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Abstract

Integrating combinatorial lead optimization of [1,2]-diamine core structure based on ethambutol with high-throughput screening has led us to
focus on three promising analogs (SQ37, SQ59 and SQ109) as potential anti-tubercular drug candidates from thousands of synthesized diamine
analogs for further characterization of their biopharmaceutical and pharmacokinetic properties by using liquid chromatography/tandem mass
spectrometry (LC/MS/MS) and cassette dosing for pharmacokinetic screening. Simultaneous separation of the three analogs was achieved or
reversed phase HPLC using a gradient mobile phase composed of Me@E{DTHNH, (5 mM)/trifluoroacetic acid: 80/20/0.1 (v/viv). After
extraction with acetonitrile from biomatrices, samples were analyzed on the LC/MS/MS system in the positive mode using an electrospray
ion source. The retention time for the analogs ranged from 3.70 to 4.48 min. Incubation of SQ37 with plasfat far &h resulted in its
degradation in human and rat plasma (20-35%), but no significant degradation was observed in mouse and dog plasma. SQ59 was relatively
stable in the plasma of the four species. SQ109 was degraded in human and dog plasma (30-40%), but stable in mouse and rat plasma durin
the 6 h incubation. A rapid multiple pharmacokinetic screening was taken by cassette dosing of the three analogs to mice and simultaneous
analysis of their plasma concentrations. The analogs showed laggea¥ding from 11,300 (SQ37), 12,800 (SQ109) to 63,900 ml/kg (SQ59).

The clearance ranged from 3240 (SQ109), 3530 (SQ37) and 8043 mi/kg/h (SQ59). The elintipatmyed from 4.4 to 21.1 h dependent

on the routes. The oral bioavailability was 5.1 (SQ59), 20.1 (SQ37) and 7.8% (SQ109), respectively. Both SQ37 and SQ109 possess good
pharmacokinetic properties.

