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Abstract
The front-line tuberculosis (TB) chemotherapeutics isoniazid (INH), rifampicin (RIF) and
pyrazinamide (PZA) have been labeled with carbon-11 and the biodistribution of each labeled drug
has been determined in baboons using positron emission tomography (PET). Each radiosynthesis
and formulation has been accomplished in 1 h, using [11C]CH3I to label RIF, and [11C]HCN to label
INH and PZA. Following i.v. administration, INH, PZA, RIF and/or their radiolabeled metabolites
clear rapidly from many tissues, however INH, PZA and/or their metabolites accumulate in the
bladder while RIF and/or its metabolites accumulates in the liver and gall bladder, consistent with
the routes of excretion of the drugs. In addition, the biodistribution data demonstrate that the ability
of the three drugs and their radiolabeled metabolites to cross the blood-brain barrier decreases in the
order PZA > INH > RIF, although in all cases the estimated drug concentrations are greater than the
minimum inhibitory concentration (MIC) values for inhibiting bacterial growth. The
pharmacokinetic (PK) and drug distribution data have important implications for treatment of
disseminated TB in the brain, and pave the way for imaging the distribution of the pathogen in
vivo.

The dose and duration of treatment of antibiotics is normally established using plasma
pharmacokinetic (PK) data together with information on drug efficacy once treatment has been
initiated. Although plasma drug concentration is an important guide for establishing treatment
protocols, recent studies indicate that the distribution of antibiotics in tissues is a more critical
determinant and predictive factor for their activity.1–2 This is because most drugs exert their
bactericidal effects at the site of infection rather than in the plasma, and because drug
equilibration between plasma and infection site cannot always be achieved.1–2 Failure to reach
optimal drug concentration at the site of infection may result in therapeutic failure and trigger
bacterial resistance.1 Therefore, the Food and Drug Administration (FDA) now requires
clinical studies of tissue drug distribution at uninfected and infected sites.1 Positron emission
tomography (PET), which images drugs and other molecules labeled with positron-emitting
isotopes, provides a method of acquiring quantitative information on the dynamics of drug
absorption, distribution and elimination in a living animal or human. Together with advances
in the development of methods for labeling drug molecules and other organic compounds with
carbon-11 (half-life: 20.4 min), PET is emerging as a powerful alternative to ex vivo distribution
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studies using laboratory animals which sample a single time point per animal. Indeed PET can
map three-dimensional tissue distribution over time non-invasively.3 It is also complementary
to clinical microdialysis (MD) and magnetic resonance spectroscopy (MRS) in terms of
acquiring information on the tissue distribution of different chemical species.2 In addition, the
methodology developed for imaging drug distribution in laboratory animals using PET can be
readily translated to humans.3

More than two million deaths every year are attributed to infection with Mycobacterium
tuberculosis (MTB) and the world health organization (WHO) has estimated that one third of
the world’s population is infected with this pathogen.4–6 While many bacterial infections are
treated using 1–2 weeks course of monotherapy, the treatment of tuberculosis (TB) requires
the use of multiple antibiotics over a 6–9 month period, dramatically increasing the risk of
noncompliance and enhancing the emergence of resistance.7 The current treatment regime for
drug-sensitive TB involves the use of isoniazid (INH), rifampicin (RIF), pyrazinamide (PZA)
and ethambutol (EMB) or streptomycin for two months, followed by four months of continued
dosing with INH and RIF. This regime has been used for decades and is primarily based on
PK studies in serum combined with historical data on the efficacy of treatment.8 TB infection
most commonly occurs through inhalation of live bacteria, and thus the primary site of infection
in humans are the lungs. However, MTB can also disseminate via the blood stream and infect
other organs in the body. In particular, MTB infection of the brain (central nervous system TB,
CNS TB) can occur. CNS TB is presented in many forms including tuberculous meningitis,
cerebral tuberculomas without meningitis and spinal TB.9 CNS TB is particularly difficult to
manage since the pathogenesis, diagnosis and treatment of this form of TB infection has not
been as intensively studied as pulmonary TB, and there is little data to guide treatment options.
9–10 Current treatment for CNS TB normally follows the same format as that used for treating
pulmonary TB, and involves an intensive phase of treatment followed by a continuation phase.
9–10 Thus, both INH and RIF are included in the treatment based on their potent activity against
pulmonary TB infection and, in the case of INH, the significant levels of this drug that can be
detected in the cerebrospinal fluid (CSF). In addition, although high concentrations of PZA
can be detected in the CSF, the importance of this drug for treating CNS TB is largely unknown.
9–10 Although measurement of CSF drug concentration through lumbar puncture is a good
indication of drug availability in brain, it would be advantageous to be able to measure brain
drug distribution non-invasively and more accurately, since a ventriculo-lumbar concentration
gradient is often observed and the distribution of drugs in each compartment of the CNS is not
homogeneous.11

Here we present a PET imaging study of carbon-11 labeled RIF, INH and PZA in baboons in
order to provide more direct insight into the PK and biodistribution of drugs commonly used
to treat TB. These studies in healthy baboons are a prelude to imaging experiments in infected
animals and humans, and should ultimately be useful in evaluating new TB treatment regimes,
especially for disseminated forms of the disease such as CNS TB where the ability to evaluate
drug availability at the site of infection may be limited.

Using PET, we find that all three drugs and/or their radiolabeled metabolites are cleared rapidly
from the lungs. In addition, their accumulations are consistent with the mechanism of excretion
of each drug. We also find that the organ distribution of each drug differs by 1–1000 fold from
the plasma drug distribution. All of the three injected drugs demonstrated higher concentrations
in the lung than the plasma over the time course of the experiment. In addition, we find that
the ability of the drugs to penetrate the blood-brain barrier decreases in the order PZA > INH
> RIF. Estimates based on the weight of the baboon, a standard drug dose and the assumption
that the positron signal derives primarily from the intact drug indicates that the concentrations
of RIF, INH and PZA in the lungs are at least 10, 10 and 1–3 times higher, respectively, than
the minimum inhibitory concentration (MIC) values for these drugs against MTB. Estimates
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of drug concentrations in the brain using the same assumptions outlined above suggest that the
concentrations of RIF and INH are 3–4 and >10 times higher than their MIC values, while the
concentration of PZA is similar to or slightly higher than its MIC. These data have important
implications for the treatment of TB, and set the scene for additional studies in humans.

