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Interspecies pharmacokinetics and in vitro metabolism of SQ109
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1 This study aimed at characterizing the interspecies absorption, distribution, metabolism and
elimination (ADME) profile of N-geranyl-N'-(2-adamantyl)ethane-1,2-diamine (SQ109), a new
diamine-based antitubercular drug.

2 Single doses of SQ109 were administered (intravenously (i.v.) and per os (p.o.)) to rodents and dogs
and blood samples were analyzed by liquid chromatography tandem mass spectrometry (LC/MS/MS).
Based on i.v. equivalent body surface area dose, the terminal half-life (¢,,) of SQ109 in dogs was
longer than that in rodents, reflected by a larger volume of distribution (V) and a higher clearance
rate of SQ109 in dogs, compared to that in rodents. The oral bioavailability of SQ109 in dogs, rats and
mice were 2.4-5, 12 and 3.8%, respectively.

3 After oral administration of ['*C]SQ109 to rats, the highest level of radioactivity was in the liver,
followed by the lung, spleen and kidney. Tissue-to-blood ratios of ['*C]SQ109 were greater than 1.
Fecal elimination of ["*C]SQ109 accounted for 22.2% of the total dose of ['*C]SQ109, while urinary
excretion accounted for only 5.6%. The binding of ['*C]SQ109 (0.1-2.5 ugml™') to plasma proteins
varied from 6 to 23% depending on the species (human, mouse, rat and dog).

4 SQ109 was metabolized by rat, mouse, dog and human liver microsomes, resulting in 22.8, 48.4,
50.8 or 58.3%, respectively, of SQ109 remaining after a 10-min incubation at 37°C. The predominant
metabolites in the human liver microsomes gave intense ion signals at 195, 347 and 363m/z, suggesting
the oxidation, epoxidation and N-dealkylation of SQ109. P450 reaction phenotyping using
recombinant cDNA-expressed human CYPs in conjunction with specific CYP inhibitors indicated

that CYP2D6 and CYP2C19 were the predominant CYPs involved in SQ109 metabolism.
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Introduction

Identification of a promising new compound for the treatment
of tuberculosis is exciting, and its development is very
challenging (Barry III et al., 2000). Current regimens require
combined treatment of tuberculosis with multiple drugs,
including isoniazid, rifampin, ethambutol and pyrazinamide
for the full dosing period of 6 months (American Thoracic
Society Documents, 2003). It is difficult to comply completely
with this complex and prolonged regimen, and consequently,
there is a substantial rate of treatment failure, even among
patients with drug-sensitive disease. Thus, the availability of a
more potent antibiotic that could clear infection more rapidly
would be very valuable.

Many approaches to screening and identifying antibiotics
start with a search for biochemical inhibitors of potential
targets and then focus on those that inhibit microbial growth
(Rubin, 2005). Lee et al. (2003) started with a diverse library of
63238 ethambutol analogs with 1,2-diamine pharmacophore
and tested their activity against Mycobacterium tuberculosis
using high-throughput screening. The initial rationale was to
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identify diamine analogs with enhanced efficacy over etham-
butol to improve the existing treatment of tuberculosis, and
hopefully make therapeutic implementation easier and of
shorter duration. After the lead optimization and screening,
three analogs were found to have an enhanced antitubercular
activity compared to ethambutol. Based on the results
obtained from comparisons of effectiveness and high-through-
put pharmacokinetic screening using cassette dosing combined
with liquid chromatography tandem mass spectrometry
(LC/MS/MS) (Jia et al., 2005a), we selected N-geranyl-N'-(2-
adamantyl)ethane-1,2-diamine (SQ109, MW 330.2; see
Figure 5 for SQ109 structure) as a lead compound for
advanced drug testing. SQ109 exhibited both in vitro anti-
microbial activity against M. tuberculosis strain H37Rv grown
inside the host murine macrophage cells and in vivo
antimicrobial activity on the mouse model inoculated with
the H37Rv strain. Oral administration of SQ109 to mice for
28 consecutive days resulted in significant reductions in
mycobacterial burden in both the lungs and spleen of the
mice. Monitoring SQ109 levels in mouse vital tissues in the
course of 28-day oral administration showed that the potential
sites of action (e.g., lungs and spleen) contained SQ109 at
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concentrations that were at least 10 times higher than its
minimal inhibitory concentration (1.56 uM). SQ109 displayed
a large volume of distribution to various tissues. Despite its
low oral bioavailability, the targeted tissue concentrations of
SQ109 were at least 120-fold higher than that in the plasma
(Jia et al., 2005b). Fingerprinting of SQ109 pharmacopro-
teomics indicates that treatment of M. tuberculosis H37Rv
strain with SQ109 caused significant upregulation of secreted
antigenic proteins ESAT-6-, CFP-10- and ATP-dependent
DNA/RNA helicase, and downregulation of f-ketoacyl-acyl
carrier protein synthase (Jia et al., 2005a).