Published by Elsevier B.V.
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1. Introduction of various forms when given concurrently with isoniazid. The
drug has a lower incidence of toxic effects and better accep-
Originally describedin 1961, ethambutol is one of the first- tance by patientf2]. Ethambutol suppresses the growth of
line drugs used for treatment of tuberculodif. Nearly all most isoniazid- and streptomycin-resistant tubercle bacilli.
strains oM. tuberculosi@andM. Kansasias wellasanumber  Although resistance to ethambutol develops very slowly in
of strains ofM. aviumcomplex are sensitive to ethambutol. vitro, ethambutol is always given in combination with other
Ethambutol has no effect on other bacteria. Ethambutol hastuberculosis drugs because resistance emerges rapidly in vivo
been used with notable success in the therapy of tuberculosi;among mycobacteria when the drug is used alone. Recent
studies suggest that the enzyme target of ethambutol is likely
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little regard has been given to ethambutol because the bio-2. Materials and methods
chemical tools for new anti-tubercular drug discovery were
not as sophisticated as they are at preggntAnd our cur- 2.1. Separation method
rent understanding of biology of thd. tuberculosisfrom
genomic and proteomic perspectives is much better than ever Simultaneous separation of each of ethambutol analog
before[5,6]. from plasma was achieved on a Beta Basig @nalytical
To develop “a better ethambutol” by improving its po- column (150 mmx 2 mm, 5um) preceded by a Beta Ba-
tency and reducing the toxicity and to possibly identify sic Cig guard column (4 mnx 2 mm; Keystone Scientific,
new scaffolds with anti-tubercular activity, a diverse library Bellefonte) atroomtemperature. Ethambutol analogs and ter-
of 63,238 ethambutol analogs with 1,2-diamine pharma- fenadine (internal standard) were eluted using a mobile phase
cophore was synthesized and tested agahgtiberculosis composed of solvent A (5mM G OONH; with 0.1%
using high-throughput screenifig]. About 2796 mostly ly- trifluoroacetic acid, pH 6.8) and solvent B (MeOH with 0.1%
pophilic compounds were found to be active, and 26 of the trifluoroacetic acid) according to the following gradient pro-
compounds had anti-tubercular activity in vitro equal to or gram: 50% buffer A and 50% buffer B were held for 0.5 min,
better than that of ethambutol. Among them three analogsand then the buffer A was linearly decreased to 20% over
were identified as the most promising in the serf&g.(1). 3 min and remained constant for 1 min when these analytes
They are N-(2,2-diphenylethylN'-(-)-cis-myrtanylethyl- were eluted, followed by re-equilibration to initial condition
1,2-diamine (SQ37; MW 376.2)N-(cyclooctyl)dN'-(1R, via a step gradient for 3 min. The flow rate was 0.6 ml/min.
2R, 3R, 59)-(-)-isopinocampheylethane-1,2-diamine (SQ59;
MW 306.4) and N-geranylN'-(2-adamantyl)ethane-1,2- 2.2. Instrumentation
diamine (SQ109; MW 330.2) with the minimal in-
hibitory concentration of 1.25, 12.5 and 0468/ml, A PE Sciex API 3000 triple quadrupole mass spectrom-
respectively. eter equipped with a Turbo lon spray source as LC/MS
Without biopharmaceutical and pharmacokineticinforma- interface was used for analysis of the analogs in biological
tion about the three analogs, however, it was impossible to matrix. Samples were analyzed in both positive and negative
determine which of the three had the potential to be clinically ion modes using an electrospray ion source. lonization
more effective in treating tuberculosis since effects on absorp-temperature was set at 450 with hydrocarbon-free air
tion, distribution, metabolism, and elimination may make used as both the auxiliary and nebulizer gas, and nitrogen as
highly active molecules appear less active. To facilitate pre- the collision gas. The mass selective detector was operated
clinical screening of the three analogs, we developed a highlyin scan mode for the qualitative analyses of the analogs
sensitive and selective LC/MS/MS method enabling the de- (m/z from 50 to 500) and in selected ion monitoring mode
tection and independent quantitation of the three analogs infor quantitative studiesn/z=377 for SQ37,m/z=307 for
biomatrices, which usually cannot be chromatographically SQ59, anan/z=331 for SQ109). The mass spectrometer was
resolved and quantitated. Using this method we evaluatedprogrammed to transmit the protonated molecules [M*% H]
the biopharmaceutical stability of the three analogs and de-through the first quadrupole and following collision induced
termined their pharmacokinetic profiles after simultaneous dissociation in Q2. For all three analogues the collision
cassette dosing to individual mice, a procedure for higher- gas used was nitrogen at a pressure of>31®° Torr
throughput pharmacokinetic screenfiid@. The results ofthe  achieved with a collisionally activated dissociation gas

studies are reported herein. setting of five from MassChrom (Version 1.1) software.
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Fig. 1. Chemical structures of ethambutol and its three analogs.
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The collision energy was optimized at32 eV for SQ37, lowest amount of an analyte in a sample that can be quantita-
—28eV for SQ59 and-29eV for SQ109 with respect to tively determined with suitable precision and accuracy. For
the fragment ion intensity. The appropriate (predominant) this method the criteria used was a signal to noise ratio of at
product ions selected for monitoring and quantitating in Q3 least 5:1 with a precision of 20% and accuracy of 80-120%.
werem/z=224 for SQ37m/z=154 for SQ59m/z= 178 for
SQ109, andr/z=436 for the internal standard, respectively. 2.5. Stability in mouse, rat, dog and human plasma

Peak area ratios obtained by multiple reaction monitor-
ing detection of parent to product ion transitions for etham-  Mouse, rat, dog and human plasma was spiked with all
butol analogs and the internal standard were used for thethree analogs, respectively, at a concentration of either 1 or
construction of calibration curves via weighted (recipro- 15pg/ml. Individual plasma mixtures were then incubated at
cal of concentration) linear least square regression of the37°C. At1, 2, 3and 6 h, aliquots of the plasma mixtures were
compound concentrations and the measured area ratiostemoved, and added to acetonitrile for extracting the analytes
Data were acquired using the MassChrom and processedor quantitative analysis pertain to plasma stability.
using TurboQuan (Version 1.0) of the PE Sciex software
program. 2.6. Cassette dosing and simultaneous pharmacokinetic

analysis
2.3. Sample preparation
A dosing solution containing each of the three analogs was

