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ABSTRACT. The pharmacokinetics, tissue distribution and metabolism of CGP 69846A, a 20-mer phospho-
rothioate oligodeoxynucleotide targeted against the 3'-untranslated region of human c-raf-1 kinase mRNA, were
investigated in wivo in rats after intravenous and subcutaneous administration. Intravenous disposition studies
with [PH]JCGP 69846A were supported with analysis by capillary gel electrophoresis and electrospray mass
spectrometry. In combination, these techniques provide a detailed account of the pharmacokinetic and
metabolic profile for this compound. The elimination of CGP 69846A after a single intravenous dose was studied
over extended periods in mice using whole-body autoradiography and capillary gel electrophoresis. Subcutaneous
administration to rats resulted in a significant bioavailability with peak plasma levels 4.5-fold lower than after
intravenous dosing. This dose route resulted in low interanimal variability and only slightly greater metabolism
of the oligonucleotide compared to the intravenous administration. BIOCHEM PHARMACOL 54;6:657—668, 1997.
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The ability of antisense oligonucleotides (ODNs)§ to
hybridise with target mRNA and cause protein-specific
translation arrest [1, 2] has stimulated interest in their
therapeutic potential [3], notably for tumour [4-6] and
viral [7] indications. CGP 69846A, a 20-mer phosphoro-
thioate oligonucleotide complementary to the 3’-untrans-
lated region of human c-raf-1 kinase, can specifically
knock-down c-raf-1 in vitro (ICsy between 50 and 100 nM)
and has potent in vivo antitumour activity in the human
tumour xenograft nude mouse model (at doses as low as
0.006 mg/kg) [5]. It is currently undergoing clinical evalu-
ation.
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§ Abbreviations: AUC = area under the curve, Cl = clearance, C,,,, =
maximum concentration, Da = Dalton, EDTA = ethylenediaminetet-
raacetic acid, HEPES = N-2-hydroxyethylpiperazine-N'-2-ethanesul-
phonic acid, ug equiv/g = microgram equivalents per gram of tissue, pg
equiv/imL = microgram equivalents per millilitre of blood, mRNA =
messenger ribonucleic acid, m/y = mass-to-charge ratio, N = parent
oligonucleotide peak in capillary gel electrophoresis, N_,, = peaks
migrating more rapidly than N in capillary gel electrophoresis, N, =
peaks migrating more slowly than N in capillary gel electrophoresis,
ODN = oligodeoxynucleotide, PS = phosphorothioate, RP-SPE =
reverse-phase solid-phase extraction, SAX-SPE = strong anion-exchange
solid-phase extraction, t;/, = half-life for distribution, t;,5 = half-life for
elimination, T,,,, = time after dosing to maximum concentration, Tris =
tris(hydroxymethyl)methylamine and V; = volume of distribution.
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The disposition of phosphorothioate oligonucleotides
after intravenous [8-16], intradermal [9, 17], intraperito-
neal [8-10, 18], and subcutaneous [9, 13] administration
has been reported previously. In these studies, the meta-
bolic status of the oligonucleotides was assessed using
analytical methods lacking the precision (e.g. polyacryl-
amide slab gel electrophoresis) or specificity (e.g. high-
performance liquid chromatography) for meaningful quan-
titation. Extraction methods and sensitive, high-resolution
capillary electrophoretic assays have recently been devel-
oped that allow the parent oligonucleotide and its metab-
olites to be quantified in plasma, urine, and tissue samples
[19]. In this study, these methods have been employed to
support pharmacokinetic studies with [PHJCGP 69846A

after intravenous and subcutaneous administration to rats.

MATERIALS AND METHODS
Oligonucleotides

CGP 69846A (TsCsCsCsGsCsCsTsGsTsGsAsCsAsTsGs
CsAsTsT where s = phosphorothioate; Lot number
NGMP-0746-5132; otherwise known as ISIS 5132), was
provided by Dr. Brett Monia of ISIS Pharmaceuticals
(Carlsbad, CA); the active substance constitued a single
peak by capillary gel electrophoresis and the molecular weight
by electrospray mass spectrometry (6343.7 = 1.3 Da) was
consistent with the calculated value for this phosphorothioate
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sequence (6344.6 Da). [*°SJCGP 69846A was synthesised by
Dr. Henri Sasmor of ISIS Pharmaceuticals. Poly-T,; phosphor-
othioate oligonucleotide, used as an internal standard for
capillary gel electrophoretic analysis, was provided by ISIS
Pharmaceuticals.

Animals

Male Wistar rats (240-270 g) and female Balb/c nu:nu
nude mice (20 g) were fed ad lib with a standard laboratory
diet (animals and husbandry supplies purchased from Ban-
tin and Kingman, Hull, UK) and kept under controlled
conditions (12-hr light cycle; 20°C). During experiments,
the rats were housed in metabolism cages (North Kent
Plastics, UK) with free access to food and water for up to
1440 min throughout the sampling period. The mice were
housed in filter-top cages within a filtered positive pressure
cabinet (Techniplast, Italy) and handled aseptically.

[PH]Labelling of CGP 69846A

CGP 69846A was tritiated using the method described by
Graham et dl. [20] to produce 5'-TsCsCsCsPHIGsCsCsTsPPH!
GsTsPHIGSPHASCSPHASTSPHIGSCSPHASTST-3'. The reac-
tion product was shown to have a radiochemical purity greater
than 97% and a specific activity of 324 Ci/mol. PHICGP
69846A was thermally stable below 95°C in line with a
specific tritiation at the C8-position of purine bases (data not
shown).