The purpose of the present studies was to characterize
systematically and comprehensively the preclinical profile of
absorption, distribution, metabolism and elimination (ADME)
for SQ109 in a number of species, including its pharmacoki-
netics, plasma protein binding; tissue distribution and urinary
and fecal elimination in rats; as well as its in vitro metabolism,
metabolism phenotyping and possible metabolic pathways.

Methods

Animals

Male CD2F1 mice (23-27 g), male Fischer rats (271-289 g) and
beagle dogs (7.5-8.9 kg, two males and two females per dose
group) were handled in accordance with the Guide for the
Care and Use of Laboratory Animals (National Research
Council, 1996), or the Principles of Laboratory Animal Care
(http://history.nih.gov/laws).

Analytical method for determining SQ109 in biomatrices

The analytical method for determining SQI09 in various
biomatrices was similar to that described previously (Jia et al.,
2005b). Briefly, separation of SQ109 from biomatrices was
achieved on a f-basic Cg analytical column preceded by a Cyg
guard column (Keystone Scientific, Bellefonte, PA, U.S.A.) at
25°C and a flow rate of 0.6mlmin~'. SQ109 and terfenadine
(internal standard) were eluted using a mobile phase composed
of buffer A (5mM CH;COONH, with 0.1% trifluoroacetic
acid, pH 6.8) and buffer B (methanol with 0.1% trifluoroacetic
acid) according to the following gradient program: 50% buffer
A and 50% buffer B were held for 0.5min, and then buffer
A was linearly decreased to 20% over 3min and remained
constant for 1 min while the analytes were eluted. The column
was re-equilibrated to initial conditions via a step gradient for
3min. A PE Sciex API 3000 triple quadrupole mass spectro-
meter equipped with a Turbo Ion spray source and operating
at 450°C in the positive ion mode was used for the analysis of
SQ109. The lower limit of quantitation of SQ109 in the plasma
was determined to be 1.95ngml™".

Rat and dog pharmacokinetic studies with SQ109

Rats with an indwelling jugular vein catheter were used for the
pharmacokinetic studies. Rats were given either a single
intravenous (i.v.) bolus dose of 1.5mgkg™' (9mgm2) or an
oral dose of 13mgkg™" (78 mgm™2) of SQ109 (n=8 per dose
group); rats were divided into subgroups consisting of four rats
per subgroup. Rat blood (0.7ml) was withdrawn from the
jugular vein catheter at alternating time points from individual

rats in each subgroup. Blood samples were collected at 2, 5, 10,
15 and 30min and 1, 3, 6, 10 and 24h after a single i.v.
administration, or 5, 15 and 30min and 1, 2, 4, 6, 10 and 24h
after a single oral administration. Each blood sample was
centrifuged to separate plasma, which was then stored at
—70°C until analysis.

Beagle dogs were dosed by gavage at either 3.75 or
15mgkg™' (75 or 300mgm™?), or intravenously at either
0.45 or 4.5mgkg "' (9 and 90 mgm2). Dog blood (0.7 ml) was
withdrawn from the jugular vein at 2, 5, 10, 20 and 30 min and
1, 2,4, 8,12, 18 and 24 h after a single i.v. administration, or
10, 20 and 30 min and 1, 2, 4, 8, 12, 18 and 24 h after a single
oral administration.

Each blood sample was collected into a tube containing
EDTA and centrifuged (2000 x g, 10 min) to separate plasma
and red blood cells. To each 200 ul of plasma sample, 10 ul of
internal standard solution (10 ugml~') was added. SQ109 was
then separated and analyzed by the LC/MS/MS method
according to the previously described procedures (Jia et al.,
2005b). Peak area ratios of SQ109 to the internal standard
were plotted against theoretical concentrations. Drug concen-
trations in the plasma samples were calculated from the
standard calibration curves. Pharmacokinetic parameters were
calculated using the computer program WinNonlin (Pharsight
Co., Mountain View, CA, U.S.A.), and bioavailability was
calculated as (AUC,, AUC:) x (dose; . dose,t) x 100%.

Tissue distribution and elimination of ["*C]SQ109 in rats

['“C]SQ109 (5.8 mgml~") was diluted 4.4-fold with 0.9% sterile
saline to yield a formulation containing 1.3mgml~" SQ109
(225 uCiml™"). Male Fischer rats (271-289 g) were individually
housed in metabolism cages from which urine and feces were
cumulatively collected to determine [**C]SQ109 excretion rate.
The rats were orally dosed by gavage with 13mgkg™' of
['*C]SQ109. Rats were killed at 0.5, 5, 10 and 24 h after dosing
(n=3 per time point) in order to collect blood, tissues and
organs for quantitative analysis. Tissues, intestinal tract
contents and feces were homogenized in 10 volumes of water.
Duplicate aliquots of whole blood, homogenates of tissues,
intestinal contents and feces were digested with tissue
solubilizer Soluene 350, and decolorized with 30% hydrogen
peroxide to eliminate chemiluminescence. The samples
were radioassayed after mixing with glacial acetic acid and
the scintillation cocktail. Duplicate aliquots of urine and
cage rinses were radioassayed after mixing with scintillation
cocktail.