Plasma samples for the standard curves were prepared byrepared in 0.9% saline. For oral cassette dosing, the concen-
spiking 200wl of human, dog, rat and mouse plasma with tration and dose of each of the analogs were 1.5 mg/ml and
various concentrations of SQ37, SQ59 and SQ109 ranging25 mg/kg, respectively. For intravenous cassette dosing, the

from 0.98 to 500ng/ml and a constant volume (1 of concentration and dose of each of the analogs were 0.3 mg/ml
the internal standard terfenadine @@ml in methanol). To and 3 mg/kg, respectively. For intraperitoneal cassette dos-
each tested plasma samples (200 10 ul of the same con-  ing, the concentration and dose of each of the analog were

centration of terfenadine was added. The plasma was then0.6 mg/ml and 6 mg/kg, respectively. After administration of
mixed with 2 ml of acetonitrile. After vortexing and centrifu-  the dosing solution, four male CD2F1 mice (23-27 g) were
gation at 1000 g for 5 min, the supernatant was removed anesthetized with isoflurane and blood was collected from the
and evaporated to dryness at*8Dwith a gentle stream of  brachial region of each animal at the following time points:
dry nitrogen. The residue was reconstituted in g06f the 3, 6, 10, 15 and 30min and 1, 3, 6, 10 and 24 h after a
mobile phase. The supernatant was transferred to a micro-single i.v. dosing; 5, 15 and 30 min and 1, 2, 4, 6, 10 and
centrifuge tube, centrifuged at 10,0Q@ for 5min. The 24 h after a single p.o. or i.p. dosing. Each blood sample
supernatant was transferred to autosampler vials, and onlywas collected into a tube containing EDTA and centrifuged
10l of the supernatant was injected into the LC/MS/MS (2000x g, 10 min) to separate plasma and red blood cells.
system for analysis. The amount of each analog in the To each 20GI of plasma sample, 10l of internal standard
tested plasma samples was back calculated using the standarsblution (10wg/ml) of terfenadine was added. The analytes

curves. were separated and then analyzed simultaneously according
to the previously described procedures. The peak arearatio of
2.4. Method validation each individual analog to the internal standard was calculated

and the unknown concentration of a given analyte in plasma

The intra-batch precision and accuracy were determined samples was determined by interpolation from the appropri-
on the same day by analyzing three replicates of spiked ate standard curve. Pharmacokinetic parameters were cal-
samples containing each analog at 3.9, 31.3, and 250 ng/mlculated using the computer program WinNonlin (Pharsight
The inter-batch precision and accuracy were also carried Co., Mountain View, CA). Bioavailability was calculated as
out by analyzing three replicates of spiked samples at ((AUCpo.orip/AUC;y.) x (dosey./dosg o.orip)) x 100.
two concentrations on different days. The precision of the
analysis was determined by the relative standard deviation
(R.S.D.) or coefficients of variation (%C.V.), and the 3. Results
accuracy of the analysis was determined by comparing the
nominal concentrations with the corresponding calculated 3.1. Separation and specificity
concentrations. The recovery of each analog from plasma
was calculated by comparing concentrations of the analog To demonstrate specificity of the method, typical chro-
extracted from plasma with those of the unextracted pairs matograms of extracts of mouse plasma are shoviaign2,
in solvent samples. The specificity of the analysis was which illustrates the peaks of each analog and the internal
determined by simultaneously monitoring more than one standard separately. Each compound was eluted at distinctive
major product ions derived from parent analog ions in blank retention time of less than 5 min without significant interfer-
plasma. The limit of quantitation (LOQ) was defined by the ence from other compounds. The retention time for SQ59,
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Fig. 2. Selected reaction monitoring chromatograms of an extract of mouse plasma. The representative chromatograms show that the anatgiesarsigimul
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&®atin (in
standard).
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SQ37, SQ109 and the internal standard was 3.70, 4.48, 4.3&ubated at 37C. SQ109 underwent approximately 30 and

