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Integrating combinatorial lead optimization of [1,2]-diamine core structure based on ethambutol with high-throughput screening h
ocus on three promising analogs (SQ37, SQ59 and SQ109) as potential anti-tubercular drug candidates from thousands of synthes
nalogs for further characterization of their biopharmaceutical and pharmacokinetic properties by using liquid chromatography/ta
pectrometry (LC/MS/MS) and cassette dosing for pharmacokinetic screening. Simultaneous separation of the three analogs was
eversed phase HPLC using a gradient mobile phase composed of MeOH/CH3COONH4 (5 mM)/trifluoroacetic acid: 80/20/0.1 (v/v/v). Aft
xtraction with acetonitrile from biomatrices, samples were analyzed on the LC/MS/MS system in the positive mode using an el

on source. The retention time for the analogs ranged from 3.70 to 4.48 min. Incubation of SQ37 with plasma at 37◦C for 6 h resulted in it
egradation in human and rat plasma (20–35%), but no significant degradation was observed in mouse and dog plasma. SQ59 w
table in the plasma of the four species. SQ109 was degraded in human and dog plasma (30–40%), but stable in mouse and rat p
he 6 h incubation. A rapid multiple pharmacokinetic screening was taken by cassette dosing of the three analogs to mice and si
nalysis of their plasma concentrations. The analogs showed large Vdssranging from 11,300 (SQ37), 12,800 (SQ109) to 63,900 ml/kg (SQ
he clearance ranged from 3240 (SQ109), 3530 (SQ37) and 8043 ml/kg/h (SQ59). The eliminationt1/2 ranged from 4.4 to 21.1 h depend
n the routes. The oral bioavailability was 5.1 (SQ59), 20.1 (SQ37) and 7.8% (SQ109), respectively. Both SQ37 and SQ109 po
harmacokinetic properties.
ublished by Elsevier B.V.
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. Introduction

Originally described in 1961, ethambutol is one of the first-
ine drugs used for treatment of tuberculosis[1]. Nearly all
trains ofM. tuberculosisandM.Kansasiias well as a number
f strains ofM. aviumcomplex are sensitive to ethambutol.
thambutol has no effect on other bacteria. Ethambutol has
een used with notable success in the therapy of tuberculosis

∗ Corresponding author. Tel.: +1 301 496 8777; fax: +1 301 480 4836.
E-mail address:jiale@mail.nih.gov (L. Jia).

of various forms when given concurrently with isoniazid. T
drug has a lower incidence of toxic effects and better ac
tance by patients[2]. Ethambutol suppresses the growth
most isoniazid- and streptomycin-resistant tubercle ba
Although resistance to ethambutol develops very slow
vitro, ethambutol is always given in combination with ot
tuberculosis drugs because resistance emerges rapidly i
among mycobacteria when the drug is used alone. R
studies suggest that the enzyme target of ethambutol is
to be an integral membrane arabinosyltransferase[3]. Since
its discovery, very little optimization has been undertaken
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little regard has been given to ethambutol because the bio-
chemical tools for new anti-tubercular drug discovery were
not as sophisticated as they are at present[4]. And our cur-
rent understanding of biology of theM. tuberculosisfrom
genomic and proteomic perspectives is much better than ever
before[5,6].

To develop “a better ethambutol” by improving its po-
tency and reducing the toxicity and to possibly identify
new scaffolds with anti-tubercular activity, a diverse library
of 63,238 ethambutol analogs with 1,2-diamine pharma-
cophore was synthesized and tested againstM. tuberculosis
using high-throughput screening[3]. About 2796 mostly ly-
pophilic compounds were found to be active, and 26 of the
compounds had anti-tubercular activity in vitro equal to or
better than that of ethambutol. Among them three analogs
were identified as the most promising in the series (Fig. 1).
They are N-(2,2-diphenylethyl)-N′-(-)-cis-myrtanylethyl-
1,2-diamine (SQ37; MW 376.2),N-(cyclooctyl)-N′-(1R,
2R, 3R, 5S)-(-)-isopinocampheylethane-1,2-diamine (SQ59;
MW 306.4) and N-geranyl-N′-(2-adamantyl)ethane-1,2-
diamine (SQ109; MW 330.2) with the minimal in-
hibitory concentration of 1.25, 12.5 and 0.63�g/ml,
respectively.

