 
biodistribution and pharmacokinetics of PT70 in mice and 
baboons using PET.  

The radiosynthesis of [11C]PT70 is shown in Scheme 2. Briefly, 
4-ethyl-2-methoxyphenol 3 was prepared from vanillin (2) in 
three steps as described previously.21, 31 The 2-
iodophenoxyphenol 4 was then prepared from 3 in three steps via 
a diazonium salt intermediate prior to iodide anion attack.41 
Subsequently the tributylstannyl intermediate 5 was prepared 
from 4 using tributylchlorostannane. Introduction of carbon-11 
was then achieved from 5 using a modified Stille reaction42 and 
[11C]CH3I. Initially, the reaction was successfully carried out in 
toluene at 100°C for 10 min. However this involved a time 
consuming evaporation before the chromatographic purification 
due to incompatible solvents, and consequently we explored a 
range of solvent systems in order to identify conditions that 
would give the required rate of synthesis, radiochemical yield 
and solvent compatibility. This screening approach resulted in 
the use of THF as the solvent with a 5 min reaction time 
(Scheme 2). This reaction was also tolerant to the phenol group 
and no major side reactions were observed. The resulting 
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Scheme 2. Synthesis of key intermediates and [11C]PT70. Reagents and conditions: (a) i) BnBr, KOH, CH3OH, H2O reflux 4 h, ii) 
C5H11PPh3BR, n-BuLi, DCM, -78ºC to r.t., iii) H2, Pd/C, MeOH, r.t. 16 h (b) i) 1-F-2-NO2-benzene, K2CO3, DMF, 125 °C, 2h. ii) 

H2, Pd/C, MeOH, r.t., 16 h. iii) HCl, AcOH, NaNO2, 0°C, 40 min then KI, 0 °C 24 h. iv) BBr3, DCM, - 78 °C. (c) n-BuLi, Bu3SnCl 
Et2O, -78°C to r.t. Full details are given in supplementary information. 



[11C]PT70 was purified by high performance liquid 
chromatography (HPLC) and concentrated in vacuo. The average 
decay-corrected yield (DCY), calculated from [11C]CH3I, was 
40% - 50% in a total synthesis time of 50 min. Analytical HPLC 
and TLC demonstrated that the radiolabeled product was over 
98% radiochemically pure, with a specific activity of 7 – 13 
Ci/μmol at the end of bombardment (EOB).  

The lipophilicity (logD) and plasma protein binding (ppb) of 
PT70 was determined using the radiolabel to report on drug 
concentration. The logD value determined by measuring the 
partitioning between octanol and pH 7.4 phosphate buffer was 
3.65 which is significantly lower than the clogP value of 6.97 
calculated for PT70. This may indicate that the phenolic hydroxyl 
group of PT70 is partially ionized at pH 7.4, consistent with the 
knowledge that the pKa of this group in diphenyl ethers is ~ 8.5 
depending on ring substitution. Finally, the data also show that 
PT70 was 99.76% bound to plasma proteins. 

Peripheral organ drug distribution was determined in healthy 
mice (Table 1 and Figure 1) using the methods previously 
described.39 For all tissues analyzed, the highest concentration of 
drug occurred 20 min after injection and subsequently decreased. 
The distribution of [11C]PT70 in blood was also measured. The 
concentration of [11C]PT70 was much higher in the liver than in 
other peripheral organs, which might be expected since 
glucuronidation is the major route of diphenyl ether metabolism. 

The results for PT70 are broadly similar to data acquired 
previously for PT119, a cyano derivative of PT70 (Scheme 1).39 
PT119 is also an enoyl-ACP reductase inhibitor with a preference 
for the Staphylococcus aureus FabI (saFabI). PT119 has a 
residence time of ~12.5 h on saFabI and demonstrates efficacy in 
a mouse model of MRSA infection. To further compare and 
contrast the biodistribution of PT70 and PT119, we determined 
the concentration of [11C]PT70 in a mouse thigh model of MRSA 
infection. Similar to [11C]PT119, [11C]PT70 showed similar 
concentrations in the infected compared to the uninfected thighs 
of mice (data not shown). 

The data indicate that PT70 rapidly distributes to the major 
organs including the spleen, consistent with the ability of this 

compound to reduce bacterial load in the spleens of mice infected 
with M. tuberculosis.31 PT70 did not, however, impact bacterial 
load in the lungs of mice, which is the primary site of infection, 
despite the rapid distribution of PT70 to the lungs. Since PET 
imaging reports on the distribution of the parent radiotracer as 
well as any metabolites that retain the radiolabel, a portion of the 
signal may derive from radiolabeled metabolites with altered 
antibacterial activity. In this regard, we previously reported the 
PK as well as the Phase 1 and 2 metabolism of PT04, a PT70 
analog that lacks the B-ring methyl group.43 These studies 
demonstrated that O-glucuronidation was a primary route for 
metabolism, which does not remove the radiolabel from the 
parent compound. Since the phenolic hydroxyl group is essential 
for FabI binding, addition of glucuronic acid is expected to 
reduce the affinity of the compounds for FabI and hence impact 
the antibacterial activity of the compound.  