and 4.99 min, respectively. 40% degradation in human and dog plasma, respectively, af-
ter the 6 h incubation. SQ109 seemed to be stable in mouse
3.2. Method validation and rat plasma at 3T (Fig. 3) All three analogs at con-

centrations of 1 and 1jbg/ml were very stable at4C for
The intra-batch precision and accuracy generally fell in at least 24 h in mouse, rat, dog or human plasma (data not
the range of 2.06-8.48 and 92.3-111%, respectively, veri- shown).
fied by using three concentrations (3.9, 31.3 and 250 ng/ml)
of each analyte in three replicates. Inter-batch precision and3.4. Pharmacokinetics of ethambutol analogs
accuracy, compared at two concentrations on four separate
occasions, exhibited 2.1-8.69 and 91.3-114%. The recovery Fig. 4shows the plasma concentration-time course of the
of SQ59 at 3.9, 31.3 and 250 ng/ml from human, dog, rat three analogs after p.o., i.p. and i.v. administration to mice.
and mouse plasma ranged from 71.3 to 91.2%. The recov-As shown inFig. 4, each analog was detectable in plasma at
ery of SQ37 from human, dog, rat and mouse plasma at the24 h after dosing. For instance, the mouse plasma concentra-
three concentrations ranged from 78.1 to 87.8%. The recov-tions of SQ 37, SQ59 and SQ109 were £.3.0, 4.6+ 1.6
ery of SQ109 from human, dog, rat and mouse plasma at theand 5.0+ 2.3 ng/ml (mear: S.D.), respectively, at 24 h af-
three concentrations ranged from 73.1 to 90.6%. The limit of ter oral dosing. The relevant pharmacokinetic parameters are
quantitation of each analog in plasma was determined to besummarized iTable 1 Based on the goodness-of-fit criteria
1.95 ng/ml with correlation coefficients of greater than 0.99. set by the WinNonlin program, the plasma concentration-
time data of intravenous SQ59 were best fitted to a three
3.3. Stability in plasma compartmental model, while the plasma concentration-time
data of intravenous SQ37 and SQ109 were best fitted to a two
Fig. 3 shows the stability profile of the three analogs compartmental model.
incubated at 37C with different species of plasma at The pharmacokinetics of simultaneously administered
1 ng/ml—the plasma concentration that could be practically SQ37 and SQ109 were very similar following i.v., p.o. and
achievable after administration of the analogs to mice. High i.p. administration. Independent of the route of administra-
plasma concentration of the analogs (iBml) exhibited tion, the terminal slopes of SQ37 plasma concentration versus
similar kinetics. SQ37 underwent approximately 20% degra- time curves declined parallel to the corresponding curves for
dation in human plasma and 40% degradation in rat plasma,SQ109. Hence, comparison of the half-lives between the two
respectively, after 6 h incubation. No significant degrada- analogs did not reveal significant differences in pharmacoki-
tion of the analog was observed in dog and mouse plasmanetics related to their distribution and elimination.
under the same conditions. SQ59 appeared to be stable in  SQ59 showed poor pharmacokinetics as evidenced by its
mouse, rat, dog and human plasma for at least 6 h when in-overall low AUC,Cyax and bioavailability as well as broader
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Fig. 3. Stability profile of the three analogs(#/ml) incubated at 37C in plasma of different species. The percentage of the analog remaining intact was
calculated by integration of chromatographic peak area. Each point represents three tests.
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The three analogs showed the Y/ dignificantly larger
than other compounds that we had studiell1]. 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 ethamijGiol

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;d/¥dss corresponds to the
equivalent plasma volume in which a drug is distributed into
the body. In fact, Vg would equal the plasma volume in
addition to the sum of each tissue: plasma partition coeffi-
cient multiplied by its respective tissue volume.ydnder
in vivo conditions is commonly determined by the product
of clearance and mean residence time after a single intra-
venous dose of the drygj2]. Vdssis mainly governed by two
determinants: drug lipophilicity (partitioning into lipids and
water) and plasma protein binding (e.g., a reversible binding
to common proteins such as albumin, globulins and lipopro-
teins present in plasma and interstitial space). For most drugs
muscle and fat may empirically be two main determinants of
Vdss[13]. The magnitude of Vgkis a useful indicator for the
amount of drug outside the central compartment or in the pe-

Fig. 4. Plasma concentration-time course of the three analogs after cassettgipheral tissues and organs. The larger thes\ftle greater the
dosing through different routes to mice: i.v., 3mg/kg; i.p., 6mglkg; p.o..  amount of the drug resides in the extravascular compartment.