Without biopharmaceutical and pharmacokinetic informa-
tion about the three analogs, however, it was impossible to
d ally
m sorp-
t ake
h pre-
c ighly
s de-
t gs in
b ally
r ated
t de-
t ous
c her-
t e
s

2. Materials and methods

2.1. Separation method

Simultaneous separation of each of ethambutol analog
from plasma was achieved on a Beta Basic C18 analytical
column (150 mm× 2 mm, 5�m) preceded by a Beta Ba-
sic C18 guard column (4 mm× 2 mm; Keystone Scientific,
Bellefonte) at room temperature. Ethambutol analogs and ter-
fenadine (internal standard) were eluted using a mobile phase
composed of solvent A (5 mM CH3COONH4 with 0.1%
trifluoroacetic acid, pH 6.8) and solvent B (MeOH with 0.1%
trifluoroacetic acid) according to the following gradient pro-
gram: 50% buffer A and 50% buffer B were held for 0.5 min,
and then the buffer A was linearly decreased to 20% over
3 min and remained constant for 1 min when these analytes
were eluted, followed by re-equilibration to initial condition
via a step gradient for 3 min. The flow rate was 0.6 ml/min.

2.2. Instrumentation

A PE Sciex API 3000 triple quadrupole mass spectrom-
eter equipped with a Turbo Ion spray source as LC/MS
interface was used for analysis of the analogs in biological
matrix. Samples were analyzed in both positive and negative
i tion
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i logs
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f
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t ced
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g
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s re.

s of eth
etermine which of the three had the potential to be clinic
ore effective in treating tuberculosis since effects on ab

ion, distribution, metabolism, and elimination may m
ighly active molecules appear less active. To facilitate
linical screening of the three analogs, we developed a h
ensitive and selective LC/MS/MS method enabling the
ection and independent quantitation of the three analo
iomatrices, which usually cannot be chromatographic
esolved and quantitated. Using this method we evalu
he biopharmaceutical stability of the three analogs and
ermined their pharmacokinetic profiles after simultane
assette dosing to individual mice, a procedure for hig
hroughput pharmacokinetic screening[7]. The results of th
tudies are reported herein.

Fig. 1. Chemical structure
on modes using an electrospray ion source. Ioniza
emperature was set at 450◦C with hydrocarbon-free a
sed as both the auxiliary and nebulizer gas, and nitrog

he collision gas. The mass selective detector was ope
n scan mode for the qualitative analyses of the ana
m/z from 50 to 500) and in selected ion monitoring mo
or quantitative studies (m/z= 377 for SQ37,m/z= 307 for
Q59, andm/z= 331 for SQ109). The mass spectrometer
rogrammed to transmit the protonated molecules [M ++

hrough the first quadrupole and following collision indu
issociation in Q2. For all three analogues the colli
as used was nitrogen at a pressure of 3.3× 10−5 Torr
chieved with a collisionally activated dissociation
etting of five from MassChrom (Version 1.1) softwa

ambutol and its three analogs.
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The collision energy was optimized at−32 eV for SQ37,
−28 eV for SQ59 and−29 eV for SQ109 with respect to
the fragment ion intensity. The appropriate (predominant)
product ions selected for monitoring and quantitating in Q3
werem/z= 224 for SQ37,m/z= 154 for SQ59,m/z= 178 for
SQ109, andm/z= 436 for the internal standard, respectively.

Peak area ratios obtained by multiple reaction monitor-
ing detection of parent to product ion transitions for etham-
butol analogs and the internal standard were used for the
construction of calibration curves via weighted (recipro-
cal of concentration) linear least square regression of the
compound concentrations and the measured area ratios.
Data were acquired using the MassChrom and processed
using TurboQuan (Version 1.0) of the PE Sciex software
program.

2.3. Sample preparation

Plasma samples for the standard curves were prepared by
spiking 200�l of human, dog, rat and mouse plasma with
various concentrations of SQ37, SQ59 and SQ109 ranging
from 0.98 to 500 ng/ml and a constant volume (10�l) of
the internal standard terfenadine (10�g/ml in methanol). To
each tested plasma samples (200�l), 10�l of the same con-
centration of terfenadine was added. The plasma was then
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lowest amount of an analyte in a sample that can be quantita-
tively determined with suitable precision and accuracy. For
this method the criteria used was a signal to noise ratio of at
least 5:1 with a precision of 20% and accuracy of 80–120%.