Intravenous Administration Studies to Rats

Animals were immobilised through light sedation induced
by a 100 pL, 0.13 mg/mL intramuscular injection of
fentanyl citrate (Hypnorm, Janssen Pharmaceuticals Ltd.,
Oxford, UK). PHICGP 69846A, 0.5 nCi in 100 pL 0.9%
saline at doses ofQ.06, 0.6, 6.0, or 60 mgfkg, was adminis-
tered intravenously by tail vein injection. Aliquots of blood
(200 L) were withdrawn from the contralateral tail vein 5,
15, 30, 60, 120, 240, 360, and 1440 min after dosing.
Animals were killed by sodium pentabarbitone overdose
(Expiral, Sanofi Animal Welfare, UK) after 10, 360, or
1440 min. Tissues of interest (blood, urine, liver, kidney,
spleen, heart, lung, thymus, pancreas, adrenals, mesenteric
lymph nodes, salivary glands, testes, muscle, skin, bone, fat,
eye, brain, duodenum, ileum, and colon) were immediately
collected and their [’H]-content determined. Identical
experiments were performed, at a dose of 6.0 mg/kg with
sacrifice at 10, 120, 360, and 1440 min, for tissue analysis by
capillary gel electrophoresis.

Subcutaneous Administration Studies to Rats

Animals were immobilised through light sedation induced
by a 100 pL, 0.13 mg/ml intramuscular injection of
fentanyl citrate (Hypnorm, Janssen Pharmaceuticals Ltd.,
Oxford, UK). PHICGP 69846A, 0.5 uCi in 100 pL 0.9%
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saline at doses of 0.6, 6.0, or 60 mg/kg, was administered
subcutaneously by injection into the scruff of the neck.
Aliquots of blood (200 pL) were withdrawn from the tail
vein 5, 15, 30, 60, 120, 240, 360, and 1440 min after dosing.
At the end of the experiment, animals were killed by
sodium pentabarbitone overdose (Expiral, Sanofi Animal
Welfare, UK). Tissues of interest (blood, urine, feces, liver,
kidney, spleen, heart, lung, thymus, pancreas, adrenals,
mesenteric lymph nodes, salivary glands, testes, muscle,
skin, bone, fat, eye, brain, duodenum, ileum, colon, and
injection site) were immediately collected and their [PH]-
content determined. Identical experiments were performed,
at a dose of 6.0 mg/kg with sacrifice at 360 min and 1440
min, for tissue analysis by capillary gel electrophoresis.

[>H]-Quantitation

The [PH}-content of blood, urine, and preweighed tissue
samples was determined using a tissue-oxidiser (Canberra-
Packard 306) followed by liquid scintillation counting
(Beckman LS6500). The oxidizer efficiency ranged from 90
to 96%. The [*H]-content of each sample was adjusted for
total tissue weight and expressed as a percentage of the dose
administered or as the equivalent concentration of CGP
69846A (g equiv/mL or pg equiv/g). For calculations of
tissue content, muscle, skin, bone, and fat were assumed to
be 41, 16, 10, and 10% of total body weight, respectively.

Elimination Studies in Mice

WHOLEBODY AUTORADIOGRAPHY STUDIES. Twelve nude
mice were divided into four groups that experienced differ-
ent dose regimens. [*>SJCGP 69846A (total radiochemical
dose of 1 wCi) was administered intravenously to each
animal according to the schedule given in Table 1. Animals
were killed by asphyxiation with carbon dioxide, 60 min
after receiving the last dose. Each was pinned to a cork
board to ensure retention of a consistent shape during
freezing by total immersion in hexane cooled to —76°C
with solid carbon dioxide. Frozen cadavers were subse-
quently embedded in cold carboxymethyl cellulose. The
frozen blocks were sectioned on a PMV wholebody cryostat
at ~15 to —20°C. Six 20 puM sections were cut at each of
six levels, mounted onto 3M adhesive tape and freeze dried.
Freeze-dried sections were applied to tritium-film (Amer-
sham International, UK) and exposed for 4 weeks at
—-20°C. After the exposure period, the film was developed
in Kodak D19 developer at 20°C for 4 min, rinsed with
water, fixed in 20% aqueous thiosulphate for 5 min, washed
for 30 min with running water, and air dried.

CAPILLARY GEL ELECTROPHORETIC STUDIES. Nude mice
were dosed intravenously with a single dose of CGP
69846A at 6.0 mg/kg by tail vein injection. At 1, 3, 7, and
10 days after dosing, groups of three animals were killed by
cervical dislocation. Animals were exsanguinated by car-
diac puncture. Plasma, kidney, and liver were frozen
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TABLE 1. Dosing regimen for whole-body autoradiography elimination studies

Group 1 Group 2 Group 3 Group 4
Day (single 10 mg/kg dose) (single 10 mg/kg dose) (daily 10 mg/kg doses) (daily 10 mg/kg doses)
1 saline [?*SICGP69846A(1.00uCi) [*°SICGP69846A(0.143uCi) CGP 69846A
2 saline saline [**SICGP69846A(0.143uCi) CGP 69846A
3 saline saline [2°SICGP69846A(0.1431Ci) CGP 69846A
4 saline saline P SJCGP69846A(0.143uCi) CGP 69846A
5 saline saline [3°SICGP69846A(0.143u.Ci) CGP 69846A
6 saline saline [*>S]CGP69846A(0.143Ci) CGP 69846A
7 [P°SICGP 69846A (1.00 wCi) saline [}*SICGP69846A(0.143uCi)  [>*SICGP 69846A (1.00 wCi)

Groups represent the following; 1 = single dose whole-body distribution, 2 = single dose whole-body distribution after 7 days of elimination, 3 = repeated dose whole-body
distribution, 4 = single dose [**SJCGP 69846A whole-body distribution following repeated CGP 69846A administration. The total radioactive dose was 1 uCi in all cases.

(—20°C) prior to analysis by capillary gel electrophoresis
(see below).