In addition, PET studies are normally conducted with a single 
sub-therapeutic microdose of compound, and conclusions about 
the PK of pharmacological drug doses are made by assuming that 
drug concentration scales linearly. This is normally true if there 
are no saturable processes that affect ADME. To provide insight 
into the effect of a therapeutic drug dose on the biodistribution of 
[11C]PT70, we studied the tissue concentrations of PT70 
following a single 200 mg/kg predose of this compound (Figure 
2). We found that pretreatment with PT70 more than doubles the 
accumulation of radiotracer in the spleen whereas the amount of 
radiotracer in the lungs is unchanged. Although the efficacy 
studies are conducted over multiple days of treatment, the 
observation that predosing raises the level of PT70 in the spleen 
may provide a potential explanation for the ability of PT70 to 
reduce bacterial load in this organ in mice infected with M. 
tuberculosis.  A second possibility, raised during review, is that 
the bacterial population in the spleen, which has disseminated 
from the primary site of infection in the lung, may be more 
sensitive to PT70 than the bacterial population in the lung.  

 
Figure 1: Biodistribution of [11C]PT70 in mice. 
Biodistribution of [11C]PT70 in spleen, kidney, lung and 
blood in mice at 20, 40 and 60 min after injection. The data 
are expressed as % injected dose/gram. Each value is the 
mean ± SD for three animals. 

Table 1 Biodistribution of [11C]PT70 in healthy mice. 
Time (min) Spleen Kidney Liver Lung Blood 

20 1.82 ± 0.28 2.21 ± 0.01 N.D. 1.36 ± 0.17 1.70 ± 0.02 
40 0.93 ± 0.14 1.45 ± 0.26 15.70 ± 1.22 1.26 ± 0.16 1.46 ± 0.17 
60 0.21 ± 0.01 0.31 ± 0.03 14.09 ± 0.01 1.35 ± 0.05 0.55 ± 0.14 

Values given are [%ID/cc]. 
 

 
Figure 2: Effect of [11C]PT70 biodistribution in mice 
following a predose of PT70. 
Biodistribution of [11C]PT70 following a predose of 200 
mg/kg PT70 1 hr prior to imaging. The data were obtained 20 
min after injection of [11C]PT70 and are expressed as % 
injected dose/gram. Each value is the mean ± SD for three 
animals. 



To analyze drug distribution in baboons, dynamic PET scans 
were performed with [11C]PT70 over 90 min to determine the 
peripheral organ distribution (Figure 3). The time activity curves 
(TACs, Figure 4) were generated from the images acquired after 
i.v. administration of radiotracer by manually drawing the region 
of interests (ROIs). The injected [11C]PT70 cleared rapidly from 
the heart, lung and blood, with moderate accumulation in the 
liver, kidney and spleen, while a large portion of radioactivity 
accumulated in the gallbladder. The rectilinear scan at around 
120 min after administration suggests that another large portion 
of the injected [11C]PT-70 was eliminated into the bladder. 
Although we have not conducted efficacy studies with PT70 in 
non-human primates, the data point to similar drug distribution to 
that observed in mice, and thus that PT70 might also be expected 
to reduce bacterial load in the spleen. 

We next examined the ability of PT70 to penetrate the blood 
brain barrier (BBB). Images were acquired for 90 min following 
i.v. administration of radiolabeled drug (Figure 5) and TACs 
were generated after drawing the ROIs manually (Figure 6). 
Figures 5 and 6 include data for [11C]PT119, the cyano analog of 
PT70 (Scheme 1), as well as isoniazid (INH) labeled with 
carbon-11. The results indicate that both PT119 and PT70 are 
able to penetrate the brain. Qualitatively, the data also suggest 
that PT119 has a higher propensity to cross the BBB than PT70, 
however, further studies are required to fully quantitate the 
differences in brain levels between the compounds. 

In summary, PT70, a time-dependent InhA inhibitor, has been 
labeled with the positron emitting isotope carbon-11. [11C]PT70 
was synthesized using a one-step modified Stille reaction, and 
then purified and formulated within 1 h, with over 98% 
radiochemical purity. The biodistribution and PK of PT70 was 
then determined in mice and baboons. The data indicate that 
PT70 rapidly distributes to the major organs in both mice and 
baboons shedding light on the correlation between drug 
concentration and efficacy, and providing a platform for the 
rational design of novel antibacterial agents. 
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and [11C]INH in the baboon brain. Data for INH are taken 
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