Pieces of carcasses were digested with 650 ml of 10 N sodium
hydroxide, maintained at 37°C for 3 days, and then at room
temperature until complete dissolution of the carcasses (~2
weeks). Quadruplicate aliquots of each dissolved carcass were
diluted with water (1:20, vv~'); portions of each diluted
sample were radioassayed after the addition of an appropriate
scintillator. After correction for volume by dilution and
volume assayed, the radioactivity expressed as disintegrations
per min (d.p.m.) of ['"*C]SQ109 in each sample was determined.

Plasma protein binding
The percent binding of ['“C]SQ109 to mouse, rat, dog and

human plasma proteins was determined by using ultracen-
trifugation (Barre ez al., 1985; Boulton et al., 1998). Briefly,
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spiking solutions of ["*C]SQ109 were prepared by diluting the
stock ["“C]SQ109 (ImCi of 5.9mg 'ml™') with absolute
ethanol to yield spiking solutions containing 5, 25 or
125 ugml~" of ["*C]SQ109. For each species, a 10.8 ml aliquot
of plasma was mixed with 0.22ml of the appropriate spiking
solution of ["*C]SQ109 to yield final SQ109 concentrations of
0.1, 0.5 or 2.5 ugml~". The plasma mixtures were placed into
individual polycarbonate ultracentrifuge tubes and centrifuged
at 100,000 x g for 24 h at 4°C.

At the end of the centrifugation period, the upper
chylomicron layer, middle aqueous layer and lower protein
pellet were separated and the volume of each layer was
determined. The protein pellets were dissolved in Soluene 350
tissue solubilizer. The radioactivity of duplicate portions of
the chylomicron and aqueous layers as well as the solubilized
protein layer was determined, and the total amount of
radioactivity in each layer was calculated. The percentage of
radioactivity in each layer was determined by comparing the
amount of radioactivity in each layer with the sum of the total
amount of radioactivity in all three postcentrifugation plasma
samples. The percent of the total radioactivity in the aqueous
layer was considered to represent the unbound fraction of
SQ109, while the sum of the radioactivity in the chylomicron
and lower (pellet) protein layers was considered to represent
the bound fraction of the drug.

Radioactivity determination

The radioactivity of all samples was measured in the Tri-Carb
2100TR liquid scintillation analyzer. All counts were con-
verted to absolute radioactivity (d.p.m.) by automatic
chemiluminescence and quench correction. Samples having
radioactivity (d.p.m.) less than or equal to twice background
d.p.m. were considered to be below the limit of quantitation,
and therefore the reading was considered zero d.p.m. for
calculation purposes. SQ109 equivalents in biological samples
were determined by dividing the sample d.p.m. by the specific
activity of ["*C]SQ109 in d.p.m. per microgram, and expressed
in microgram per gram of tissue. ['*C]SQ109 equivalents were
also expressed as a percentage of ['*C]SQ109 amount in organs
or tissues over the administered total ['*C]SQ109 amount per
animal. The radioactivity in rat urine and feces was expressed
as a percentage of the administered dose for each time interval
and as a cumulative percentage.

Microsomal metabolism of SQ109

The microsomal assay was similar to that described previously
(Jia et al., 2003). Briefly, SQ109 (10 uM) was incubated with
mouse, rat, dog and human liver microsomes, respectively,
in an NADPH-generating system containing 1.3 mM NADP,
3.3mM glucose-6-phosphate, 0.4 U/ml glucose-6-phosphate
dehydrogenase and 3.3mM MgCl, in 100mM potassium
phosphate buffer (pH 7.4). Reaction mixtures were prepared
in duplicate and were preincubated for Smin at 37°C. The
reactions were then initiated by the addition of microsomes
(30 ul of a 20mgml~' solution in 250 mM sucrose, yielding a
final protein concentration of 0.5mgml~"). The final volume
of each reaction mixture was 1.2 ml. Negative control reactions
were prepared by incubating mixtures that excluded either
microsomes or SQ109 from the mixture. For negative control
incubation where microsomes were excluded, they were added

back to the reaction mixture after quenching with acetonitrile.
Samples were removed at 0, 10, 20, 40 or 80 min and vortex-
mixed with cold acetonitrile to stop the reaction. After
centrifugation, a portion of each resulting supernatant was
analyzed by mass spectrometry for unchanged SQ109.