Extraction and Analysis of Plasma and Tissue Samples

EXTRACTION. Plasma samples were extracted as described
by Leeds et al. [19]. Tissue samples (150 mg) were homog-
enized in Tris buffer pH 8.0 (20 mM Tris-HCI, 20 mM
EDTA, 0.1 M NaCl, 0.5% NP 40) containing 200 nM of
poly-T5; as an internal standard. The homogenate was
incubated overnight at 37°C together with proteinase K
(final concentration 1.5 mg/mL; Boehringer, UK) and
extracted twice with phenol/chloroform (volume ratio 2:1).
The aqueous phases were concentrated using a vacuum
drier (MAXI dry plus, Heto, Denmark), treated overnight
with 50 pL of 30% ammonium hydroxide at 55°C and
concentrated once again. The samples were loaded onto a
pre-equilibrated strong anion-exchange solid-phase extrac-
tion cartridge (SAX-SPE; Accubond 100 mg, J+W Scien-
tific, USA) in loading-buffer (5.0 mL; 10 mM Tris-HCI, pH
9.0, 0.5 M KC(l, 20% acetonitrile), washed with 3.0 mL of
loading buffer, and eluted with 3.0 mL elution-buffer (10
mM Tris-HCI, pH 9.0, 0.5 M KCIl, 1.0 M NaBr, 30%
acetonitrile). The SAX-SPE eluate was loaded onto a
preequilibrated RP-SPE cartridge (C,5 end-capped Isolute
100 mg; International Sorbent Technology, USA), washed
with 5.0 mL of Nanopure water, and eluted with 4.0 mL of
20% aqueous acetonitrile. The RP-SPE eluate was concen-
trated using a vacuum drier and reconstituted to 30 pL with
Nanopure water. The sample was further desalted by
placing it on a 0.025 pm membrane filter (VS Millipore,
UK) floating on Nanopure water for 60 min. Analyses were
performed by capillary gel electrophoresis.

CAPILLARY GEL ELECTROPHORESIS. Plasma and tissue sam-
ples were analysed by capillary gel electrophoresis (Beck-
man P/ACE 5010, Beckman, UK) using a 20 cm (effective
length) 10 or 12% polyacrylamide gel at 30°C with an
applied voltage of 550 V/cm. Oligonucleotides were de-
tected at 260 nm. Under these conditions, baseline resolu-
tion of CGP 69846A from its chain-shortened metabolites
was achieved. QOligonucleotide and metabolite concentra-
tions were normalised for recovery and variability by
comparison with the T,; internal standard using Eqn. 1.

G, = CUE/EIN(A/Ta) (A Tw)] (1)

where; C; = concentration of the standard, C, = concen-
tration of the sample, E; = molar extinction coefficient of
the standard, E, = molar extinction coefficient of the
sample, A| = area of the standard peak, A, = area of the
sample peak, T,,; = migration time of the standard peak
and T, = migration time of the sample peak.

The limit of detection was approximately 0.07 pwg/mL in
plasma and approximately 0.1 pg/g in tissue. Labelling of
the oligonucleotide components in plasma and tissue ex-
tracts using [y>’P}-ATP and T4-polynucleotide kinase,
followed by separation and visualisation on a 20% sequenc-
ing gel, did not reveal any band not detected by capillary
gel electrophoresis (data not shown).

MASS SPECTROMETRY. Liver tissue extracts were analysed
by mass spectrometry using a Micromass Platform II (Al-
trincham, UK), having an m/z range of 3000, equipped
with an electrospray interface. Samples were analysed in
negative ion-mode by directly injecting 10 pL into the
electrospray source via a loop injector after a 50% dilution
with acetonitrile:water (1:1) containing 2% tripropylamine.
The electrospray mobile phase was acetonitrile:water (1:1)
at a flow rate of 10 pL/min, using a Gilson 305 pump. The
mass spectrometer was scanned over an m/z range of 400 to
1200 and source conditions were optimised for each sample;
typical values were capillary potential 2.31 kV, counter
electrode 0.43 kV, and cone voltage 41 V. The source was
maintained at a temperature of 60°C, with a drying gas flow
of 200 L/hr and a nebulising gas flow of 15-20 L/hr.

RESULTS
Blood Kinetics of [PHJCGP 69846A after

Intravenous Administration

Intravenous administration of 0.6 mg/kg PHIJCGP 69846A
resulted in a biphasic profile for the disappearance of
radiolabel from blood (Fig. 1A). A rapid distribution-phase
(0-240 min; t;;,, = 19 min) was followed by a prolonged
elimination phase (240 min onwards; t;;,3 = 775 min)
during which circulating tritium levels were less than 1.0%
of the administered dose. The total blood clearance (Cl)
was 2.33 mL/min/kg. The volume of distribution (V) of
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FIG. 1. Blood kinetics (A) and tissue distribution (B,C) of
[PHICGP 69846A (0.6 mg/kg) following intravenous adminis-
tration to rats. (B, C) Black bars = 10 min, gray bars = 360
min, and white bars = 1440 min. Mean * SEM, n = 4.

651 mL (or 2602 ml/kg) was approximately fivefold greater
than the total body water volume of the rat.

The blood kinetics of intravenously administered
PHICGP 69846A were dose dependent in rats (Fig. 2A).
The half-life of the distribution-phase (t,,,) increased as
the dose increased in a stepwise manner; 0.06 mg/kg = 12
min, 0.6 mg/kg = 19 min, 6.0 mg/kg = 40.5 min, and 60
mg’kg = 48 min. The percentage of administered dose
remaining in the blood after 360 min was 0.28 + 0.20,
0.42 = 0.20, 0.83 = 0.06, and 1.70 *+ 0.58%, for the
animals in the 0.06, 0.6, 6.0, and 60 mg/kg groups,

respectively.