2.5. Stability in mouse, rat, dog and human plasma

Mouse, rat, dog and human plasma was spiked with all
three analogs, respectively, at a concentration of either 1 or
15�g/ml. Individual plasma mixtures were then incubated at
37◦C. At 1, 2, 3 and 6 h, aliquots of the plasma mixtures were
removed, and added to acetonitrile for extracting the analytes
for quantitative analysis pertain to plasma stability.

2.6. Cassette dosing and simultaneous pharmacokinetic
analysis

A dosing solution containing each of the three analogs was
prepared in 0.9% saline. For oral cassette dosing, the concen-
tration and dose of each of the analogs were 1.5 mg/ml and
25 mg/kg, respectively. For intravenous cassette dosing, the
concentration and dose of each of the analogs were 0.3 mg/ml
and 3 mg/kg, respectively. For intraperitoneal cassette dos-
ing, the concentration and dose of each of the analog were
0.6 mg/ml and 6 mg/kg, respectively. After administration of
t ere
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e 59,
ixed with 2 ml of acetonitrile. After vortexing and centri
ation at 1000×g for 5 min, the supernatant was remov
nd evaporated to dryness at 50◦C with a gentle stream o
ry nitrogen. The residue was reconstituted in 200�l of the
obile phase. The supernatant was transferred to a m

entrifuge tube, centrifuged at 10,000×g for 5 min. The
upernatant was transferred to autosampler vials, and
0�l of the supernatant was injected into the LC/MS/
ystem for analysis. The amount of each analog in
ested plasma samples was back calculated using the sta
urves.

.4. Method validation

The intra-batch precision and accuracy were determ
n the same day by analyzing three replicates of sp
amples containing each analog at 3.9, 31.3, and 250 n
he inter-batch precision and accuracy were also ca
ut by analyzing three replicates of spiked sample

wo concentrations on different days. The precision of
nalysis was determined by the relative standard devi
R.S.D.) or coefficients of variation (%C.V.), and
ccuracy of the analysis was determined by comparin
ominal concentrations with the corresponding calcul
oncentrations. The recovery of each analog from pla
as calculated by comparing concentrations of the an
xtracted from plasma with those of the unextracted p

n solvent samples. The specificity of the analysis
etermined by simultaneously monitoring more than
ajor product ions derived from parent analog ions in b
lasma. The limit of quantitation (LOQ) was defined by
d

he dosing solution, four male CD2F1 mice (23–27 g) w
nesthetized with isoflurane and blood was collected from
rachial region of each animal at the following time poi
, 6, 10, 15 and 30 min and 1, 3, 6, 10 and 24 h aft
ingle i.v. dosing; 5, 15 and 30 min and 1, 2, 4, 6, 10
4 h after a single p.o. or i.p. dosing. Each blood sam
as collected into a tube containing EDTA and centrifu

2000×g, 10 min) to separate plasma and red blood c
o each 200�l of plasma sample, 10�l of internal standar
olution (10�g/ml) of terfenadine was added. The analy
ere separated and then analyzed simultaneously acco

o the previously described procedures. The peak area ra
ach individual analog to the internal standard was calcu
nd the unknown concentration of a given analyte in pla
amples was determined by interpolation from the appr
te standard curve. Pharmacokinetic parameters wer
ulated using the computer program WinNonlin (Phars
o., Mountain View, CA). Bioavailability was calculated

(AUCp.o. or i.p./AUCi.v.) × (dosei.v./dosep.o. or i.p.)) × 100.

. Results

.1. Separation and specificity

To demonstrate specificity of the method, typical ch
atograms of extracts of mouse plasma are shown inFig. 2,
hich illustrates the peaks of each analog and the int
tandard separately. Each compound was eluted at disti
etention time of less than 5 min without significant inter
nce from other compounds. The retention time for SQ
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Fig. 2. Selected reaction monitoring chromatograms of an extract of mouse plasma. The representative chromatograms show that the analytes are simultaneously
eluted at their corresponding retention time (RT) illustrated from up to low panels: 4.48 min (SQ37), 3.70 min (SQ59), 4.38 min (SQ109) and 4.99 min (internal
standard).
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SQ37, SQ109 and the internal standard was 3.70, 4.48, 4.38
and 4.99 min, respectively.