Results and Discussion
Radiosynthesis of [11C]RIF

The radiolabeling of the RIF piperazine moiety with [11C]CH3I was accomplished by using
potassium carbonate and a combination of DMSO and MeCN (Scheme 1). Although the
conditions for labeling a piperazine with [11C]CH3I have been published before,12 we were
concerned that other nucleophilic sites could also be alkylated (e.g. O-methylation of the
phenolic oxygens). Consequently, we explored a range of non-nucleophilic organic and
inorganic bases in combination with polar aprotic solvents in order to identify conditions that
would give the required rate, radiochemical yield and regioselectivity (i.e. N-methylation).
These studies resulted in the use of potassium carbonate as the base and a combination of
DMSO and MeCN as the solvent (Scheme 1). The [11C]RIF was subsequently purified by high
performance liquid chromatography (HPLC) using a semi-preparative Phenomenex Luna C-18
column (250×10, 5 µm) and 100 mg of ascorbic acid was added to the product solution prior
to concentration in vacuo in order to prevent oxidation. In the optimized reaction scheme, the
average decay-corrected yield (DCY), calculated from [11C]CH3I, was 15%-25% in a total
synthesis time of 50 min. Analytical HPLC and TLC demonstrated that the radiolabeled product
was over 99% radiochemically pure, with a specific activity of 580 mCi/µmol at the time of
delivery to the animal.

Radiosynthesis of [11C]INH
The synthesis of [11C]INH was accomplished in three steps beginning from [11C]HCN. The
first step involved treating iodopyridine (2) with [11C]HCN in a DMSO reaction mixture
catalyzed by tetrakis(triphenylphosphine)palladium(0) (Scheme 2) for 5 min to form [11C]
cyanopyridine (3). This method was adapted from previously reported radiolabeling of an
aromatic ring with [11C]HCN,13 and gave 90% radiochemical yield (RCY) as determined by
HPLC. The subsequent hydrazine hydrolysis of the cyanide was accomplished in two steps
which involved a nucleophilic attack by hydrazine and subsequent hydrolysis of the imine by
water. This procedure was a modification of a published method,14 which used NaY zeolite as
the catalyst to hydrolyze the aromatic cyano group without adding acetic acid to drive the
reaction. Initial studies indicated that the hydrolysis step was too slow to be useful with
carbon-11 (approximately 60 min at 180°C). However, since mass spectrometry revealed the
formation of intermediate (4) together with the complete consumption of 3 within the first 5
min of the reaction, acetic acid was added to promote hydrolysis of the intermediate. Using
this two step procedure, the hydrolysis time of 3 was reduced to 10 min. The final product was
formed with an average 45%-50% DCY (calculated from [11C]HCN) in a total synthesis time
of 50 min. Isonicotinamide was the only major side product, but with optimization of the ratio
between hydrazine, water and acetic acid (3:3:1), formation of this adduct could be reduced to
less than 15% of the desired product. [11C]INH was purified by semi-preparative HPLC and
the amount of hydrazine in the sample, that initially coeluted with [11C]INH, was reduced by
leaving the sample on the rotary evaporator for 10 min. The average amount of hydrazine
present in the injected solution was 8.2 µg/ml (~10.0 µg/injection) as determined by an
analytical assay, which was adapted from a previous report.15 Analytical HPLC and TLC were
used to demonstrate that the radiolabeled product was over 99% radiochemically pure, with a
specific activity of 140–165 mCi/µmol at the time of delivery.
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Radiosynthesis of [11C]PZA
The radiosynthesis of [11C]PZA is shown in Scheme 3. Initially, [11C]cyanopyrazine (6) was
generated with a 90% RCY in 5 min from 2-iodopyrazine (5) and [11C]HCN using tetrakis
(triphenylphosphine)palladium(0) as the catalyst under the same reaction conditions as those
used for [11C]INH.13 Subsequent hydrolysis of the cyano group was accomplished in an
additional 5 min by treating 6 with hydrogen peroxide under basic conditions. The overall DCY
was 50%-55% (calculated from [11C]HCN) in a total synthesis time of 45 min. An unidentified
volatile compound coeluted with the [11C]PZA product during HPLC purification, however
this was removed during concentration of the product in vacuo. Analytical HPLC and TLC
demonstrated that the radiolabeled product was over 99% radiochemically pure, with a specific
activity of 120–150 mCi/µmol at the time of delivery.

LogD and plasma protein binding (PPB)
The lipophilicity (logD) and PPB of each drug was determined using the radiolabel to report
on drug concentration. The results are presented in Table 1, and are similar to literature values
reported elsewhere.16–17

Brain PET imaging in anesthetized baboons
PET imaging studies were performed with [11C]RIF, [11C]INH and [11C]PZA to determine
brain penetration and distribution. Time-activity curves (TACs) (Figure 1a) were generated
from the image data, which was acquired for 90 min following i.v. administration of each
radiolabeled drug. Area under the curves (AUCs) (Figure 1b) were produced by integrating
TACs as a function of time and dose corrected coronal images (Figure 1c) were generated by
sum from 15 to 90 min. Regions-of-interest (ROIs) were drawn manually.