Metabolism of SQ109 by ¢DNA-expressed recombinant
human CYPs

SQ109 metabolism was also evaluated in microsomes prepared
from insect cells transfected with cDNAs encoding for human
CYPI1A2, CYP2A6, CYP3A4, CYP2B6, CYP2C8, CYP2C9,
CYP2C19 or CYP2D6. The recombinant enzymes and
microsomes from untransfected insect cells were used in
parallel as a control. SQ109 (10 uM) was preincubated in
duplicate with the above-mentioned NADPH-generating
system for Smin at 37°C. The reactions were then initiated
by the addition of the individual CYPs (final 100 pmol
CYPml™") or corresponding untransfected cells. Samples were
mixed by inversion, removed at 0 and 30 min and mixed with
ice-cold acetonitrile to stop the reactions. After centrifugation
(14,000 x g for 20min at 4°C), each extract was analyzed by
using the mass spectrometry to monitor metabolite formation
or SQ109 depletion. Electrospray ionization (ESI) full mass
scans were performed to obtain the ion chromatograms of the
expected metabolites according to predicted mass gains and
losses as compared with the molecular mass of SQ109. The ESI
as a gentle ionization technique is preferred in metabolite
analysis, since ESI usually does not dissociate compounds
extensively. The metabolite profiling was based on the
detection of protonated, deprotonated or adduct ions, but
not on the fragment ions (Kostiainen et al., 2003). Samples
were assayed in both the negative and positive ion to ensure
detection of all potential metabolite(s), and define the
structure(s). Metabolite quantitation was based on percentages
of peak areas of each metabolite as a function of incubation
time compared to the total area of all chromatographic peaks.

Chemical inhibition studies

The following inhibitors, at the concentrations shown, were
incubated with the corresponding CYP isoforms. These
concentrations were based on literature information (Parkin-
son, 1996; Tucker et al., 2001; Bjornsson et al., 2003):
furafylline (CYP1A2; 0.1, 1 and 10 uM), quinidine (CYP2D6;
0.5, 1 and 10 um), ticlopidine (CYP2C19; 5, 20 and 100 uMm)
(Donahue et al., 1997; Tateishi et al., 1999; Ha-Duong et al.,
2001) and troleandomycin (CYP3A; 0.5, 1 and 10 um). All
inhibitors were dissolved in methanol prior to addition to the
incubation mixtures. Reaction mixtures containing human
cDNA expressed CYP2D6 or CYP2C19 (100 pmol P450 ml~!
reaction mixture), the NADPH-generating system, selective
CYP inhibitors and 100 mM potassium phosphate buffer (pH
7.4) were preincubated for 15min at 37°C. Each reaction was
then started by the addition of SQ109 (10 uM) with subsequent
mixing of each sample by inversion. The samples were
immediately removed and mixed with cold acetonitrile to
stop reaction at 0 and 30 min of incubation. SQ109 and its
metabolites were identified by the LC/MS/MS method. Peak
areas formed were used for quantitative analyses. Control
incubation mixtures included mixtures without inhibitors, and
mixtures with untransfected insect cell microsomes used as
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microsomal control, and mixtures that contained methanol
instead of inhibitor (methanol control). Quantitative analyses
were performed by comparing the peak areas of the inhibition
reactions to their respective methanol controls. The total
organic solvent content of the in vitro reaction mixtures was
less than 2%.

Materials

['*C]SQ109 was prepared in ethanol (1 mCiml~') with specific
activity and radiochemical purity (HPLC analysis) of
172 uCimg~"' (57 mCimmol~") and 99.6%, respectively. Tissue
solubilizer Soluene 350 and Tri-Carb 2100TR liquid scintilla-
tion analyzer were purchased from Perkin-Elmer Life and
Analytical Sciences (Boston, MA, U.S.A.). Scintillation
cocktail (Safety SolveTM complete counting cocktail) was
purchased from Research Products International Co. (Mount
Prospect, IL, U.S.A.). All liver microsomes, human CYP
isoforms and specific CYP isoform inhibitors were purchased
from BD Gentest (Woburn, MA, U.S.A.). Organic solvents
used in chromatographic separation of SQ109 were purchased
from EM Science (Gibbstown, NJ, U.S.A.).

Statistical analysis

Data are expressed as the mean+s.d. Statistical analysis was
performed with Student’s z-test for paired observation (two-
tailed). A probability of 0.05 or less was considered significant.
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Figure 1 Plasma concentration—time courses of SQ109 after i.v.
(1.5mgkg™") and oral (13mgkg™"') administrations to rats. Each
point represents the mean +s.d. of eight rats.
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Results
Pharmacokinetics of SQ109 in rats and dogs

SQ109 plasma concentration—time courses after single oral and
i.v. administration to rats and dogs are illustrated in Figures 1
and 2, respectively. Pharmacokinetic parameters calculated
from noncompartmental analysis of SQ109 concentrations
in rat and dog plasma are presented in Tables 1 and 2,
respectively. Interspecies pharmacokinetics are summarized in
Table 3. The major pharmacokinetic parameters such as ¢,
Vs, clearance rate (CL) and oral bioavailability were
compared in Table 3 among mice (Jia et al., 2005b) rats and
dogs at the same dose based on equivalent body surface area
(9mgm~2). The terminal ¢, of SQI09 in dogs (12-29h;
Table 2) was longer than in rats (7-8 h; Table 1), as reflected
by the significantly larger volume of distribution of SQ109
in dogs, while the CL in dogs was higher than that in rats in
comparison on body surface area dose. The i.v. Cy,, and AUC
in dogs increased in proportion to the increase in doses,
whereas the oral C,,,, and AUC were less proportional to the
increase in doses probably because of the low oral bioavail-
ability of SQI09 in dogs (2.4-5%; Table 2). The oral
bioavailability of SQ109 in rats was determined to be 12%.
Compared to the pharmacokinetic profiles of rats and dogs,
male CD2F1 mice given the same dose of SQ109 scaled by
body surface area (9mgm=2, i.v.; 75mgm~2, p.o.) showed a
pharmacokinetic profile (Jia et al., 2005b) similar to rats, but
different from dogs in terms of #,, CL and V, probably