Capillary Gel Electrophoretic Analysis
of Plasma Samples

CGP 69846A was detectable by capillary gel electrophore-
sis in plasma at 10, 120, and 360, but not 1440 min (Fig. 3A
to D; Table 2). Intact CGP 69846A represented 60.9, 48.3,
and 18.1% of the total peak area at 10, 120, and 360 min,
respectively. In addition to the parent molecule (N),
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FIG. 2. Dose-dependent blood kinetics (A) and tissue distribu-
tion at 1440 min (B,C) of [PHICGP 69846A following intra-
venous administration to rats. (A) Diamonds = 0.06 mg/kg,
circles = 0.6 mg/kg, squares = 6.0 mg/kg, and triangles = 60.0
mg/kg. (B, C) Black bars = 0.06 mg/kg, light gray bars = 0.6
mg/kg, white bars = 6.0 mg/kg, and dark gray bars = 60.0
mg/kg. Mean * SEM for n = 3-6, * Denotes significantly lower
and + denotes significantly higher (P < 0.05) at 60.0 mg/kg
compated to 0.06 mg/kg.

chain-shortened metabolites (N__ nucleotides) were ob-
served to migrate more rapidly than the parent compound.
At 10 and 120 min, N_;, N_,, and N_j; species were the
major metabolites (5% of the total oligonucleotide pool).
At 360 min, low circulating levels of CGP 69846A and its
major metabolites, namely N_;, N_,, N_;, N_,, N_g, and
N_y, were detected. N_4 was a minor metabolite whilst
N_5 and N_, were not detected.

Tissue Distribution of [PHJCGP 69846A after
Intravenous Administration

Rats were killed at 10, 360, or 1440 min following intra-
venous administration of 0.6 mg/kg PHICGP 69846A and
a distinctive tissue distribution was observed (Fig. 1B and
C). The liver was the major organ of distribution, account-
ing for 43.0 = 1.8% of the 0.6 mg/kg intravenous dose after
1440 min and attaining a concentration of 8.05 + 0.16 pg
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TABLE 2. Capillary gel electrophoretic analysis of CGP 69846A and its metabolites in plasma, kidney, and liver following intravenous administration of rats

Concentration (pg/g)

Time

{min)

-5

-3

Plasma

n.d.
0.1 £0.04
0.2 £0.06

n.d.
03+01

0.01
03=*0.1

0.12

0.1=
0.02 £0.02

0.4 x0.02

+01

1.0
0.5

0.2
0.1

28+

5304

1209

369 + 3.1

10
120
360

1440

Kidney

0.1

0.1

0.2

0.1

09 =

1.5 £ 0.03
0.1 £0.01

0.1

0.1 £0.01

28+

6.1+1.6

0.1 £0.03

n.d.

0.03 £0.01 n.d.

0.03 £0.01

0.1 +0.02

n.d
nd

nd
nd

n.d
n.d.
1.3

0.1
0.7

0.5

0.2
4408
11.5+0.2

n.d
1.6 £ 04 1.2

0.2

13.8 £ 3.6

25626
8.2+

+

n.d.

4.2

n.d.
6.2+03

n.d
10.1 =03
252179

40.6 + 53

n.d
207 £ 0.6
349+ 11.0

10
120
360

1440

Liver

0.6

0.6+ 05
5.6+ 0.8
03 +02

+0.8

3.1+

1.3
153 £ 0.4

6.7

199 5.8
34441

3.2 +09
n.d.

59+04

9.6 +0.2
1.5+

49.2 +63

0.8 0.6

0.6 3701 25*03 0.4

120x1.2

159+ 1.8

195+123

n.d.
0.1 £0.01

0.03 = 0.02

n.d.
05=0.1

0.05
0.8+ 0.6

0.1
0.9+04

0.1

1.0x0.1
0.9=*=05

1.2
1.6

2.7+
3.1

1.7
1.9
0.7

+1.1

3.5 %

84+123
128 £ 1.6
12.7 £ 0.7

9.5

19.0 + 6.0
224+13

10
120
360

1440

n.d.
nd.
n.d.

6.4 =

0.1

5=+

1.0+04
1.8+07

*03
+0.2

0.7

1.5+06
37205

3.6+09

39+08

6.9
6.1

194 = 1.1

02=x0.1

+03

0.7

13

1.9

*

11.8 +2.6

not detected.

Data represent mean * SEM for three animals, where metabolites are not present on all three animals mean values are given without experimental errors. n.d.

661

CGP 69846A
*
internal standard (Poly-T,;)
m
% »

FIG. 3. Capillary gel electrophoresis of plasma, kidney, and liver
extracts following intravenous administration of CGP 69846A
(6.0 mg/kg) to rats. Plasma: A = 10 min, B = 120 min, C =
360 min, and D = 1440 min; Kidney: E = 10 min, F = 120
min, G = 360 min, and H = 1440 min; I = 10 min, J = 120
min, K = 360 min, and L = 1440 min. N, and N, represent

slower-migrating metabolites and * denotes T, internal stan-

dard.

equiv/g. The highest concentration was achieved in the
kidney; 15.4 + 0.7 pg equiv/g of PHICGP 69846A after
1440 min, which represented 20.5 = 1.8% of the total
radioactive dose. Organs were categorised according to the
relative tissue-to-blood (T:B) concentration ratios at 240
min after a 6.0 mg/kg dose (Table 3). High accumulating
organs were kidney (T:B = 38.0), liver, spleen, mesenteric
lymph nodes, salivary gland, duodenum, and adrenal gland.
Low accumulating tissues (i.e. T:B <10% of the value for
kidney, <3.80) were ileumn, bone (intact femur), pancreas,
colon, skin, lung, thymus, skeletal muscle, heart, eye, and
testes. Negligible accumulating tissues (i.e. T:B <1% of the
value for kidney, <0.38) were fat and brain. Although bone
(intact femur) was defined as a low accumulating tissue
according to these criteria, it behaved as a high accumu-
lating tissue. Because greater than 85% of the bone-
associated radioactivity was localised to the bone marrow
(data not shown), the most likely explanation is that bone
marrow was a high accumulating tissue but it represents a
small fraction of the total bone mass.