These PET studies are the first in which dynamic TB drug concentrations have been measured
in whole brain tissue in a living animal. Figure 1 clearly demonstrates that the ability of the
drugs and their radiolabeled metabolites to penetrate the blood-brain barrier decreases in the
order PZA > INH > RIF. The [11C]RIF TAC, AUC and image (Figure 1) showed that RIF and/
or its radiolabeled metabolites poorly penetrate the blood-brain barrier in healthy baboons,
consistent with previous studies in which the concentration of i.v. delivered RIF in human CSF
was measured, although our studies demonstrate a higher RIF concentration in brain tissue
than that observed in the CSF.18 The unit % of injected dose per cubic centimeter (%ID/cc)
was used and the concentration of injected [11C]RIF in the whole brain area was monitored
over the 90 min scanning period with a C30min = 0.000642 %ID/cc (1.09 µg/ml), C60min =
0.000536 %ID/cc (0.912 µg/ml) and C90min = 0.000710 %ID/cc (1.21 µg/ml). In parentheses
we have estimated the expected concentration of RIF in the baboon brain based on the weight
of the baboon (17 kg), the recommended daily dose for a human adult (10 mg/kg) and the
assumption that the positron signal derives primarily from the intact drug. Thus, for a 17 kg
baboon the injected dose is 170 mg and, for example, at 30 min the concentration in the brain
is estimated to be 0.000642% of 170 mg in each cubic centimeter which is 1.09 µg/ml. The
anticipated concentration of RIF in the baboon brain is therefore 3–4 times above the MTB
MIC for this compound, supporting the use of RIF for treating CNS TB infections.9, 18 The
concentrations of RIF observed in our study are similar to the value of 0.87 µg/g determined
in monkeys 6 hours after i.v. administration of [14C]RIF,19 which suggests that the observed
level of RIF could persist for several hours in brain tissue. In addition, although studies in mice
revealed a much higher RIF brain tissue concentration of 10.25 µg/ml 3–7 hours after i.p.
administration,20 the latter measurements were made with a 100 mg/kg dose of RIF, and thus
are likely similar to the concentrations reported from our PET study if our estimates were based
on a 100 mg/kg dose. Finally, Thomas and coworkers resected human brain tissue around
tumors and determined a RIF concentration of 0.29 µg/ml following i.v. infusion of 600 mg
RIF in 500 ml saline over 3 h.21 Thus, the concentrations of RIF determined by PET imaging
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the distribution of [11C]RIF in healthy baboons are similar to those observed in mice and
monkeys, while the ~3.5-fold difference between our values and that determined by resecting
brain tissue could be due to the limited sampling region in the latter experiments. Although the
studies with [14C]RIF do provide information on drug distribution, this is only at a single time
point, whereas the PET imaging experiments provide dynamic data from 0–90 min.
Importantly, the PET studies are non-invasive and thus can be readily applied to determining
RIF concentration and distribution in humans.

The [11C]INH TAC, AUC and image (Figure 1) showed a higher initial brain penetration and
tissue accumulation when compared to RIF, consistent with CSF analysis in humans.22–23 The
concentration of injected [11C]INH in the whole brain area was monitored after i.v.
administration (Figure 1a), and gave C30min = 0.00299 %ID/cc (2.54 µg/ml), C60min = 0.00248
%ID/cc (2.11 µg/ml) and C90min = 0.00206 %ID/cc (1.75 µg/ml). Again, concentrations in µg/
ml are estimated based on the weight of the baboon, the recommended daily dose for a human
adult which is 5 mg/kg and the assumption that the positron signal derives primarily from the
intact drug. Thus, the calculated INH concentration is more than 10 times above the MIC of
this compound against MTB, and hence INH should be a suitable therapy for CNS TB infection
as recommended,9 with the caveat that INH must be used with another drug since INH-resistant
mutants emerge quickly during monotherapy.24 Concentrations estimated from our [11C]INH
study are similar to those determined in mice using [14C]INH in which a 10 mg/kg s.c. dose
gave concentrations of 4.4 µg/g and 3.2 µg/g at 30 min and 60 min, respectively.25 However,
studies in cats in which [14C]INH was administered i.p. revealed much lower penetration of
INH into the brain, with a calculated INH concentration of only 0.02 µg/g.26–27 The lower
brain concentration of INH determined in cats compared to our baboon study could reflect
interspecies differences and/or the different routes of administration that were used. Finally,
although the observed CSF concentrations in humans from two experiments are contradictory
(1.9 µg/ml with 8.5 mg/kg oral dose at 2 h28 and 0.31 µg/ml with 108.7 mg oral dose at 1
h22), it is clear that the INH concentration in brain tissue is equal to, or greater than, the
concentration in the CSF.

The [11C]PZA TAC, AUC and image indicated excellent penetration of PZA into healthy brain
tissue in vivo (Figure 1). This result is consistent with CSF analysis in humans in which the
PZA concentration in the CSF exceeded that in the serum.29 For example, in the brain the
C60min was 0.00463 %ID/cc while in the plasma the C60min was 0.00272 %ID/cc. The
concentration of [11C]PZA in the whole brain area decreased following i.v. administration,
with C30min = 0.00619 %ID/cc (21.05 µg/ml), C60min = 0.00463 %ID/cc (15.74 µg/ml) and
C90min = 0.00403 %ID/cc (13.70 µg/ml). As above, concentrations in µg/ml are estimated
based on the weight of the baboon, the recommended daily dose for a human adult which is
20 mg/kg and the assumption that the positron signal derives primarily from the intact drug.
We believe that this is the first study of PZA distribution in the primate brain. Studies with rats
conducted by Wu and coworkers using MD gave similar brain tissue concentrations using a
similar dose administered i.v.,30 while in patients with inflamed meninges, the CSF
concentration of PZA was 50 µg/ml following a single 3 g oral dose.29 The calculated PZA
concentration at different time points from our baboon study is similar to or slightly greater
than the MIC value for this drug against MTB.

Torso PET imaging in anesthetized baboons
PET imaging studies were performed with [11C]RIF, [11C]INH and [11C]PZA to determine
their peripheral organ distribution. The TACs (Figures 2, 3 and 4) were generated from the
image acquired after i.v. administration of each drug to baboons by manually drawing the ROIs.

[11C]RIF administered i.v. had moderate distribution in the heart, lung and kidneys, and was
concentrated in the liver and gallbladder (Figure 2). The concentration of RIF in µg/ml at 15,
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30, 60 and 90 min has been estimated based on the weight of the baboon, the recommended
dose of RIF and assumption that the positron signal derives primarily from the intact drug
(Table 2). The anticipated concentration of RIF in the lungs is more than 10 times above the
MTB MIC for this compound, and hence RIF should be a suitable therapy for TB infections
as recommended by the American Thoracic Society.8 In most organs the concentration of
injected RIF exceeds that in plasma over the study period except for the cortex of the kidney
at 60 min. Although Nitti et al. have reported a PK study of RIF administered i.v. from 15 min
to 12 h,31 these results are difficult to compare with our own since in their case the drug was
infused over a 3 h period. In addition, Furesz and coworkers used samples obtained by biopsy
to determine the concentration of orally administered RIF in the organs and body fluids of
patients with diseases that are presumed not to affect the absorption and elimination of RIF.
32 Although their data do not show concentrations before 90 min, the relative abundance of
RIF in each organ and body fluid is quite similar to our own measurements, and demonstrates
that in most cases the concentration of drug in the organs exceeds that in the serum. In their
study, the bile concentration after a 150 mg oral dose is up to 538.5 µg/ml at 3–5 h, while the
concentration in the liver is between 22–35 µg/ml, which is several fold smaller than our
estimated liver concentration. This result may suggest that RIF is cleared quickly from the liver
between 1.5 h to 3 h post administration. Our data can also be compared with the tissue
distribution of RIF in monkeys performed 6 h after i.v. administration of [14C]RIF. In the latter
experiment the liver still had the highest concentration (60.41µg/g), while the heart, lung and
kidney retained some drug (10.11 µg/g, 8.32 µg/g and 14.69 µg/g, respectively).19 Finally, a
semi-quantitative evaluation of whole body RIF distribution in mice using i.v. injected [14C]
RIF suggested a similar drug distribution compared to our own studies except that the
difference between the liver and other organs was not as large.33