25mg/kg. Each point represents the mesg®.D. of four to five mice.

Therefore, these analogs may have favorable tissue kinetics,
i.e., rapid penetration into the extravascular compartment,

Vdssin comparison to pharmacokinetics of SQ37 and SQ109 and particularly, lung tissue. Indeed, we have observed that
(Table ). Therefore, it would not be chosen for further de- the lung concentration of SQ109 after i.v. administration to
velopment based on the result from the cassette dosing pharmice was at least 180-fold higher than in plasma over 8h

macokinetic screening. observatiorj14].
Table 1
Comparison of pharmacokinetic parameters of three ethambutol analogs after cassette dosing to mice

Route

Intravenous Intraperitoneal Oral
Dose (mg/kg) 3 6 25
Analogs SQ59 SQ37 SQ109 SQ59 SQ37 SQ109 SQ59 SQ37 SQ109
AUCo_24h(ng h/ml) 384 954 1006 272 1372 1099 169 1602 655
Cinax (ng/ml) 343 1079 1190 217 630 935 29 263 227
Tmax (Min) 5 5 5 5 15 15
Ta2e1 () 9.2 77 6.1 9.7 49 4.4 211 57 7.0
CL (ml/kg/hp? 8043 3530 3240
Vdss (I/kg) 63.9 113 128
Bioavailability (%) 35 72 55 3 201 7.8

2 Total body clearance.
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It is indisputable that cassette dosing pharmacokinetics parameter. The SQ109 concentrations in the respiratory
and the use of LC/MS/MS have greatly enhanced our tract remained above the MIC for more than 10 h after oral
ability to profile many drug candidates simultaneously in a dosing. Hence, an oral dosing regimen seems to provide an
single sampld15,16] Cassette dosing is generally used to excellent safety margin for the treatment of respiratory tract
screen drug candidate for systemic clearance (i.v. dosing)infections caused by the tubercular bacteria.
and for oral bioavailability (p.o. dosing). Compared with
conventional pharmacokinetic studies, cassette dosing phar-
macokinetics has the advantage of speed, because the Slo\ﬁcknowledgement
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 spefl&3. Since
there are concerns over the potential for the occurrenceReferences
of drug—drug interactions to compromise the results, we
conducted a separate conventional single-compound dosing[1] R.J. O'Brien, P.P. Nunn, Am. J. Respir. Crit. Care Med. 162 (2001)
(SQ109 only) complementary to the above described cassette ~ 1055-1058.
pharmacokinetic studies, and demonstrated that the pharma-[z] G.L: Mandell, W.A. Petri, in: .J.G. Hardman, L.E. Limbird., P.B.

. . . Molinoff, R.W. Ruddon, A.G. Gilman (Eds.), Goodman and Gilman’s
C_Okmet_lc parameters of SQ109 Obta!ne_d from the conven- The pharmacological basis of therapeutics, McGraw-Hill, NY, 1996,
tional single-compound dosing were similar to those from the pp. 1155-1174.
present cassette dosifigl]. Small size of cassette dosing has  [3] R. Lee, M. Protopopova, E. Crooks, R. Slayden, M. Terrot, C. Barry,
not significantly affected entire pharmacokinetic profiling of J. Combinatorial Chem. 5 (2003) 172-187.
each individual analog in comparison with the conventional [#] C:E. Barry lll, Biochem. Pharmacol. 54 (1997) 1165-1172.