The tissue distribution of PHICGP 69846A was dose
dependent (Fig. 2B and C). The percentage of radiolabel
distributed to liver, kidney, bone, and spleen decreased with
increasing dose. The concentration of radiolabeled oligo-
nucleotide associated with tissue increased in a dose-
related, but not dose-linear fashion. As the intravenous
dose increased from 0.06 to 60 mg/kg, the proportion
accumulating in the liver and kidney decreased from 38.5 %
4.1% t0 9.8 = 1.2%, and from 20.5 * 1.8% to 6.8 = 0.5%
at 1440 min, respectively. This was matched by a reduced
clearance from blood and concomitant increase in the



662

J. A. Phillips et dl.

TABLE 3. Tissue distribution of [PHJCGP 69846A (6.0 mg/kg at 240 min) giving tissue:blood concentration ratios for tissues

Amount Concentration Tissue:blood Tissue

Tissue (% dose) (g equiv/g) (concentration ratio) type
Blood 2.61 = 1.04 2.45 + 040 1.0 —
Urine 5.16 + 0.66 67.64 + 4.31 27.6 —
Kidney 12.41 + 0.64 93.08 = 1.97 38.0 high
Liver 23.50 =+ 0.44 44.06 = 0.34 18.0 high
Spleen 0.98 = 0.06 21.01 £0.33 8.6 high
Mesenteric lymph nodes 0.54 = 0.22 16.34 = 2.67 6.8 high
Salivary gland 0.39 = 0.07 11.68 + 0.82 4.8 high
Duodenum 0.65 = 0.30 13.89 + 2.66 5.7 high
Adrenal gland 0.05 = 0.01 11.32 = 0.65 4.6 high
Ileum 3.68 = 0.42 7.08 +0.33 2.9 low
Bone 11.40 =+ 0.60 6.84 * 0.15 2.8 low
Pancreas 0.38 £ 0.03 5.74 + 0.16 23 low
Colon 0.62 £ 0.24 3.11 = 0.49 1.3 low
Skin 832 +0.76 3.20+0.12 1.3 low
Lung 0.28 = 0.01 2.82 +0.08 1.2 low
Thymus 0.07 = 0.01 2.48 £ 0.10 1.0 low
Skeletal muscle 15.52 = 2.97 233 £ 0.18 0.9 low
Heart 0.12 = 0.01 2.31 + 0.06 0.9 low
Eye 0.02 = 0.001 1.39 +0.02 0.6 low
Gonads 0.20 = 0.03 1.18 £ 0.07 0.5 low
Fat 0.78 £ 0.52 0.47 % 0.13 0.2 negligible
Brain 0.01 £0.01 0.12 = 0.02 0.05 negligible

association with well-perfused low-affinity tissues. Skeletal
muscle-associated [PHICGP 69846A, for instance, in-
creased from 3.6 = 0.5% at 0.06 mg/kg to 18.9 + 1.8% of
the total radioactive dose at 60 mg/kg. The fecal and

urinary excretion of was low PHICGP 69846A over this
dose range (data not shown).

Capillary Gel Electrophoretic Analysis
of Tissue Samples

CGP 69846 A was detectable by capillary gel electrophore-
sis in the kidney and liver at all time points (Fig. 3E to L;
Table 2). In the kidney, intact CGP 69846A represented
43.8,28.0, 21.1, and 27.2% at 10, 120, 360, and 1440 min,
respectively. Intact compound in the liver represented 53.3,
46.3, 38.1, and 24.4% at the same time points. In addition
to the parent molecule (N), chain-shortened metabolites
(N_,, nucleotides) were observed; N_; to N_; represented
the major metabolites (=5% of the oligonucleotide pool)
while N_¢ to N_, represented the minor metabolites. The
concentration—time profile for intact CGP 69846A in
plasma, kidney, and liver are shown by Fig. 4A; similar
profiles for CGP 69846A and its major metabolites in the
kidney and liver are given in Fig. 4B and C, respectively.
CGP 69846A accumulated in the kidney, achieving its
maximal concentration (C,,,) of 49.2 = 6.3 ng/g after 360
min before decreasing to 19.5 * 2.3 pg/g at 1440 min. The
concentration—time profiles of the major metabolites par-
alleled that for the parent compound. In the liver, CGP
69846A accumulated to its C,,, of 22.4 *= 1.3 pg/g by 120
min before decreasing to 11.8 = 2.6 pg/g at 1440 min. For
this organ, the concentration—time profiles for the major

metabolites did not mirror that of the parent compound.
The time to achieve C,,, increased across the metabolites
series N_; to N_s, ultimately resulting in a net accumula-
tion of the higher order metabolites over the duration of
these experiments.

Peaks that migrated more slowly than CGP 69846A
(denoted N, ; Fig. 3H and L) were also observed in
extracts from kidney and liver. These species increased with
time. In the kidney an N, peak (1.8 £ 0.9% of the
oligonucleotide pool) was observed whereas N ; and N,
species were detected in the liver and accounted for 6.5 *
0.5% and 1.5 * 0.4% of the total oligonucleotide pool at
1440 min, respectively.