The tissue distribution of injected [11C]INH is shown in Figure 3 where it is clear that INH
and/or its radiolabeled metabolites rapidly penetrates the heart, lung, liver and kidney. Table
3 gives the estimated concentration of INH in µg/ml at 15, 30, 60 and 90 min following i.v.
administration based on the recommended dose of INH, the weight of the baboon and
assumption that the positron signal derives primarily from the intact drug. The calculated INH
concentration is more than 10 times the MIC of this compound against MTB, and hence INH
should be a suitable therapy for TB infection as recommended.8 Barclay and coworkers have
shown that the concentration of INH in a surgically removed normal human lung is 1.79 µg/g
at about 3 h after i.v. administration of 108.7 mg INH using [14C]INH as the tracer.22 In
addition, Roth and coworkers have studied the distribution of INH in mice using [14C]INH
injected s.c., and have shown similar drug distributions at 0.5 h and 1 h compared to our baboon
study assuming that 10 mg/kg drug is administered.25 Other studies in mice with i.v.
administration show drug concentrations in the liver, lung and kidney that are several fold
higher than the amounts estimated using PET imaging,34 while Roohi et al. used a
technetium-99m derivative of INH to determine the drug biodistribution in Sprague-Dawley
rats giving similar drug concentrations in heart and lung but more than 10-fold higher
concentrations in the liver and kidney compared to the other studies.35 Again, interspecies
variation could play an important role in any differences observed between our study and those
conducted in rodents, with the additional caveat that the study in rats involved the use of INH
that had been modified with technetium-99m.

The tissue distribution of [11C]PZA administered i.v. is shown in Figure 4. The concentration
of PZA in µg/ml at 15, 30, 60 and 90 min has been estimated based on the weight of the baboon,
the recommended dose of PZA and the assumption that the positron signal derives primarily
from the intact drug (Table 4). The calculated PZA concentration is 1–3 fold higher than the
MIC of this compound against MTB. [11C]PZA and/or its radiolabeled metabolites rapidly
penetrated the heart, lungs, liver and kidneys, and in all cases the tissue concentration of PZA
exceeded the concentration in serum with the exception of the kidney cortex. The calculated
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plasma concentration agreed closely with the published value determined in rabbits with i.v.
administration,36 while the known plasma concentration in humans following oral
administration of PZA is about twice that determined in our baboon study.37 The organ
distribution in rabbits has also been examined by dissection, and gave a lower concentration
of PZA in the lungs, kidneys and liver compared to that determined in baboons.36 Since the
blood concentration is quite similar in the two studies, the difference in organ distribution could
result from differences in drug permeability in the two species. The ability of PZA to cross the
blood-brain barrier in rabbits is also quite different since PZA was not observed in the rabbit
brain36 in contrast to our studies and other literature reports.29 The concentrations of PZA in
baboons determined in the present work are broadly similar to the plasma concentration of
PZA determined by MD and HPLC-MS in rats,30 and in humans 1 h after oral administration
of 27 mg/kg PZA.38

The imaging experiments reported in the present work were conducted using drug administered
i.v. and so represent the fate of the drugs once they reach the serum. This is an important point
given that the normal route of administration for INH, PZA and RIF is by mouth. In addition,
only micro doses of drugs were used, and we are aware that drug distribution can change as a
function of administered dose, if one or more processes that affect distribution become
saturated. However, based on the mechanism of action of these drugs together with our
experience from other drug PK studies, we believe that saturable processes are likely to play
only a minor role in modulating distribution. These studies, which were conducted using
healthy baboons, thus clearly highlight the utility of using PET imaging to determine drug PK
parameters and drug biodistribution non-invasively in vivo, and are a prelude to imaging
experiments in infected animals and humans. Ultimately, this approach should be useful for
determining better TB treatment regimes, especially for disseminated forms of the disease such
as CNS TB where assessing drug availability at the site of infection may be difficult. It is also
hypothesized that these labeled drugs may be eventually useful for determining the location of
bacterial populations in vivo since these drugs are expected to accumulate within the bacteria
either by conversion to metabolites that are unable to rapidly leave the cell or by binding with
long residence times to their drug targets. Both PZA and INH are prodrugs for which activating
enzymes are present in the mycobacterium,39–40 while the INH-NAD adduct, which is the
active form of INH, has a residence time of 60 min on the MTB enoyl-ACP reductase InhA.
41 In addition RIF is also thought to have a significant residence time on the mycobacterial
RNA polymerase based on studies with the E. coli homologue which provided a residence time
of ∼17 min.42 Importantly, the rapid clearance of all drugs and/or their radiolabeled metabolites
from the lungs provides a clear window for imaging populations of TB bacteria since this is
the primary site of TB infection.

Conclusions
The front-line TB chemotherapeutics INH, RIF and PZA have been labeled with carbon-11
and the biodistribution of the labeled drugs has been imaged in baboons in vivo. These PET
imaging studies provide an opportunity to review the bioavailability of known drugs both in
the brain and peripheral organs, which could potentially improve their use and help to determine
the effective dose since these methods can be easily translated to healthy volunteers and
patients. Radiosynthesis and formulation of each drug has been accomplished in 1 h, using
[11C]CH3I to label RIF and [11C]HCN to label INH and PZA. Following i.v. administration,
the labeled drugs have been imaged in baboons using PET. INH, PZA, RIF and/or their
metabolites clear rapidly from many tissues, however INH, PZA and/or their metabolites
accumulate in the bladder while RIF and/or its metabolites accumulate in the liver and gall
bladder, consistent with the routes of excretion of the drugs. In addition, estimates based on
the weight of the baboon, a standard drug dose and the assumption that the positron signal
derives primarily from the intact drug indicates that the concentrations of RIF, INH and PZA
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in the lungs are at least 10, 10 and 1–3 times higher, respectively, than the MIC values for these
drugs against MTB. Furthermore, we find that the ability of the drugs and their radiolabeled
metabolites to penetrate the blood-brain barrier decreases in the order PZA > INH > RIF.
Estimates of drug concentrations in the brain using the same assumptions outlined above
suggest that the concentrations of RIF and INH are 3–4 and >10 times higher than their MIC
values, respectively, while PZA is similar to or slightly higher than the MIC. The PK and drug
distribution data have important implications for treatment of disseminated TB in the brain,
and set the scene for imaging the distribution of the pathogen in vivo.