Table 1 Pharmacokinetic parameters of SQ109 in
rats (n=_8)"
Route iv. p.o.
Dose

(mgkg™") 1.5 13

(mgm™?) 9 78
Crnax (ngml™) — 644
Tmax (h) e 0.5
t1> (h) 7.4 8.2
AUC, ., (ngh™'ml™) 953 992
CL (mlkg "h1) 1575 —
V, (mlkg ') 9964 —
Bioavailability (%) — 12

“Noncompartmental analysis.

——45mgkg’,iv.
—8—0.45mg kg™, iv.
—a—15mgkg”, p.o.

— g -3.75mgkg™, p.o.

Time (h)

Figure 2 Plasma concentration—time courses of SQ109 after i.v. (0.45 or 4.5mgkg™") and oral (3.75 or 15mgkg™") administration

to beagle dogs. Each point represents the mean+s.d. (n=4).
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Table 2 Noncompartmental analysis of pharmacokinetic parameters of SQ109 in beagle dogs (mean+s.d., n=4)

Routes iv. iv. p.o.
Dose
(mgkg™") 0.45 4.5 3.75
(mgm™2) 9 90 75
Crnax (ngml™") 2714109 2762 +1180** 11.7+1.7
Tmax (h) - - 059i016
t12 (h) 29.3+8.1 12.443.01%* 19.6+4.8
AUC,_., (ngh™'ml™") 223+31 1942 +315%* 86.5+16.0
CL (mlkg™'h™") 2138+295 24714319 —
Ve (mlkg™) 75,200+ 19,100 29,200 4+ 6940*

Bioavailability (%) — — 5.0+2.4

*P<0.05, **P<0.01, compared with the values obtained from lower doses of the same administration route.

p.o.

15
300

37.1+£6.5%*
0.514+0.09
11.6+1.5%
158+ 34%*

2.4+0.7

Table 3 Comparison of major pharmacokinetic parameters of SQ109 administered i.v. to mice, rats and dogs at the same

dose (mgm~2)?

Species Dose (mgm™?) ty2 (h) CL (mlm—2h™") V,, (mlm™2) Oral bioavailability (%)®
Mouse® 9 53 11,364 35,400 3.8

Rat 9 7.4 9450 59,700 12

Dog 9 29.3 42,760 1,504,000 5

aThe conversion factors used for changing a dose expressed in terms of mgkg ' to an equivalent surface area dose mgm™' are 3 (mouse),
6 (rat) and 20 (dog), respectively, referring to the FDA Guidance http://www.fda.gov/cber/gdIns/dose.pdf.

"Note, the oral bioavailability was determined based on oral administration of 75mgm~2 of SQ109 to the animals.

“The mouse data were obtained from our previous studies (Jia et al., 2005b).
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Figure 3 ['“C]SQ109 equivalent concentrations (ngg™') in tissue (mean +s.d., n = 3) after oral administration to rats (13mgkg™).
The inset magnifies the scale of ['*C]SQ109 concentrations in tissues and organs that contain low levels of ['“C]SQ109. The actual
concentrations (off the scale) of ['*C]SQ109 in the stomach and small intestine were 450,000+ 179,000 and 70,500 +9000ngg™" ,
respectively, at 0.5h, and 173,000 + 62,000 and 66,600+ 19,800 ngg™" at Sh after the single oral administration.

because rodents share the same allometric exponent that is
different from that of dogs. Although no acute toxicity and
pathological effects were identified, emesis was observed in
dogs 10min after oral administration of the high dose of
SQ109 (750 mgm~2); the emesis was dose related, and most
likely a consequence of gastric irritation.

[#C]S0109 tissue distribution and elimination in rats

Figure 3 shows ['*C]SQ109 levels in various tissues of rats at
0.5, 5, 10 and 24 h after oral administration of the radioactive

compound (13mgkg™"!). In general, excluding the concentra-
tions of ["*C]SQI109 in gastrointestinal tract, the highest
concentrations of radioactivity were found in the liver, and
the lowest in the fat. At each time point, ["*C]SQ109
concentrations in the lung, spleen and kidney were similar to
each other, and ranked as the tissues containing the second
highest concentrations of [*C]SQ109. At 0.5h after oral
administration, ["*C]SQ109 concentrations in the brain and
whole blood were the same (143ngg™"). At 5, 10 and 24 h time
points, ["*C]SQ109 concentrations in the brain were 257, 187
and 313ngg', respectively, which were higher than those in
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whole blood at the same time points (103, 82 and 43ngml™"),
suggesting that the compound crosses the blood—brain barrier.
Tissue-to-blood level ratios were generally greater than 1,
indicating that the compound has the capability to move
across blood vascular wall, distribute and reside in various
tissues. The total equivalent concentrations of ["*C]SQ109
in the stomach, small intestine and large intestine at 0.5h
after the oral administration were 331471, 312467 and
344+19pugg™", respectively. At 24h, the concentrations
declined to 2.14+3.3, 31+ 12 and 279+ 127 ug g, respectively,
kinetically reflecting the gastrointestinal transit time and
absorption time of ["*C]SQ109.