3.2. Method validation

The intra-batch precision and accuracy generally fell in
the range of 2.06–8.48 and 92.3–111%, respectively, veri-
fied by using three concentrations (3.9, 31.3 and 250 ng/ml)
of each analyte in three replicates. Inter-batch precision and
accuracy, compared at two concentrations on four separate
occasions, exhibited 2.1–8.69 and 91.3–114%. The recovery
of SQ59 at 3.9, 31.3 and 250 ng/ml from human, dog, rat
and mouse plasma ranged from 71.3 to 91.2%. The recov-
ery of SQ37 from human, dog, rat and mouse plasma at the
three concentrations ranged from 78.1 to 87.8%. The recov-
ery of SQ109 from human, dog, rat and mouse plasma at the
three concentrations ranged from 73.1 to 90.6%. The limit of
quantitation of each analog in plasma was determined to be
1.95 ng/ml with correlation coefficients of greater than 0.99.

3.3. Stability in plasma

Fig. 3 shows the stability profile of the three analogs
incubated at 37◦C with different species of plasma at
1�g/ml—the plasma concentration that could be practically
a igh
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d sma,
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cubated at 37◦C. SQ109 underwent approximately 30 and
40% degradation in human and dog plasma, respectively, af-
ter the 6 h incubation. SQ109 seemed to be stable in mouse
and rat plasma at 37◦C (Fig. 3.) All three analogs at con-
centrations of 1 and 15�g/ml were very stable at 4◦C for
at least 24 h in mouse, rat, dog or human plasma (data not
shown).

3.4. Pharmacokinetics of ethambutol analogs

Fig. 4shows the plasma concentration-time course of the
three analogs after p.o., i.p. and i.v. administration to mice.
As shown inFig. 4, each analog was detectable in plasma at
24 h after dosing. For instance, the mouse plasma concentra-
tions of SQ 37, SQ59 and SQ109 were 6.3± 4.0, 4.6± 1.6
and 5.0± 2.3 ng/ml (mean± S.D.), respectively, at 24 h af-
ter oral dosing. The relevant pharmacokinetic parameters are
summarized inTable 1. Based on the goodness-of-fit criteria
set by the WinNonlin program, the plasma concentration-
time data of intravenous SQ59 were best fitted to a three
compartmental model, while the plasma concentration-time
data of intravenous SQ37 and SQ109 were best fitted to a two
compartmental model.

The pharmacokinetics of simultaneously administered
SQ37 and SQ109 were very similar following i.v., p.o. and
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t s for
S two
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by its
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F n plasm ct was
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chievable after administration of the analogs to mice. H
lasma concentration of the analogs (15�g/ml) exhibited
imilar kinetics. SQ37 underwent approximately 20% de
ation in human plasma and 40% degradation in rat pla
espectively, after 6 h incubation. No significant degra
ion of the analog was observed in dog and mouse pla
nder the same conditions. SQ59 appeared to be sta
ouse, rat, dog and human plasma for at least 6 h whe

ig. 3. Stability profile of the three analogs (1�g/ml) incubated at 37◦C i
alculated by integration of chromatographic peak area. Each point re
.p. administration. Independent of the route of adminis
ion, the terminal slopes of SQ37 plasma concentration v
ime curves declined parallel to the corresponding curve
Q109. Hence, comparison of the half-lives between the
nalogs did not reveal significant differences in pharmac
etics related to their distribution and elimination.

SQ59 showed poor pharmacokinetics as evidenced
verall low AUC,Cmax and bioavailability as well as broad

a of different species. The percentage of the analog remaining inta
ts three tests.
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Fig. 4. Plasma concentration-time course of the three analogs after cassette
dosing through different routes to mice: i.v., 3 mg/kg; i.p., 6 mg/kg; p.o.,
25 mg/kg. Each point represents the mean± S.D. of four to five mice.

Vdssin comparison to pharmacokinetics of SQ37 and SQ109
(Table 1). Therefore, it would not be chosen for further de-
velopment based on the result from the cassette dosing phar-
macokinetic screening.

The three analogs showed the Vdss significantly larger
than other compounds that we had studied[8–11]. The large
Vdssmay be attributed to the large hydrophobic moieties and
the diamine that the three analogs commonly possess. These
structures are found to be necessary for the isoprenoid binding
site of the arabinosyltransferase target of ethambutol[3].