Experimental Section
General

[11C]CH3I was generated from [11C]CO2 using a PETtrace MeI Microlab (GE Medical System,
Milwaukee, WI, USA). Briefly, [11C]CO2 was obtained from proton bombardment of a N2/
O2 target (14N(p,α)11C) using an EBCO TR 19 cyclotron (Advanced Cyclotron System INC.
Richmond, Canada). [11C]CO2 was heated with H2 on nickel to produce [11C]CH4 and the
latter was converted to [11C]CH3I by iodination which was released into a stream of argon.

[11C]HCN was generated from [11C]CO2 using a home-made unit. Briefly, [11C]CO2 was
obtained and converted to [11C]CH4 using the same conditions as those used for [11C]CH3I
production. Reaction of [11C]CH4 and NH3 mediated by platinum produced [11C]HCN which
was released into a stream of argon.

Chemical and radiochemical purity was determined by an analytical HPLC system equipped
with both UV and radioactivity detectors. The purities of the intermediate and final products
were > 95%, and the specific solvent gradients used for each compound are given below.

Synthesis of de-methyl RIF(1) (RIF precursor)
1-Nitrosopiperazine.43 Piperazine 0.86 g (10 mmol) in 6N HCl (6 ml) was cooled to −10°C
and a solution of NaNO2 (0.69 g, 10 mmol) in H2O (12 ml) was added slowly over 1 h. At a
temperature below 0°C, the pH was adjusted to 10 using NaOH, and then the mixture was
extracted using chloroform, dried over Na2SO4, and the solvent removed by evaporation. The
crude product was purified by column chromatography using silica gel and 8% MeOH/
CH2Cl2 as the mobile phase. The product was a yellow oil and the yield was 72%. 1H-NMR
(300 MHz, CDCl3) δ: 4.15–4.18(m, 2H), 3.74–3.77(m, 2H), 3.00–3.03(m, 2H), 2.75–2.79(m,
2H), 1.83(s, 1H). ESI-MS calculated for [M+H]+ m/z = 116, found 116.

De-methyl RIF (1).43–44 1-Nitrosopiperazine 230 mg (2 mmol) was dissolved in 2 ml of THF
and was then added slowly to a suspension of LiAlH4 (216 mg, 6 mmol) in 10ml THF under
N2 at 0°C. The mixture was stirred for 5 min and then heated to reflux for 3 h. The cooled
reaction mixture was quenched by MeOH until no further bubbles were formed, concentrated
in vacuo and filtered. The resulting filter cake was washed with MeOH, and the combined
filtrate was evaporated to dryness, yielding crude 1-aminopiperazine as a solid. p-
Toluenesulfonic acid (5 mg), 10 ml dry THF and 140 mg 3-formyl-rifamycin (0.2 mmol) were
then added with molecular sieves to the crude 1-aminopiperazine. The reaction mixture was
stirred at room temperature overnight, filtered and concentrated in vacuo. The crude product
was purified by column chromatography with silica gel using 5% MeOH/CH2Cl2 as the mobile
phase. The product was a red solid and the yield was 78%. 1H-NMR (600 MHz, CDCl3) δ:
13.15 (s, 1H), 12.01 (s, 1H), 8.30 (s, 1H), 6.57 (dd, J = 15.6, 11.4 Hz, 1H), 6.38 (d, J = 11.4
Hz, 1H), 6.20 (d, J = 12.6 Hz, 1H), 5.93 (dd, J = 15.6 Hz, 4.8 1H), 5.10 (dd, J = 12.6, 6.6 Hz,
1H), 4.94 (d, J = 10.8 Hz, 1H), 3.77 (d, J = 9.0 Hz, 1H), 3.47 (d, J = 6.6 Hz, 1H), 3.11–3.14
(m, 2H), 3.05–3.06 (m, 2H), 3.04 (s, 3H), 3.01–3.03 (m, 2H), 2.97–3.01 (m, 2H), 2.97–3.06
(m, 1H), 2.33–2.41 (m, 1H), 2.22 (s, 3H), 2.08 (s, 3H), 2.06 (s, 3H), 1.79 (s, 3H), 1.69–1.72
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(m, 1H), 1.51–1.56 (m, 1H), 1.33–1.38 (m, 1H), 1.01 (d, J = 7.2 Hz, 3H), 0.88 (d, J = 7.2 Hz,
3H), 0.60 (d, J = 6.6 Hz, 3H), −0.30 (d, J = 6.6 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 195.12,
174.32, 171.91, 169.50, 169.36, 147.85, 142.60, 142.54, 138.68, 135.02, 134.19, 129.31,
123.18, 120.29, 118.50, 117.87, 112.89, 110.85, 108.74, 106.04, 104.44, 94.39, 77.20, 76.87,
76.77, 74.41, 70.62, 57.09, 53.43, 51.48, 44.82, 39.56, 38.59, 37.55, 33.43, 21.55, 20.80, 17.83,
10.96, 9.02, 8.57, 7.65. ESI-MS calculated for [M+H]+ m/z = 809, found 809. Chemical purity
was determined by reverse-phase analytical HPLC using a Phenomenex, Luna C-18, 250×4.6,
5 µm column operated at 1 ml/min flow rate using a mobile phase of 32% MeCN/68% H2O.