Electrospray Mass Spectroscopic Analysis
of Liver Samples

A typical electrospray spectrum for a 1440 min liver sample
showed CGP 69846A and a series of chain-shortened
metabolites differing in mass by approximately one nucle-
otide unit; this profile agreed with capillary gel electro-
phoretic analysis in terms of peak numbers and their
relative abundance (Fig. 5). These peak clusters were
composed of multiple species apparently unresolved by
capillary gel electrophoresis. Components having masses
consistent with progressive loss of nucleotides from the
3’-end alone, the 5’-end alone and from both ends were
identified (Table 4). Evidence for more subtle metabolism,
corresponding to the additional loss of 16 Da from CGP
69846A and its metabolites, was also observed. Finally, a
metabolite with greater mass (+382 Da) than the parent
compound was detected but not identified. All metabolites
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FIG. 4. Concentration—time profiles for (A) CGP 69846A in
plasma, kidney, and liver, (B) CGP 69846A and its major
metabolites in kidney, and (C) CGP 69846A and its major
metabolites in liver after intravenous administration. (A) cir-
cles = plasma, triangles = kidney and squares = liver. (B)
(kidney): solid triangles = N, open triangles = N_,, open
inverted triangles = N_,, open diamond = N_; and open
hexagon = N_,. (C) (liver): solid squares = N, open trian-
gles = N_,, open inverted triangles = N_,, open diamond =
N_j;, and open hexagon = N_,. Mean = SEM, n = 3.

resulted from in vivo biotransformation because the extrac-
tion procedure was without effect on CGP 69846A and
control liver extracts did not produce interfering signals
(data not shown).

Blood Kinetics of [PHJCGP 69846A after
Subcutaneous Administration

Subcutaneous administration of PHICGP 69846A to rats,
resulted in significant blood concentrations (Fig. 6A). As
the dose increased from 0.6 to 6.0 to 60.0 mg/kg, both the
Crax (037 = 0.14, 12.8 = 1.20, and 154 = 4.11 pg
equiv/ml, respectively) and T, (30, 60, and 120 min,
respectively) increased. Calculated from comparative intra-
venous AUCs, the bioavailability of this route increased
from 41 to ~100% as the dose increased from 0.6 mg/kg to
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FIG. 5. Electrospray mass spectrum of CGP 69846A and its
metabolites extracted from rat liver. Capillary gel electrophoero-
gram for the liver extract is shown as the insert. Peak assign-
ment is detailed in Table 4.

60 mg/kg (Table 5). The total radioactivity recovered in
tissues at 1440 min showed a similar trend.

Tissue Distribution of [PH]JCGP 69846A after
Subcutaneous Administration

Tissue distribution pattern for [PHJCGP 69846A after
subcutaneous administration was similar to that for intra-
venous administration (Fig. 6B,C). The liver-associated
radioactivity accounted for the largest proportion of dose
while the kidney exhibited the highest radiolabel concen-
tration. The distribution to tissues was dose dependent, but
not dose linear, over the dose range studied (0.6 to 60
mg/kg). The metabolism of intravenously and subcutane-
ously administered CGP 69846A were compared (Table 6).
Parent oligonucleotide or metabolites were not detected in
plasma at 360 min or 1440 min. The metabolite profile in
kidney and liver extracts provided evidence for slightly
greater metabolism following subcutaneous administration
compared with the same dose given intravenously.

Elimination Kinetics from Mice

The elimination of CGP 69846A from organs over pro-
longed periods was investigated in nude mice using two
methods, (i) whole-body autoradiography, and (ii) analysis
of kidney and liver extracts by capillary gel electrophoresis
between 1 and 10 days after a single dose. The tissue
distribution of CGP 69846A in mice is similar to that in
rats, one notable distinction being that a greater proportion
of the dose was associated with the skin of mice (data not
shown). One day after dosing, the whole body distribution
for [*>SJICGP 69846A was comparable to the tissue distri-
bution of PH]CGP 69846A by radiochemical quantitation
studies; it accumulated within the kidney cortex, liver, and
spleen, was diffusely associated with low accumulating
tissues and did not penetrate into the central nervous
system or eyes (Fig. 7, group 1). Seven days after dosing,
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TABLE 4. Assignment of mass peaks corresponding to CGP 69846A metabolites in liver

Possible
Peak M, measured metabolites 3’ loss 5'-loss Other M, calculated

A 63437+ 1.3 (i) 6344.6
B 6329.0 + 2.4 (i) —16 Da 6328.6
C 6024.4 £ 0.8 (i) T 6023.6
(ii) T 6023.6
D 6007.8 + 0.4 (i) T —16 Da 6007.6
(ii) T ~16 Da 6007.6
E 5719.4 = 0.8 (i) TC 5718.5
F 57028 £ 1.5 (i) TT 5703.5
(ii) TC —16 Da 5702.5
(iit) T T 5702.5
G 5409.9 + 0.4 (i) TCC 5413.5
H 5375.8 £ 3.5 (i) ATT 5374.5
I 51093 £ 1.5 (1) TCCC 5108.5
] 5092.8 + 0.4 (i) T TCC 5092.5
(ii) TCCC —16 Da 5092.5
K 47863 =20 (i) TT TCC 4787.4
(ii) T TCCC 4787.4
L 47113 = 1.7 (i) TT TCC —16 Da 47714
T TCCC —16 Da 4771.4

M 67254 £ 04 (i) +382 Da n.a.

n.a. = not assigned.

tissue-associated radioactivity was much reduced with low
levels still present in the kidney cortex and trace levels
being associated with the liver (Fig. 7, group 2). These
elimination kinetics were confirmed by the analysis of
kidney and liver samples by capillary gel electrophoresis
(Fig. 8).

DISCUSSION

This study reports the pharmacokinetics, tissue distribution,
and metabolism of a 20-mer phosphorothioate oligonu-
cleotide after intravenous and subcutaneous administra-
tion. Radiochemical studies were supported by extensive
analysis of plasma and tissue samples by capillary gel
electrophoresis. Moreover, metabolites accumulating in the
liver were characterised by electrospray mass spectrometry.