. . . . [5] S.T. Cole, R. Brosch, J. Parkhill, T. Garnier, C. Churcher, D. Harris,
smgle 9'05'_”9 of SQ109 althoth sporadlc changes In pha_r- S.V. Gordon, K. Eiglmeier, S. Gas, C.E. Barry lll, F. Tekaia, K.
macokinetic parameters were observed. The cassette dosing  Badcock, D. Basham, D. Brown, T. Chillingworth, R. Connor, R.
pharmacokinetic screening has enabled us to make early and  Davies, K. Devlin, T. Feltwell, S. Gentles, N. Hamlin, S. Holroyd,
critical development decisions based on the pharmacokinetic ~ T. Hornsby, K. Jagels, B.G. Barrel, Nature 393 (1998) 537-544.
criteria although other physicochemical and efficacious [6] J. Mattow, P.R. Jungblut, E.C. Muller, S.H.E. Kaufmann, Proteomics

. : ) 1 (2001) 494-507.
propertles_ of the d_ru_g cand_|dates are also conS|d_ered [7] RE. White, P. Manitpisitkul, Drug Metab. Dispos. 29 (2001)
important in the decision-making. The trade-off for using 957-966.
this screening is that we will spend less time and resources [8] L. Jia, X. Young, W. Guo, J. Pharm. Sci. 88 (1999) 981-986.
on the drug candidates with poor pharmacokinetic profiles. [9] L. Jia, M.D. Linnik, R.M. Jack, L. Yu, J. Pharm. Pharmacol. 53

Optimization of ethambutol analogs to enhance efficacy (2001) 999-1005. .

. 10] L. Jia, H. Wong, C. Cerna, S.D. Weitman, Pharm. Res. 9 (2002)
of the parent compound seems to be an intellectual strateg 1090-1095.
to improve tubercular treatment and make the therapeutic[11] L. Jia, H. Wong, Y. Wang, M. Garza, S.D. Weitman, J. Pharm. Sci.
implementation easier. Inin vitro experiment, the minimal in- 92 (2003) 161-172.
hibitory concentrations of SQ37, SQ59 and SQ109 required [12] P. Poulin, F. Theil, J. Pharm. Sci. 91 (2002) 129-156.
to produce 90% growth inhibition of th®. tuberculosis 13 5'363‘1';”' K. Schoenlein, F.P. Theil, J. Pharm. Sci. 90 (2001)
H37Rv were found 1.25, 12.5 and O'ﬁglml’_reSp_eCtNe_ly' [14] L. Jia, J.E. Tomaszewski, C. Hanrahan, L. Coward, P.E. Noker, G.S.
SQ109 was the most potent compound in this series of  Gorman, B. Nikonenko, M.N. Protopopova, Br. J. Pharmacol., in
analogs. The peak plasma concentrations and peak lung press.
concentrations of SQ109 after i.v. and p.o. administration [15] L.W. Frick, K.L. Adkison, K.J. Wells-Knecht, P. Woolard, D.M. Hig-
were above the MIC level for the susceptiMetuberculosis ton, Pharmaceut. Sci. Technol. Today 1 (1998) 12-18.

. - . . . . 16] M.K. Bayliss, L.W. Frick, Curr. Opin. Drug Disc. Dev. 2 (1999
microbegq14], providing a sufficient therapeutic margin and [ ]20_25 v ' urr. B! ug = V. 2 (1999)

a comfortable safety margin during anti-tubercular therapy, [17] 3. Berman, K. Halm, K. Adkison, J. Shaffer, J. Med. Chem. 40
assuming thatCpa/MIC is the indicative therapeutic (1997) 827-829.

The studies were supported by the Inter-Institute Program
of National Institutes of Health.



	Simultaneous estimation of pharmacokinetic properties in mice of three anti-tubercular ethambutol analogs obtained from combinatorial lead optimization
	Introduction
	Materials and methods
	Separation method
	Instrumentation
	Sample preparation
	Method validation
	Stability in mouse, rat, dog and human plasma
	Cassette dosing and simultaneous pharmacokinetic analysis

	Results
	Separation and specificity
	Method validation
	Stability in plasma
	Pharmacokinetics of ethambutol analogs

	Discussion
	Acknowledgement
	References