Radiosynthesis of [11C]RIF
The synthesis of [11C]RIF was performed using 1 as precursor. A solution of precursor (1.0
mg, 1.2 µmol) was dissolved in 0.1ml MeCN and 0.2 ml DMSO with 0.2 mg K2CO3. After
[11C]CH3I was purged into the solution and trapped, the reaction vessel was sealed and heated
at 110°C for 10 min in an oil bath. The reaction mixture was diluted with 1 ml of aqueous
ammonium formate (0.1M) prior to loading onto a semi-preparative HPLC column. HPLC
purification was performed using a reverse phase C-18 column (Phenomenex, Luna C-18
250×10, 5 µm), at a 5 ml/min flow rate with a mobile phase consisting of 35% MeCN/65%
aqueous ammonium formate (0.1 M). The product was collected at the expected retention time
(17 min), mixed with 100 mg ascorbic acid, and the solvent was removed by rotary evaporation.
After dilution with 4 ml saline, the solution was filtered through an Acrodisc 13-mm Syringe
Filter equipped with a 0.2 µm Supor membrane (Pall Corporation, Ann Arbor, MI) into a sterile
vial for delivery. Radiochemical purity was determined by reverse-phase analytical HPLC
using a Phenomenex, Luna C-18, 250×4.6, 5 µm column operated at 1 ml/min flow rate using
a mobile phase of 35% MeCN/65% 0.1 M aqueous ammonium formate. Subsequently, purity
was verified using TLC (15% MeOH/85% CH2Cl2) by co-spotting the labeled product with a
standard.

Radiosynthesis of [11C]INH
The synthesis of [11C]INH was performed using 2 as the precursor. The precursor (1.0 mg),
K222 (0.2 mg) and tetrakis(triphenylphosphine)palladium(0) (2.0 mg) was placed in a vial with
0.2 ml DMSO and heated until all the solid dissolved. This solution was then added to [11C]
HCN that had been purged and trapped in 0.1 ml DMSO, and the reaction mixture was sealed
and heated at 135°C for 5 min. Water (0.3 ml), hydrazine monohydrate (0.3 ml) and NaY
zeolite (20 mg) were then added, and after heating for 5 min at 135°C, acetic acid (0.1 ml) was
added. Following an additional 5 min at 135°C, the reaction mixture was filtered through celite
and the reaction vessel was washed with 0.5 ml water prior to injection onto the semi-
preparative HPLC column. HPLC purification was performed using a reverse phase PFP
column (Phenomenex, Luna PFP(2) 250×10, 5 µm) at a 5 ml/min flow rate with a gradient
elution: 0–5 min, 100% water; 5–20 min from 100% water to 20% MeCN/80% water. The
product was collected at the expected retention time (12 min), and the solvent together with
the majority of hydrazine that coeluted was removed by ~10 min rotary evaporation. After
dilution with 4 ml saline, the solution was filtered through an Acrodisc 13-mm Syringe Filter
equipped with a 0.2 µm Supor membrane into a sterile vial for delivery. Radiochemical purity
was determined by reverse-phase analytical HPLC using a Phenomenex, Luna PFP, 250×4.6,
5 µm column operated at 1 ml/min with a gradient of 0% to 20% MeCN in water over 20 min.
Subsequently, purity was verified using TLC (25% MeOH/75% CH2Cl2) by co-spotting the
labeled product with a standard.

Quantification of hydrazine in the final formulated solution was determined by modification
of a published procedure.15 Briefly, an aliquot (20 µl) of [11C]INH in saline was added to a
test tube containing 20 µl H2SO4 solution (0.1 M) and 20 µl of benzaldehyde in methanol (1
ml benzaldehyde/100 ml methanol). Forty µl of sodium borate solution (0.01 M) and 20 µl of
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methanol was then added to the reaction mixture, and 25 µl of this new solution was analyzed
using HPLC. The concentration of hydrazine was calculated based on the UV absorption at
313 nm of the hydrazone and by using a standard curve. A blank sample (INH standard without
hydrazine) was also analyzed which confirmed that INH did not interfere with the detection
of hydrazine.

Radiosynthesis of [11C]PZA
The synthesis of [11C]PZA was performed using 5 as the precursor. The precursor (1.0 mg),
K222 (0.2 mg) and tetrakis (triphenylphosphine)palladium(0) (2.0 mg) was placed in a vial with
0.2 ml DMSO and heated until all the solid dissolved. This solution was then added to [11C]
HCN that had been purged and trapped in 0.1 ml DMSO, and the reaction mixture was sealed
and heated at 135°C for 5 min. K2CO3 (0.2 ml, 0.1 M) and H2O2 (0.1 ml, 30%) were then
added, and after heating for 5 min at 135°C, the reaction mixture was diluted with 0.3 ml
ammonium formate (0.025 M, 5% acetic acid) and filtered through celite. The reaction vessel
was washed with 0.5 ml ammonium formate solution prior to injection onto the semi-
preparative HPLC column. HPLC purification was performed using a reverse phase PFP
column (Phenomenex, Luna PFP(2) 250×10, 5 µm) at a 5 ml/min flow rate with a mobile phase
consisting of 2% MeCN/98% ammonium formate (0.025M, 5% acetic acid). The product was
collected at the expected retention time (7 min), and the solvent was removed by rotary
evaporation. After dilution with 4 ml saline, the solution was filtered through an Acrodisc 13-
mm Syringe Filter equipped with a 0.2 µm Supor membrane into a sterile vial for delivery.
Radiochemical purity was determined by reverse-phase analytical HPLC using a Phenomenex,
Luna PFP, 250×4.6, 5 µm column operated at 1 ml/min with 3% MeCN/97% 0.025 M aqueous
ammonium formate as the mobile phase. Subsequently, purity was verified using TLC (25%
MeOH/75% CH2Cl2) by co-spotting the labeled product with a standard.

PET Imaging and Data Processing
Four baboons were included in this study, and all animal experiments were approved by the
Brookhaven Institutional Animal Care and Use Committee. Ketamine hydrochloride (10mg/
kg) was administered intramuscularly as an anesthetic agent and anesthesia was further
maintained with oxygen (800 ml/min), nitrous oxide (1500 ml/min) and isoflurane (Forane,
1–4%) during scanning. Two catheters were placed in a radial arm vein and the popliteal artery
for [11C]-labeled drug injection and arterial sampling, respectively. Following [11C]-labeled
drug injection, arterial blood was collected every 5 s for 2 min, then 2, 5, 10, 20, 30, 45, 60
and 90 min post injection. During the PET scanning, heart rate, respiration rate, body
temperature and pO2 were monitored. A Siemens HR+ (Siemens high-resolution, whole-body
PET scanner with 4.5×4.5×4.8 mm resolution at the center of field of view) was used to perform
the dynamic PET scans for a total of 90 min with the following time frames in 3D mode: 1×10,
12×5, 1×20, 1×30, 8×60, 4×300, 8×450 s. Correction of attenuation was obtained by a
transmission scan of a 68Ge rod source prior to each PET scan. Six baboon studies were
conducted with average injected doses for RIF, INH and PZA of 1.54 mCi, 4.38 mCi and 5.17
mCi respectively. Images were reconstructed by filtered back projection (FBP) and analyzed
using AMIDE® software.45