The blood kinetics of intravenously administered
PHICGP 69846A were biphasic; an initial rapid clearance
was followed by a prolonged circulation of radiolabel.
Although CGP 69846A was metabolised during the initial
phase (see below), its distribution to tissues was the primary
mechanism for clearance from the blood compartment.
Indeed, [PHJCGP 69846A was rapidly distributed amongst
high (e.g. kidney, liver, spleen), low (e.g. lung, skeletal
muscle, skin), and negligible (e.g. brain, fat) accumulating
tissues. In the rat, the principle accumulating organs were
the kidney and liver; the highest concentration was
achieved in the kidney, while the liver accounted for the
greatest proportion of the dose by virtue of its greater tissue
mass. This accumulation in specific tissues was reflected in
a volume of distribution fivefold higher than the total body
volume of the rat. Meaningful comparison of these obser-
vations with those reported for phosphorothioate oligonu-

cleotides by other workers is difficult because of experimen-
tal variables (oligonucleotide length, dose, radiolabel, de-
tection methods, and animal species) and sequence effects
(J. Phillips, unpublished observations). Nevertheless, the
disposition of [PHICGP 69846A was broadly similar to that
of other phosphorothioate oligonucleotides reported in the
literature [§—16]. To extend previous work, the influence of
dose on the disposition of a phosphorothioate oligonucleo-
tide has been investigated systematically. The distribution
to high accumulating tissues was saturable and resulted in
nonlinear pharmacokinetics. As the administered dose
increased, the proportion distributed to the high accumu-
lating tissues decreased significantly. At the same time,
plasma clearance was reduced and distribution to well-
perfused low accumulating tissues increased. These data are
consistent with high accumulating tissues having saturable
uptake mechanisms (e.g. receptor- mediated membrane
transport) for CGP 69846A. The oligonucleotide would be
less efficiently extracted from the blood upon saturation of
renal and hepatic uptake. In turn, the prolonged circulation
time could explain the increased association with well-
perfused, low accumulating tissues. In our experience,
nonlinear pharmacokinetics is especially prominent in rats
and less so in other species such as mice. Further studies are
required to establish whether similar nonlinearity occurs in
monkeys and human subjects. Our previous work with
another 20-mer phosphorothioate oligonucleotide (CGP
64128A, otherwise known as ISIS 3521) has shown that, in
addition to a distinctive organ distribution, it was taken up
by specific cell types within tissues in vivo; proximal tubular
cells in the kidney and Kupffer or endothelial cells in the
liver {21]. This dose-dependent and cell type specific uptake
by high accumulating organs is analogous to the saturable
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FIG. 6. Blood kinetics (A) and tissue distribution (B, C) of
[PHICGP 69846A following subcutaneous administration to
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and cell line-dependent uptake reported for phosphorothio-
ate oligonucleotides in vitro [22, 23]. The nature of the cell
type specific and saturable uptake into high affinity tissues
in vivo is currently under investigation in our laboratories.

By analogy with other phosphorothioate oligonucleo-
tides, partial metabolism of [PHJCGP 69846A would be
expected over the time-course of these experiments [8, 11,
15]. This could potentially liberate radiolabelled mono-
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nucleotides and complicate the interpretation of the dispo-
sition data. Radiochemical studies were, therefore, sup-
ported by the analysis of CGP 69846A and its metabolites
in tissue extracts by capillary gel electrophoresis. A 6.0
mg/kg dose was selected since it is relevant to in vivo
pharmacodynamic studies [5] and tissue concentrations
were within the working range for the analytical method-
ology. Oligonucleotides were detected in the blood for up to
360 min post administration, circulating as CGP 69846A
and a series of chain-shortened metabolites. The plasma
half-life of intact CGP 69846A (=30 min) was comparable
to that of the radiolabeled compound (40.5 min) at the
same 6.0 mg/kg dose. The rapid initial metabolism of the
parent compound in plasma was followed by an apparent
decrease in the rate of degradation (i.e. 39% loss of CGP
69846A within 10 min but only a 51.7% loss by 120 min).
The reasons for this phenomenon are unclear, however,
possible explanations include the inhibition of nucleases in
vivo (which has previously been observed in vitro [3]) and/or
the distribution of R, and S, phosphorothioate diastereoi-
somers, with their significantly different nuclease resis-
tances [24], in the oligonucleotide. Nevertheless, the me-
tabolite series expanded with time in plasma in a manner
consistent with processive exonuclease-mediated degrada-
tion. A similar metabolite pattern was observed in tissues
from 10 min onwards. Tissue concentrations increased in
concert with the clearance of CGP 69846A and chain-
shortened metabolites from plasma. Maximal organ con-
centrations of oligonucleotides were achieved between 120
and 360 min before gradually decreasing through to 1440
min. Clearly, intact CGP 69846A and its major metabolites
had significant tissue half-lives in vivo. The concentration—
time profiles for CGP 69846A and its major metabolites
(i-e. N_| to N_s) differed in the kidney and liver over 1440
min. In the kidney, the profiles for the parent and major
metabolites changed in parallel, whereas in the liver there
was a progressive increase in the T, across the series CGP
69846A, N |, N ,, N 3, N_, and N 5. The most
plausible explanation for this is that the liver is capable of
metabolising phosphorothioate oligonucleotides, whereas
the kidney does not cause significant biotransformation in
rats over a 1440 min time course.