By 24 h after oral administration, ['*C]SQ109 was eliminated
mainly via the feces, which accounted for 22.2% of the total
dose, while urinary excretion accounted for only 5.6% of the
total dose (Table 4). The excretion rate (ugh™") of ["*C]SQ109
via urine was faster than that via feces during the first 10h
period. Thereafter, ['*C]SQ109 excretion rate via feces became
predominating factor.

SQ109 plasma protein binding

The results of the protein binding determinations for mouse,
rat, dog and human plasma are presented in Table 5.

In vitro metabolism of SQ109 in liver microsomes

The mass spectrometric analyses of SQ109 from the in vitro
metabolism samples suggest that the parent compound SQ109
is rapidly metabolized when incubated with mouse, rat, dog or
human liver microsomes (Figure 4). After incubation at 37°C
for 10 min, the remaining SQ109 accounted for 22.8, 48.4, 50.8
and 58.3% of the total SQ109 initially added to rat, mouse,

Table 4 Cumulative excretion (% of dose) and
excretion rate of ['*C]SQ109 following a single oral
dose of ["*C]SQ109 (13 mgkg™!) to rats

Period after  Excretion (% of dose)  Excretion rate (ngh™")
dosing (h)
Urine Faeces Urine Faeces

0-5 1.15+0.34  0.024+0.04 8.44+2.52 0.16+0.30
5-10 1.43+0.26 0.04+0.04 10.46+1.92 0.30+0.36
1024 2.35+0.36 12.71+3.08 6.15+0.94 33.29+8.07
24-48 1.17+0.16 7.83+0.49 1.79+0.25 11.96+0.75
Total (0-48h) 5.66+0.87 22.2+3.33 — —

Excretion values are the mean+s.d. (n=3).

Table 5 Binding of [*C]SQ109 at different concen-
trations to plasma protein

SQ109 % SQ109 bound to plasma protein from
(ngml™)

Mouse Rat Dog Human
0.1 6.2,7.8 8.4,10.3 10, 11.4 14.3, 16.1
0.5 5.8, 8.4 8.1,9.1 9.5,11.7  16.3, 18.5
2.5 8.4, 8.5 8.4,11.8 10.3, 12.1  17.8, 23.8

Data were obtained from two tests for each species.

dog and human liver microsomal reaction mixtures, respec-
tively. The fastest rate of metabolism of SQ109 occurred in rat
liver microsomes, where essentially all of the added SQ109 was
metabolized within 20min. The slowest rate of metabolism
occurred in human liver microsomes, where 8.1% of the added
SQ109 remained after 40 min incubation at 37°C. In contrast,
the percentage of SQ109 remaining in the negative control
sample after 80-min incubation was 96.5, 100.0, 116.5 and
111.5 for human, rat, mouse and dog liver microsomes,
respectively, as compared to the Omin sample. The control
result suggests involvement of liver microsomes in SQ109
metabolism.

Liver microsomes converted SQ109 (m/z 331.5) to four
predominant metabolites with mass to charge ratios (m/z) at
195, 347, 361 and 363. Proposed metabolite identification
using mass spectrometry suggests that m/z 361 named Ml
symbolize an N-nitrosylation product of SQ109. The m/z 347
designated as M2 represents two metabolites (M2-1 and M2-2)
with a single oxygen added to SQ109 at different locations, for
example, the side chain and the adamantine ring. The m/z 195
represents a single metabolite obtained via an N-dealkylation
reaction of an unstable intermediate and is designated M3. The
m/z 363 (named as M4) is consistent in mass with two degrees
of oxidation, that is, ring oxidation combined with N-
hydroxylation (M4-1) or with epoxidation (M4-2) (Figure 5).

Metabolism by cDNA recombinant human CY Ps

For the 30-min reaction mixtures containing CYP2AG,
CYP2C8 or CYP2C9, no significant metabolite peaks were
observed at the monitored masses. In addition, only negligible
amounts of SQI109 metabolite at m/z 347 were found in
incubations using individual recombinant CYP1A2, CYP3A4
or CYP2B6.