LogD and PPB Determination
LogD determination: A test tube containing 2.5 ml of octanol and 2.5 ml of phosphate buffer
solution (pH 7.4) was mixed with ~50 µl aliquot of formulated [11C]-labeled drug by vortex
for 2 min followed with centrifugation for 2 min to ensure full separation of the aqueous and
organic phases. An aliquot from the octanol layer (0.1 ml) and aqueous layer (1 ml) were
collected for radioactivity determination. An additional 2.0 ml aliquot of the octanol layer was
carefully transferred to a new test tube containing 0.5 ml octanol and 2.5 ml phosphate buffer
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(pH 7.4) and the previous procedure (vortex mixing, centrifugation, sampling, and transfer)
was repeated an additional five times to obtain six sets of samples. A well counter (Picker,
Cleveland, OH) was used to measure radioactivity in each set of samples and the logD value
of each sample was calculated by the following equation:

logD = log (decay-corrected radioactivity in octanol layer × 10/decay-corrected
radioactivity in phosphate buffer layer).

PPB determination: A 10 µl aliquot of the formulated [11C]-labeled drug was mixed with a
sample of baboon plasma (0.8 ml, collected from at least 4 different baboons and pooled) by
gently inverting several times. The mixture was incubated for 10 min at room temperature and
then a 20 µl aliquot was taken to determine the total radioactivity in the plasma sample (AT;
AT=Abound+Aunbound). An additional 0.2 ml aliquot of plasma was placed in the upper level
of a centrifree® tube (Amicon, Inc., Beverly, MA) and then the tube was centrifuged for 10
min. After discarding the upper part of the Centrifree tube, a 20 µl aliquot from the bottom part
of the tube was taken to determine the amount of radioactivity that passed through the
membrane (Aunbound). PPB was calculated by the following equation: % unbound =
Aunbound × 100/AT

Metabolite analysis
Several aliquots (~0.2 ml each) of baboon plasma sample were collected at various time points
during the PET study. Each sample was counted and added to a solution of unlabeled standard
(20 µl of a 1 mg/ml solution) in MeCN (0.3 ml). The resulting solution was vortexed and
centrifuged and the supernatant was collected. After mixing with 0.3 ml water, the supernatant
was analyzed by HPLC using the following conditions: RIF, Waters µbondapak C-18 3.9×300
mm column with eluents 70% MeCN/30% 0.1 M aqueous ammonium formate at 1.0 ml/min
using UV (254 nm) and radio-detection; INH, Phenomenex spherisorb ODS(2) 4.6×300 mm,
5 µm column with eluents 2% MeCN/98% 0.02 M aqueous heptane sulfonic acid at 1.0 ml/
min using UV (254 nm) and radio-detection; PZA, Phenomenex spherisorb ODS(2) 4.6×300
mm, 5 µm column with eluents 10% MeCN/90% 0.01 M aqueous potassium phosphate (pH
5.2) at 1.7 ml/min using UV (254 nm) and radio-detection. The percent of unmetabolized
radiotracer was determined as the ratio between the fraction of radioactivity coeluting with the
unlabeled standard and the total radioactivity from the HPLC column.

Abbreviations

TB tuberculosis

INH isoniazid

RIF rifampicin

PZA pyrazinamide

MIC minimum inhibitory concentration

PK pharmacokinetic

FDA Food and Drug Administration

PET positron emission tomography

MD microdialysis

MRS magnetic resonance spectroscopy

MTB Mycobacterium tuberculosis

WHO world health organization
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EMB ethambutol

CNS central nervous system

CSF cerebrospinal fluid

PPB plasma protein binding

TAC time-activity curve

AUC area under the curve

ROI region-of-interest

FBP filtered back projection

%ID/cc % of injected dose per cubic centimeter

HPLC high performance liquid chromatography

RCY radiochemical yield

DCY decay-corrected yield
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Figure 1. Blood-brain barrier penetration, brain tissue bioavailability and TACs for [11C]PZA,
[11C]INH and [11C]RIF
(a) TACs generated from the image acquired after i.v. administration of each drug in baboons
by manually drawing the ROIs. (b) Whole-brain regions of interest were used to generate TACs
for each labeled drug. The resulting curves were integrated as a function of time to produce
AUC plots. (c) Dose corrected coronal images summed over frames 24–35 (15–90 min). The
NIH color scale was used to represent relative radioactivity concentration.
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Figure 2. TACs for [11C]RIF in the (a) heart, lungs, liver, kidneys and (b) gallbladder
Peripheral organ distribution following torso PET imaging of [11C]RIF administered i.v. to
anesthetized baboons. TACs were generated from the image acquired after i.v. administration
of each drug in baboons by manually drawing the ROIs. (a) heart, lungs, liver and kidneys. (b)
gallbladder.
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Figure 3. TACs for [11C]INH in the heart, lungs, liver and kidneys
Peripheral organ distribution following torso PET imaging of [11C]INH administered i.v. to
anesthetized baboons. TACs were generated from the image acquired after i.v. administration
of each drug in baboons by manually drawing the ROIs.
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Figure 4. TACs for [11C]PZA in the heart, lungs, liver and kidneys
Peripheral organ distribution following torso PET imaging of [11C]PZA administered i.v. to
anesthetized baboons. TACs were generated from the image acquired after i.v. administration
of each drug in baboons by manually drawing the ROIs.
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Scheme 1.
Radiosynthesis of [11C]RIF
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Scheme 2.
Radiosynthesis of [11C]INH
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Scheme 3.
Radiosynthesis of [11C]PZA
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Table 1

LogD and PPB determination

LogD PPB1

RIF 1.67 27.32 %

INH n.d.2 94.63 %

PZA −0.41 91.32 %

1
Value expressed as % of free fraction in plasma.

2
Octanol water partitioning was highly variable.

J Med Chem. Author manuscript; available in PMC 2011 April 8.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Liu et al. Page 24

Ta
bl

e 
2

D
is

tri
bu

tio
n 

of
 [11

C
]R

IF
 a

dm
in

is
te

re
d 

i.v
. t

o 
ba

bo
on

s1

M
in

ut
es

 a
fte

r
ad

m
in

is
tr

at
io

n
H

ea
rt

L
un

g
L

iv
er

K
id

ne
y

co
rt

ex
K

id
ne

y
m

ed
ul

la
G

al
lb

la
dd

er
Pl

as
m

a

15
0.