4. Discussion

The plasma stability study is one of the most important
secondary screening assays in drug development, largely be-
cause it determines whether or not the in vivo clearance is
due to enzymatic degradation and eliminates unstable candi-
date drugs from further development. Since the three analogs
are relatively stable when incubated with plasma, concern is
greatly reduced that the primary metabolism may occur in
the circulation.

Of greater interest found in the present study is that the
three analogs possess a large Vdss. Vdss corresponds to the
equivalent plasma volume in which a drug is distributed into
the body. In fact, Vdss would equal the plasma volume in
addition to the sum of each tissue: plasma partition coeffi-
cient multiplied by its respective tissue volume. Vdss under
in vivo conditions is commonly determined by the product
of clearance and mean residence time after a single intra-
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Table 1
Comparison of pharmacokinetic parameters of three ethambutol analogs aft

Route

Intravenous Intraperito

Dose (mg/kg) 3 6
Analogs SQ59 SQ37 SQ109 SQ59
AUC0–24 h(ng h/ml) 384 954 1006 272
Cmax (ng/ml) 343 1079 1190 217
Tmax (min) 5
T1/2el (h) 9.2 7.7 6.1 9.7
CL (ml/kg/h)a 8043 3530 3240
Vdss (l/kg) 63.9 11.3 12.8
Bioavailability (%) 35

a Total body clearance.
enous dose of the drug[12]. Vdssis mainly governed by tw
eterminants: drug lipophilicity (partitioning into lipids a
ater) and plasma protein binding (e.g., a reversible bin

o common proteins such as albumin, globulins and lipo
eins present in plasma and interstitial space). For most
uscle and fat may empirically be two main determinan
dss[13]. The magnitude of Vdssis a useful indicator for th
mount of drug outside the central compartment or in th
ipheral tissues and organs. The larger the Vdss, the greater th
mount of the drug resides in the extravascular compartm
herefore, these analogs may have favorable tissue kin

.e., rapid penetration into the extravascular compartm
nd particularly, lung tissue. Indeed, we have observed

he lung concentration of SQ109 after i.v. administratio
ice was at least 180-fold higher than in plasma ove
bservation[14].

er cassette dosing to mice

neal Oral

25
SQ37 SQ109 SQ59 SQ37 SQ109

1372 1099 169 1602 655
630 935 29 263 227
5 5 5 15 15
4.9 4.4 21.1 5.7 7.0

72 55 5.3 20.1 7.8
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It is indisputable that cassette dosing pharmacokinetics
and the use of LC/MS/MS have greatly enhanced our
ability to profile many drug candidates simultaneously in a
single sample[15,16]. Cassette dosing is generally used to
screen drug candidate for systemic clearance (i.v. dosing)
and for oral bioavailability (p.o. dosing). Compared with
conventional pharmacokinetic studies, cassette dosing phar-
macokinetics has the advantage of speed, because the slow
steps of animal dosing, blood collection, and sample analysis
are minimized by using this method. Another advantage is
that animal usage is greatly reduced, which is particularly
important when dog or monkey is the test species[17]. Since
there are concerns over the potential for the occurrence
of drug–drug interactions to compromise the results, we
conducted a separate conventional single-compound dosing
(SQ109 only) complementary to the above described cassette
pharmacokinetic studies, and demonstrated that the pharma-
cokinetic parameters of SQ109 obtained from the conven-
tional single-compound dosing were similar to those from the
present cassette dosing[14]. Small size of cassette dosing has
not significantly affected entire pharmacokinetic profiling of
each individual analog in comparison with the conventional
single dosing of SQ109 although sporadic changes in phar-
macokinetic parameters were observed. The cassette dosing
pharmacokinetic screening has enabled us to make early and
c inetic
c ious
p ered
i ing
t rces
o les.

acy
o ategy
t eutic
i l in-
h ired
t
H .
S s of
a lung
c tion
w
m nd
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parameter. The SQ109 concentrations in the respiratory
tract remained above the MIC for more than 10 h after oral
dosing. Hence, an oral dosing regimen seems to provide an
excellent safety margin for the treatment of respiratory tract
infections caused by the tubercular bacteria.
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