Extensive metabolism of SQ109 was observed in microsomes
from insect cell lines transfected with ¢cDNA from human
CYP2D6 and CYP2C19. CYP2C19 showed the capacity to
catalyze metabolism of SQ109 to produce metabolites of M1,
M2, M3 and M4, while CYP2D6 primarily catalyzed SQ109 to
form M1 and M4. Of great interest was the possible formation
of N-(2-adamantyl)ethylene-1,2-diamine (M3, m/z 195) cata-
lyzed by CYP2C19. M3 might contain the adamantane ring
after cleavage of the N-C bond of SQ109 (Figure 5). Based on
the degradation rate of SQ109 estimated by chromatographic
peak areas over time, CYP2D6 was found to play the major
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Figure 4 Metabolic rate of SQ109 (10uM) incubated with liver
microsomes from various species, at 37°C.
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Figure 6 Dose-dependent inhibition by the CYP2D6 inhibitor,
quinidine, of SQ109 metabolism induced by human CYP2D6. Note
that in the absence of the inhibitor, SQ109 was almost completely
metabolized within 30 min.

role in SQ109 metabolism at approximately 800 pmol-
min~' mg protein concentration™'. No metabolites of SQ109
were found in the control reaction mixture containing
nontransfected cells, and in the reaction mixtures containing
CYP isomers, except CYP2D6 and CYP2C19.

Effects of selective P450 inhibitors

When quinidine and ticlopidine were coincubated with 10 umM
SQ109 in the presence of CYP2D6 or CYP2C19 for 30 min, the
two specific inhibitors reversed CYP2D6- and CYP2C19-
induced metabolism of SQ109 in a dose-dependent manner
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Figure 7 Dose-dependent inhibition by the CYP2CI19 inhibitor,
ticlopidine (TCP), of SQI09 metabolism induced by human
CYP2C19. Note that in the absence of the inhibitor, SQ109 was
partially metabolized within 30 min.

(Figures 6 and 7). For example, only 0.8% of SQ109 remained
after a 30-min incubation with CYP2D6 in the absence of the
inhibitor quinidine, whereas addition of quinidine (100 uM)
prevented the CYP2D6-induced metabolism and 74% of
the SQ109 survived unchanged after a 30-min incubation
(Figure 6). High concentrations of quinidine also decreased
M1 and M4 formation. There was 45% of SQ109 remaining
after a 30-min incubation with CYP2C19 alone but, in the
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presence of 100 uM ticlopidine, almost all the SQ109 (96%)
was unchanged over the same period of incubation (Figure 7).
High concentrations of ticlopidine completely inhibited the
formation of M1 and M4, and partially inhibited the
formation of M2 and M3.

Discussion

SQ109 is lipophilic and has low aqueous solubility. Its
absorption time in the tested animal species should be
comparable due to the similar nature of the biomembrane of
intestinal epithelial cells across species and the absorptive
process (simple diffusion) that is basically an interaction
between a specific drug and the biomembrane (Lin, 1995;
Martinez et al., 2002). This is supported by the results of the
present studies, which show that the T, of SQ109 (~0.5h)
was similar among mice, rats and dogs (Tables 1 and 2).

SQ109 possesses a large Vi as do the other ethambutol
analogs in mice (Jia et al., 2005b, ¢). The same observation was
made in rats and dogs in the present studies. Although
methods for the prediction of V based on experimentally
determined physicochemical parameters can predict the Vi
close to the actual value, it must be kept in mind that drug- or
plasma-based models refer to the process of penetration into
hypothetical homogeneous compartments as ‘tissue penetra-
tion’. This concept is misleading, as it does not take into
account the uniqueness of separate heterogeneous organ
systems (Muller ez al., 2004). Therefore, it rarely corresponds
to a real volume, such as plasma volume, extracellular water or
total body water. Drug distribution may be to any one or a
combination of the tissues and fluids of the body. Further-
more, binding to tissue components may be so great that the
Vs 1s many times the total body size (Rowland & Tozer, 1995).
Most importantly, it must be considered that the actual target
space for anti-infective agents is the interstitial space fluid
(Ryan, 1993).

Many drugs are subject to a ‘first-pass effect’ when absorbed
from the gastrointestinal tract into the systemic circulation.
The organs responsible for this effect (i.e., intestine, liver and
lung) are serially arranged and can potentially reduce the
extent of bioavailability. The contribution of each organ has
been assessed indirectly by comparison of AUC values
obtained by different routes of administration (Pang &
Gillette, 1978). Based on SQI109 tissue concentration—time
data (Figure 3), one may conclude that SQ109 readily
permeates the biomembrane of intestinal epithelial cells
because of the drug’s relatively fast Ti,. (~0.5h). The tissue
concentration—time data also suggest that the liver plays a
significant role in eliminating and metabolizing SQ109.
This finding is based on the data that show that (1) liver
contained the highest concentration of ['*C]SQ109 (excluding
the gastrointestinal concentrations of ['“C]SQ109); (2)
['“C]SQ109 in the liver was at least 200-fold higher than that
in whole blood; and (3) direct measurement of SQ109 per se by
using the LC/MS/MS method showed that SQ109 concentra-
tion in the liver was significantly lower than those in the lung,
spleen, kidney and heart (Jia et al., 2005b). However,
radioactive measurement indicated that the liver contains
the highest amount of radioactivity. This discrepancy can
be explained on the basis that the LC/MS/MS method was
developed to be highly specific for the parent molecule of the

drug only and did not detect any of the compound’s
metabolites. The radioactivity measurement detects all '*C-
containing components, which would include the parent
compound and any corresponding metabolites of SQ109. These
data suggest that SQ109 does undergo a first-pass metabolic
step in the liver before it reaches the systemic circulation.