00
43

0.
00

3
0.

15
23

0.
00

93
0.

02
14

0.
07

14
0.

00
16

5

(7
.2

8)
(5

.0
3)

(2
58

.9
8)

(1
5.

79
)

(3
6.

39
)

(1
21

.4
0)

(2
.8

1)

30
0.

00
31

0.
00

17
0.

16
24

0.
00

37
0.

00
68

0.
34

49
0.

00
08

8

(5
.2

8)
(2

.8
3)

(2
76

.1
2)

(6
.3

4)
(1

1.
63

)
(5

86
.3

4)
(1

.5
0)

60
0.

00
11

0.
00

15
0.

16
94

0.
00

03
0.

00
4

0.
57

84
0.

00
06

7

(1
.9

3)
(2

.5
3)

(2
88

.0
5)

(0
.4

3)
(6

.7
3)

(9
83

.2
4)

(1
.1

4)

90
0.

00
4

0.
00

40
2

0.
17

63
0.

00
48

0.
00

56
0.

59
41

0.
00

06
8

(6
.8

0)
(6

.7
8)

(2
99

.7
3)

(8
.1

9)
(9

.4
4)

(1
00

9.
99

)
(1

.1
6)

1 V
al

ue
s g

iv
en

 a
re

 [%
ID

/c
c]

 w
hi

le
 th

e 
va

lu
es

 in
 p

ar
en

th
es

es
 a

re
 c

on
ce

nt
ra

tio
n 

of
 d

ru
g 

in
 µ

g/
m

l c
al

cu
la

te
d 

as
su

m
in

g 
a 

10
 m

g/
kg

 d
os

e 
an

d 
a 

17
 k

g 
ba

bo
on

.

2 V
al

ue
 ta

ke
n 

fr
om

 d
at

a 
co

lle
ct

ed
 a

t ∼
80

 m
in

 si
nc

e 
th

e 
va

lu
e 

at
 9

0 
m

in
 w

as
 a

 n
eg

at
iv

e 
nu

m
be

r.

J Med Chem. Author manuscript; available in PMC 2011 April 8.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Liu et al. Page 25

Ta
bl

e 
3

D
is

tri
bu

tio
n 

of
 [11

C
]I

N
H

 a
dm

in
is

te
re

d 
i.v

. t
o 

ba
bo

on
s.1

M
in

ut
es

 a
fte

r
ad

m
in

is
tr

at
io

n
H

ea
rt

L
un

g
L

iv
er

K
id

ne
y 

co
rt

ex
K

id
ne

y
m

ed
ul

la
Pl

as
m

a

15
0.

01
03

0.
00

91
0.

01
47

0.
01

77
0.

02
23

0.
00

44
2

(8
.7

2)
(7

.7
2)

(1
2.

50
)

(1
5.

06
)

(1
8.

94
)

(3
.7

6)

30
0.

00
72

0.
00

72
0.

01
14

0.
01

09
0.

01
81

0.
00

34
8

(6
.1

3)
(6

.0
9)

(9
.7

1)
(9

.2
6)

(1
5.

43
)

(2
.9

6)

60
0.

00
44

0.
00

52
0.

00
90

0.
00

91
0.

01
93

0.
00

24
1

(3
.7

4)
(4

.4
2)

(7
.6

4)
(7

.7
2)

(1
6.

37
)

(2
.0

5)

90
0.

00
49

0.
00

49
0.

00
81

0.
01

00
0.

01
73

0.
00

19

(4
.1

5)
(4

.1
9)

(6
.9

1)
(8

.5
4)

(1
4.

69
)

(1
.6

2)

1 V
al

ue
s g

iv
en

 a
re

 [%
ID

/c
c]

 w
hi

le
 th

e 
va

lu
es

 in
 p

ar
en

th
es

es
 a

re
 c

on
ce

nt
ra

tio
n 

of
 d

ru
g 

in
 µ

g/
m

l c
al

cu
la

te
d 

as
su

m
in

g 
a 

5 
m

g/
kg

 d
os

e 
an

d 
17

 k
g 

ba
bo

on
.

J Med Chem. Author manuscript; available in PMC 2011 April 8.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Liu et al. Page 26

Ta
bl

e 
4

D
is

tri
bu

tio
n 

of
 [11

C
]P

ZA
 a

dm
in

is
te

re
d 

i.v
. t

o 
ba

bo
on

s.1

M
in

ut
es

 a
fte

r
ad

m
in

is
tr

at
io

n
H

ea
rt

L
un

g
L

iv
er

K
id

ne
y

co
rt

ex
K

id
ne

y
m

ed
ul

la
Pl

as
m

a

15
0.

01
99

0.
01

03
0.

01
06

0.
00

60
0.

18
15

0.
00

64
8

(6
7.

76
)

(3
5.

03
)

(3
6.

14
)

(2
0.

52
)

(6
17

.0
2)

(2
2.

03
)

30
0.

01
81

0.
00

78
0.

00
79

0.
00

49
0.

13
95

0.
00

42
9

(6
1.

50
)

(2
6.

48
)

(2
6.

96
)

(1
6.

59
)

(4
74

.3
9)

(1
4.

59
)

60
0.

01
69

0.
00

65
0.

00
65

0.
00

37
0.

10
09

0.
00

33
1

(5
7.

59
)

(2
2.

17
)

(2
1.

98
)

(1
2.

55
)

(3
43

.0
0)

(1
1.

25
)

90
0.

01
75

0.
00

55
0.

00
56

0.
00

29
0.

06
75

0.
00

26
6

(5
9.

49
)

(1
8.

58
)

(1
9.

19
)

(9
.9

3)
(2

29
.4

4)
(9

.0
4)

1 V
al

ue
s g

iv
en

 a
re

 [%
ID

/c
c]

 w
hi

le
 th

e 
va

lu
es

 in
 p

ar
en

th
es

es
 a

re
 c

on
ce

nt
ra

tio
n 

of
 d

ru
g 

in
 µ

g/
m

l c
al

cu
la

te
d 

as
su

m
in

g 
a 

20
 m

g/
kg

 d
os

e 
an

d 
a 

17
 k

g 
ba

bo
on

.

J Med Chem. Author manuscript; available in PMC 2011 April 8.