Agreement between the tissue concentrations of
PH]CGP 69846A by radiochemical quantitation and the
total oligonucleotide pool by capillary gel electrophoresis
was achieved. These data show that extraction and capil-

TABLE 5. Rate and extent of absorption following subcutaneous administration of PHJCGP 69846A to rats

Dose AUC Crnax T nax Bioavailabilitiy Recoveryt
(mg/kg) (pg - min/L) (ng equiv/ml) (min) (%) (%)
0.6 109.0 0.37 = 0.14 30 41 43
6.0 2508.6 12.80 = 1.20 60 43 61
60.0 71820.0 154.16 = 4.11 120 101 79

Bioavailability = (AUC, . cucaneous/ AUC eravenous) ¥ 100, where AUCs are compared at equal doses.

1 Recovery values do not include the site of administration.
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FIG. 8. Elimination of CGP 69846A from kidney and liver in
mice. The elimination of CGP 69846A and derived metabolites
from kidney (triangle) and liver (square) over time was deter-
mined using capillary gel electrophoresis. Mean + SEM, n = 3.

al. [11] showed that a ['*C}-labelled 20-mer phosphorothio-
ate oligonucleotide (ISIS 2105 at 3.6 mg/kg) was slowly
cleared with low tissue levels persisting at 10 days. The
clearance of a [*S]-labelled 25-mer phosphorothioate oligo-
nucleotide (GEM-91 at 30 mg/kg) appeared to occur more
slowly, this being most notable from the kidney [14]. In the
present study the clearance of CGP 69846A from organs
over prolonged periods was investigated using whole-body
autoradiography and analysis of tissue extracts by capillary
gel electrophoresis. The combination of these methods
enables a wide range of tissues to be monitored simulta-
neously and reasonably specific information about the
clearance of CGP 69846A and its metabolites rather than
relying on radiolabel alone. Tissue-associated radioactivity
was much reduced after 7 days; low levels were still present
in the kidney cortex and trace levels were associated with
the liver. The whole-body clearance was reflected in the
analysis of kidney and liver samples by capillary gel elec-
trophoresis, which also show progressive metabolism of the
CGP 69846A with time. CGP 69846A and its oligonucle-
otide metabolites were completely eliminated within 10
days following a single dose in the 6 to 10 mg/kg range. This
rate of tissue clearance was similar to ISIS 2105 and greater
than that for GEM-91. Further experiments are required to
determine the reason for this difference. The rate of tissue
clearance, for instance, may be dose dependent or related to
the length of the parent compound and hence its major
metabolites. Whole-body autoradiography studies also
showed that the tissue distribution of CGP 69846A did not
change upon repeated daily administration at 10 mg/kg for
7 days.

Additional studies have shown subcutaneous administra-
tion to be an efficient parenteral route, resulting in a rapid
systemic delivery and a comparable tissue distribution to
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intravenous dosing. The blood profile was similar to that
reported for another phosphorothiocate oligonucleotide
[13]; blood levels peaked rapidly, achieving concentrations
approximately 4.5-fold lower than for the same dose given
as an intravenous bolus, and then tailed off slowly. The
absolute bioavailability and time to achieve maximum
blood levels of CGP 69846A increased with dose. Satura-
tion of local binding at the site of administration is the
most attractive explanation of this dose dependence. Pre-
clinical studies in monkeys, have shown that phosphoro-
thioate oligonucleotides can elicit anticoagulation and
complement activation when plasma concentrations ex-
ceed threshold levels [3, 28]. These haemodynamic side
effects are dose rate limiting rather than dose limiting,
because they can be avoided by slow intravenous infusion of
the oligonucleotide instead of bolus administration [29].
Subcutaneous dosing, an alternative approach to reducing
the rate of dose input, would be clinically attractive in
terms of ease of administration and patient convenience.
Despite slightly greater metabolism after subcutaneous dos-
ing, our subcutaneous data are encouraging and suggest
further studies in nonrodent species are warranted to
explore the clinical potential of this administration route.

In summary, the disposition of a 20-mer phosphorothio-
ate oligonucleotide has been described in detail. We have
shown intravenously administered PHJCGP 69846A to be
rapidly cleared from blood and distributed amongst high
(e.g. kidney, liver, spleen), low (e.g. lung, skeletal muscle,
skin), and negligible (e.g. brain, fat) accumulating tissues.
Furthermore, its disposition was dose dependent. These
radiochemical studies were supported by the analysis of
tissue extracts using capillary gel electrophoresis. CGP
69846A was rapidly metabolised in plasma; parent com-
pound represented 60.9, 48.3, and 18.1% of the total
oligonucleotide pool at 10, 120, and 360 min with the
remainder being chain-shortened metabolites (N_,) hav-
ing greater electrophoretic mobility. A similar metabolite
profile was observed in kidney and liver. Extracts were
further analysed by electrospray mass spectrometry— chain-
shortened metabolites having a masses consistent with 3’-,
5'- and both 3’- and 5’-exonuclease-mediated degradation
were present in the liver at 1440 min. The subcutaneous
administration was also shown to be promising for CGP
69846A. It resulted in the rapid appearance of CGP
69846A in the systemic circulation, a similar distribution to
high, low, and negligible accumulating tissues and only
slightly greater oligonucleotide metabolism. Maximum
blood concentrations were 4.5-fold lower than an equiva-
lent dose given intravenously with low interanimal vari-
ability. The pharmacokinetic handling of oligonucleotides
has received considerable attention and latterly with in-
creasingly sophisticated analysis. Nevertheless, significant
issues remain—(i) what is the influence of oligonucleotide
sequence on pharmacokinetics?; (ii) what factors govern
the pharmacokinetic properties of oligonucleotides e.g.
protein binding, cellular recognition and uptake?; (iii) what
is the cellular and subcellular distribution of oligonucleo-
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tides in vivo?; (iv) how are oligonucleotides metabolised and
eliminated?; (v) what is the effect of repeated administra-
tion on the disposition of oligonucleotides?; and (vi) can
oligonucleotides achieve systemic availability following
nonparenteral administration—and are currently under
investigation in our laboratories for phosphorothioates and
other chemical modifications.
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