Several factors may affect the CL of a certain drug,
including plasma protein binding, metabolism and hepatic
blood flow. For a drug with high CL, hepatic blood flow limits
the drug’s CL (Boxenbaum, 1980). This rule may explain the
species difference in CL of SQ109. Although there were slight
interspecies differences in the metabolism of SQ109 by liver
microsomes (Figure 4), the CL of SQ109 in dogs was four
times higher than in mice and rats, probably because dogs
have a high hepatic blood flow (Davies & Morris, 1993).
Kinetically, drug distribution is often defined as the ratio
of amount of drug in the body to the plasma or blood
concentration. SQ109 has relatively low binding to plasma
proteins (Table 5), but high binding to tissue proteins (Jia
et al., 2005b) and high permeability across biomembranes.
Therefore, its volume of distribution across species is
extremely high (Table 3). A drug’s half-life is proportional to
its volume of distribution, but inversely proportional to its
clearance. The theory is supported by the results of the present
studies that indicate a longer ¢#,,, of SQ109 in dogs than in mice
and rats (Table 3).

In the present studies, we used the ultracentrifugation
technique to determine plasma protein binding, which avoids
the nonspecific membrane binding in contrast to other plasma
protein binding techniques (Barre et al., 1985). To determine the
binding capacity and affinity of plasma protein to a drug, it is
suggested that at least three concentrations of the drug (e.g., 0.1,
0.5 and 2.5 ugml™") be applied and tested (Kariv et al., 2001; Jia
et al., 2003) to clarify concentration-related changes in the
extent of binding. As shown in Table 5, increases in total
['*CISQ109 by five- and 25-fold resulted in only a slight increase
in bound fraction of ["*C]SQ109. This result implies that the
binding seems to be of low affinity and high capacity because
the fraction of bound SQ109 is relatively constant over a 25-fold
concentration range and independent of drug concentration.

Because of the first-pass effect, the oral bioavailability of
SQ109 across animal species tested was relatively low (4-12%;
Table 3), and was likely to be related to a high hepatic
clearance of SQI109. Using liver microsomes from various
species and CYP reaction phenotyping, we found that SQ109
was rapidly metabolized when incubated with liver micro-
somes (Figure 4), although the metabolism rate varied from
species to species. The liver microsome-induced metabolism
of SQ109 was observed again when SQ109 was incubated in
individual CYP2D6 or CYP2C19 isozymes. Furthermore,
selective inhibitors of CYP2D6 and CYP2C19 prevented the
metabolism in a dose-dependent manner (Figures 6 and 7).
Therefore, both CYP2D6 and CYP2C19 can be singled out as
primary CYPs that catalyze SQ109 metabolism. CYP2D6 and
CYP2C are involved in biotransformation of about 25 and
15% of all drugs (Parkinson, 1996; Schlichting et al., 2000;
Tucker et al., 2001), respectively. Although low oral bioavail-
ability of many drugs can be attributed to the extensive
metabolism by CYP3A4, the present studies demonstrated
little effect of CYP3A4 on SQ109 metabolism.

Based on the P450 reaction phenotyping study, we proposed
the in vitro metabolic pathway of SQ109 shown in Figure 5.
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N-nitroso-SQ109 (M1) could be formed via CYP2D6- and
CYP2C19-catalyzed metabolism. Out of two amino groups in
the molecule, the most vulnerable site of SQ109 known to be
prone to electrophilic attack from —NO may be the second, the
geranyl-substituted, amino group in the molecule. Biological
nitrosation remains an issue that engenders controversy about
biological reactivity and functions of nitrosation (Williams,
1988; Jia et al., 1996). Possible metabolism of SQ109 may also
include addition of a single oxygen to SQ109, resulting in the
formation of metabolite M2 with m/z 347. One of the
metabolites (M2-1, m/z 347) is likely to be produced by
oxidation of the adamantane ring, similar to the metabolism of
a marketed adamantane-containing antiviral drug rimanta-
dine. Another single oxygenated SQ109 metabolite (M2-2, m/z
347) may form through epoxidation of the N-allyl double bond
in the geranyl moiety, leading to the corresponding epoxide
that may further undergo thermal rearrangement resulting in
the ketodiamine SQ109 (M2-2). N-(2-adamantyl)ethylene-1,2-
diamine (M3, m/z 195) may be formed by fragmentation of the
parent compound via hydroxylation of an activated carbon
atom in the geranyl fragment followed by N-dealkylation of
the unstable intermediate. The formation of M3 was demon-
strated by a single mass chromatographic peak (not shown).
There are several pathways to explain formation of M4 that
may appear as different structures with the same m/z 363
because of the locations of the two oxygen atoms added to
SQ109. It is highly likely that consequent oxidation reactions
take place, such as ring oxidation and N-hydroxylation (M4-1,
m/z 363) and/or ring oxidation and epoxidation (M4-2, m/z
363) processes that lead to the formation of corresponding
hydroxy metabolites.
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